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INTRODUCTION

The relationship between life history phenomena (such as reproduc—
tive strategy) and general evoluﬁionary theory hasz been discussed onlv
gcently in the ecological literature. HMurdoch {31970) points out that
the population consequences of 1lifz histery phenomena as thev relate to
fitness and natural selsction wexre first discussed by Cole (1854}. This
was more than 20 years after the mathematical foundatior of the theory
of population genetics was summarized by Fisher {1230) in essentially

its present-day form.

In his general thecry of clutch size {in birds} Cody (13565) felt
that the number of oifspring would decrease as environmental stability
and/or pradator avoidance incresased. Morxphy {1268) disagreed and felt
that uncertainty in survival, especially from zygete to first maturity,
generated selective pressure for iteroparity. This may then entrain
pressure for reduced energy allocation for reproduction (smaller cluitch
gize) in order tc insure longer life.

Hairston's =t ai. (19270) results contradicted Murphv's (1268) con-
clusion, They ascribed his results, i.e. the evolution of itercparity,
to the impositicn of densitv-dependent reproduction on his mcdel. They
concluded from their own experiments that,thp tidespread evolution of
iteroparity is evidence of density-dependant populiation reguiation.

)

Cadgil and Bossext (1970) conclude that populations living in moxe



stable environments with low incidence of catastroohic mortality would
tend to encounier a relatlvely low availability of resources. In these
Dopalatisns they would expect to IZind low reproductive effort and life
histories characterized by late maturaticon and longer life. spans. These

H

pepulaticns are zaid to demcnstrate ths "k- ected” reproductive

i+

strategy (Machrthur & Wilscrn, 19€7). Tha K" stratagy is to maintain

X

the highest Jdensity possible in a populaticn at eguilibrium, thus
favoring genotvpes which confer competitive ability, especially the
capacity to seize and hold a piece of the environment and extract the
energy produced by it (Wilson & Bossert, 1971).

Populations 1living in more variable environments with higher in-
cidence of catastrophic mortaliities would have higher quotas of re-
sources available to them (Gadgil & Bossert, 1%70). These povulations
would ke expected to exhibit high reproductive effort and have their
iife histories characterized by esarly maturation and shorter life spans,
-selected reproductive strateqy {(MacArthur & Wilson, 1957).
The "z® strategy is to make full use of habitats which, because of their
temporary nature, keep many populaticns at any giver minute on the as-
cerding portion of the logistics growth'curve (Wilson & Bossert, 1271).

On a one-dimensicnal continuum between r and K the reproductive
strata2cies exhibitad by the two common astercids of the Oregon rocky

intertidal zone, Lepntasteriss and Pisaster, would appear to be faxr

apart. The female Pisaster produces large numbers of energy-cheap ova

43

wnich develop inte long-iived planktotrophic larvae that are highly

=1
5
D

dispersible and zapable of coleonizing any suitable ooen habitat.



famale Leptasterias produces considerably fewer, more ensrgy-expensive

£

&

progany and invests additional energy in brooding them. These larvas

have very low dispersibility but are rxeleased as fully metamorphosed

»

stars and are thus freed from the high level of mortalitv suffered by
planktenic larvae (Thorson, 1950)}.

Vittor (1971) peinted cut the gynthetic nature of spprcocaches which
attempt to exwlain all life history strategies in terms of an r to X
continuum. Ee felt that these terms should nct be avplied where the

assumptions behind the concept of r and X selecticn are not met. The

above comparison of Leptasterias and Pisaster is an example. The

dowminant selective factor which most influenced Leptasterias reprcduc-

tive strategy of breooding was probably not a stable environment with low

incidence o©of catastrophic mortality; but rather the unfavorable polar

[

conditions incliuding low surface sajinities due to ice melt, poor plank-

tonic food conditions, with a short summer productive period, and low

o

caperatura., It is felt that these conditions have selacted against the
production of planktotrephic ilarvae and explain why an estimated 95% of

poiar benthic invertebrate species produce soma type of non pelagic

1950 ; Peoarse, 196%c).

i)
T
o
i
<
o
-~

270} summarized the controversy over ¥ and K selacticn by

stating that "certainly nc organism ig completely ‘r-selected'! or K-

selected?, but all must reach a conpromise ketween the two extremes.

MacArthur and Wilson (1967} anticipated much of this controversy and

revognized in the preface of their book oa island biogecgraprhy that

of future

N

their formulations would not long £it the "exacting rasult



empirical investigation." However ti certainly acco
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animals with
which have at least partially indetermin
historv features apply for examples to many coelente

echinodarms.
auzey, 1966; Chia, 1926

these Jife hi:
welluscs and fishes, sad perhaps
Racent long term studies on sea stars M
Menge, 1970} arye in accord with Frank's suggestion. Tihese echinocderms
appear to be long~lived (3-5+ years in Leptasterias: £-10+ years in
Pisaster) and are very fa2cund. However, nuch vwork is needsd to ciearly
determing and evaluate the reproductive strategies of these arimals and
for the population and marine community in general.

their conseguences fo
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Statemert of Purnese

An organism's life history may be lcokad upon as the resultant of
three biclogical preocesses: maintenance, growth, and reproducticn
{Cadgil & Bossert, 1270}. Any population or crganism has iimitzd ra-
spurces of energy and time at its dispésal, and the three compcnent
processes of life history conpete for these limited resources. This

study is an investigation of the relationship hetween the population

bioclogy of an intertidal sea star and its xeproductive strategy of
broeding youngy. It was performed to determins how this species parti~
tions the limited resources availaple to it awong its 2ife history pro-

F-

sses, and the cverall effect this

e

as on popusaticn structure.

The invastigaticn of the reproductive bioloyy cf a species oo @

s

population basis involves ths study of many aspects of itz natural

istory. The biclogy of Leptasterias has been considere
hist The biol Leptast has be onsider

o7}

on the organism

lJevel by Chia {1964, 15%66a & b, 1968a & k), and the role of thig sea
star in the intertidal community has been described by Menge {1970,
18722 & b)}. These workers have investigatad some aspacts cf

Ieptasterias reproductive binlogy in their studies. Therefore our work

overlaps somewnat, and I have borrowed from their technigues. I have
2lso benefited from ideas and resulis presented by these authors and
from correspondence and discussicon with them.

This paper is organized to follow the annual cycle of events in

laptasterias populations. It starts arbitrarily with the release of

newly metamorphosed sea stars and follows the annual population cycles

0
“
>

of growth, mortality, feeding and gonad preparation &s they contribute



to the subsequent brooding and release of young and the beginning of

another cycle,

Echinoderm Ecology and Reproductiwe Biology

Echinoderms have served as ths subject of embryological investiga-

tions for many years. Consequently much is known about the reproducstive

&
o]
[

[0

processes and spawning periodicities of many species particulariv
which occur in abundance near major marine institutions {(Harvey, 19556},
The majority of this work has been done with echineoids bzlonging to the

genera Arbacia and Strongylocentrotus.

Recent workers with echinoderm reproduction have described cogene-

sis (Chia, 1968a in Leptasterias; Chatviene, 1969 in S. purpuratus), and
r I - g_ pial Skttt 2N

the breeding cycle and gonad indices heve been computed for many species
{suwmmarized by Boolootian, 1263). Since then the reproductive pariodi-
cities of sevexal Indo-Pacific schiroids (Pearse, 1968, 196% & b, 1970,
1272} and a YMew Zealand asteroid (Crump, 1971) have been inwvestigated.
Cn a broader scale the relaticn of gut nutrient resarves tc repro-
uction and nutrition in sea stars has been histuchemically defined
{(Nimitz, 1371) and the mechanism of nutrient transfer demonstrated
{Ferguson, 1969). Alsc the mechanism controlling sea star spawning was
hypothesized bv Kanatani and Shirai (1973). It involves the release of

a gonad-stinuiating substance {(GSS) by the radial nerve {Ch

T

"
iy
{

2,

McConnaughey, 1952) which acts on the ovary toe produce an active sub-
stance {MIS

tion. After the occyibes nmature, the sea

6]

Tars sgawn. Fegent work



indicates the existence of such & G835 in echinoids as well {(Cochran &

\

N
-

Bngelimann, 197

2

Despite this accumulated wealth of information cn echinoderm repro-
duction there is «%ill much truth in Micholg'! (1964) statement con~
carning the lack of correlation between reprvoductive activities and
ecological factors in echinoderms. The study of echinoderm ecclogy is a
relatively new field which started ¢n this coast in the 1%50=s. Again
the maijcrity of the early work was done with the uvbiguitous echinoids,

with the exception of Fedexr®s (19536, 1958) woxrk on Pisaster ochraceus.

Since then Mauzey (1968} has studied the feeding habits and reproductive

cycle of Pisaster, and Landenberger (1%68, 1949) studied saliective

Tt

feading and the effects of exposvre to aly in this species. Paine
{19692, 1271) has expiored the community shaping xcle of Pisaster and
other asteroids.

Other eco. logical studies on asteroids include work on growth rates

of Nepanthia belcheri (¥enny, 19¢9) and

1970); and work on intensity of larval settling in Bsterias forbesi

{ioosancif, 1964). Several studies of sea star feeding beshavior inciude
& P
work on the escape responses of sea star prey (Feder, 1963; Mauzey et

ion on general feeding behavior in a
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variaty of subtidal sea stars {Hopkins & Creziexr, 196&; Mauzey et zl.,
1968). The vesults of these and other pertinent studies on ssa stars
will be considersd in the appropriate chapter below.

Most infomnation about the species in guestion, Leptasterias

hexactis, has been raported by Fu-shlang Chia and Bruce Meage from the



Univercsity of Washington. Chia's work incliuded a detailed description
of oogeresis and 1qrval‘embryology {1254, 19682a, 1%6&b) as well as 2
brief study cf broo&ing behavior (196%a). Chia (1966b) alse did a
toxonomic study of the gepus in wiich he combired the species L.
acqualis and L. hexactis into the single species L. hexactis. Menge

{1870, 127%a & b} recently completed a long-term study of this speciss

in the San Juan Islands.

Reproduction in Leptasterias hezxactis

The forcipulate asteroid, L. hezactis is found in the middle and
lowex intertidal zone and is distributed from British Columbia to
Montexey Bsy, California (Chia, 196€b}. Most members of this genus
brood their eggs, and several methods have been evolved for broeding
within Uthe geaus (ilyman, 1955). Female L. hexactis accomplish this be-
together and

havior by arching their amms orally, brirnging them close

orming a pouch into which they depesit their eggs via 12 orally located

b))

goncrores. The female attaches the tips of her arms to the undersurface
off a rock and remains in this position for a period of 2 menths (Chia,

19%6a}. After this period the voung, which underge direct development
fChia, 1968b), are released from the brcod pouch onto the rock surface.
The female then resumes the normal orali-surface-down position buv con-

tinues to coveyr her young with her arms until they are able to fe=d on

their own, several days later.

There are several othexr interesting aspacts cobserved in the

reproductive biclogy of L. hexactis. Menge (1970) and Chia (1958a) be-~
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only that nuwber which she can successfulily manipulate, aerate, sto,

and allcw %o develcp comp.atelv. HMenge (1270) felt that a female could

voiume of the brood pouch, sceme of which wers lost during develicpment.

cively few gamates when comwparsd to non-~

hexactis. The femalas produce a limited number of gametes but retain

sufficient ensrgy reserves to carry them through the 2 month brocding
period as they do not feed during this time. The wale L. hexactis pro-~

duce larxrge guantities of sperm and drastically deplete their ensrgy

¥

reseyves {(se2 below). However after spawning the males are ablie to

g pe

continue feeding, although they do so at a low rate.
Another interssting observation is that the larval sea stars will

not develop tc maturity outside the brood pouch. Any developmeant that

M

s observed is asychronous with the timing of normal development, and
the larvae rarely escape from the egg membrane. Larval development
within the brood pouch is synchronous and direct (Chia, 1968a).

For the remainder of this dissertation Leptasterias hexactis will

be the only species of this genus considered and will be referred to

by the generic neme Lepzasterias.




CENERAL METBEODS AND DESCRIPTICN CF STUDY AREAS
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dirmensions in terms of disec radius, designated “r" (Hyman, 19%5) and the
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whole animal radius from the center of the disc to the

which is designated "R." Leptasterias is= unlike most asteroid

)
o
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0
e
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six rays instead of five, and thiszs allows thres axcs Ffrom which & mea~
sure oi total dismetar can be made. Total sea star diametrer, the
eguivalent tc ZR in conventional terms, was the main measurement used in
the field and was tha mean value obtained from the three possible dia-
meta2Y measiuyemants.

The tidal levels at each study site were cbtained by observing the
low point of the low tide, and marking its positicn., This was don2 on
calm days and several different observations were made to offset the
variability caused by wind and barometric pressure. ¥rom these
reference points the vertical intertidal range was arbivrarily divided
into three zones. The height of the level aleopng the shore iz given in
feet sbove or below Mean Lower Low Water (MLLW)}. “These are the lower
intertidal zone, $0.0 feet and below, middle interitidal zone 0.0 to 2.5
feet and upper intextidal =zone 2.5 feet to the uvpper boundary of

Ieptasterias. These zones ave approximately the same as zones 4, 3, and

respectively of Rickeiis et al. (1968). Leptasterias did not usually

IS

occur in zone 1, the highest intertidal =zone.
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The Study Areas

Three parmanent study sites wers astablished in ths Cape-arago Sun-
set Bay area; Sunsat Bay, and Middle and South Ceoves, Cepe Arage. These
areas were selected because cf their similar substratum, their vear-
round accessibility at low tide, and becauvse of the densities and size
frequency distributions of the resident Leptasterias populatiens.

The region from Cape Arago iLichihouse southward beyond Cape Arago
State Park (Fig. 1) is comprised of ply &ipping interbedded sand-
stones, siltstones, and nrudstones {Rottmann, 1970}. It is characterized

kv a surf-cut bench and nearlv vertical sea cliffs in various stages of

-

-

formation and numerous small coves ercded along fault lines {(Baldwin,
1966).

The Sunset Bay Leptasterias population was located on the socuth

side of the bay on a relatively flat area with a boulder and cobble

aresa at the north end. The sea stars were found within and adjacent o
the boulder field described by Ebert (1966). The cobble area was at the

base of a ¢liff and had a smallexr arxea {20 Ly 30m} than the other two
locaticns. This area is relatively protected from direct swells owing

to outiving reefs and its geographic orientaition.

The Leptasterias study area in Middle Cove was locatad approxi-

mately 100m from the base of the north-facing sea cliff

the esast~facing cliff. It was a mixed cobble-boulder area (63 by 21 m}
on & relatively gradually sloping surf-cut bench. It was boundad on

the south by large boulders znd on the nerth by axposed bedrock and

:J

and. The Leptasterias erea was less protected £rxom direct swells than



Fig. 1. Map ovtline of the Orego
Rayv and Cape Araqgo 3tate parks.

sites is indicated.

n coast in the vicinity of Sunset
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POPULATION BIOLOGY

beds (Fedexr, 1970)}. These studies have shown that sea star growth da-
pends mainly on temperature, the abundance and suitability of available
food, and sea star size {Feder, 1970; Halpern, 1970).

In sea stars from temperate and the more northern waters growith is
reduced and may stop entirely for several months during the coldest part

of the year (Peder & Christensen, 1966; Halpern, 1570). W¥When water

]

temperatures get very low, many species cease feeding almost entirely

{t

{Fedexr & Christensen, 19€56; Mauzey, 1966).

It is wsually difficult to measure growth rates in populations of
see stars, as the growth rates can fluctuate greatly with varying con-
ditions. All species studied so far are apparently capable of assimi-
lating large guantities of food, if it is abundant and of the right

Xind (Feder & Christensen, 1966).

A-
(%]

It is almost impossible to tell the age of a sea star from
size, because of these widely fluctuating growth rates. Trying to
determine age groups on the basis of size frequency distributions will
generally give fallacious results, especially for the larger animals as

several vear classes may overlap greativ in size (Ebert, 1968).

In this chapter I will present growth data for both young and adult

15
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leptasterias, describe the observed local variaticon in Leptasterias

distribuation and abundance, and review the factors contributing to these
cbserved phencomena as discussed by Connell {1972) aud others (Dayton,
1971; Ricketts et al., 19€8) in recent review articles on the rocky

intertidal community.

Population Study Methods and Materilals

Growth Studies

The growth study of the newly reicased stars from the 1971 brooding
seascn was fcllowed in the field for a 1 year period. Monthly samples
of 25--50 individuals were measured from each of the three study popula-
tions. The growth data obtained from this investigation were used in
combinaticn with size freguency data mentioned below to estimate age
classes.

The 1 yeax laboratory study of growth in adult Leptasterias was

performed at the University of Cregon using a cold constant-temperaturs

room. During the 1971 brooding seascn 200 brooding female Leptasterias

were collected from severxal Cape Arago—Sunseit Bay populations. These
animals were nmaintained in water tables at the Charleston marine staticn
until 15 June 1971 when they were transferred to Eugene.

The experimental Leptasterias were divided into three groups of

approximately egual size distribution. One group was dyed with neutxal
red and nile biue A (Matheson Corp. Inc., Cincinnati, Ohio) zespectively,
using the methed described by Feder (1955). Sea stars in the third

group were left with their natural coloration.



All animals were damp dried with papex towelling and weighed to

the nearest 0.1g on an Chaus triple beam balance. In Leptasterias the

madreporite is excentric and located in the inter—radii of two arms
designated C and D by convention (Hyman, 1555). Using this notation

the arm lengths of each Leptasterias were measured to the nearest milli-

meter. The resulting combination of color, weight, and variation in

arm Jength allowed individual Leptasterias to be followed when placed

together in small numbers.

Groups of eight Teptasterias were placed in 3 liter battery ijars

which contained flat sandstones taken from the sea stars' habitat. 24ll
sea water used was cobtained from the Charleston marine station and
filtered befors use. All prey used in the feeding experiments ware oh-
tained from areas adjacent to the study sites.

Three replicates of eight leptasterias were established at each of

three feeding regimes. Individuals in the first regime were given ail
ihe food they could eat, the second was supplied with approximately half
of what was given to the first, and membaxrs of the third regime were
starved. These animals were maintained at a constant temperature (1G°C)
and a constant diurnal light regime (32 hour light/i2 hour dark]. e
sea water was changed weekly and the battery jars were cleaned and prey
replenished con approximately a bi-weekly basis. 211 sea stars were

waighed monthly and measured every 3 months.

Maintenance Factor

The cobbles and small boulders in the areas inhabited by



leptasterias undergo much movement by stoxm waves. The crushing and

&)

grinding action of the rolling stones can cause severs damrage to th

resident Leptasterias populations in terms of wortality and loss of

limbs. To estimate the comparative impact this might have on the

leptasterias study populations an index of morphclogical condition was

devised, and this was called the maintenance factor. Three categories
were designated: noxmal, incomplete and regenerating, arnd hegirning in
May 1971 all sea stars observed in the field were classified according to
one of these categories.

The normal categorv consists of sea stars which had all six arms
intact and of approximately equal size and length. Those animals placed

in the incomplete categorvy have one or more armsS regenerated toc approxi-

[

mately half ncrmal length or have recently lost portions of cme or
several arms. The regenerating class consist of animals which had lost
one or more arms entirely, i.e. cut off at the disc margin, ox, if re-

generating one or more amms, the new limb(s) is only a few miliimeters

in length.

Density and Distribution

In the summer 1970 I arbitrxarily choses Middle Cove of Cape Arayo as

2 study site to familiarize myself with Leptasterias and its habits. The

Middle Cove Leptasterias' ccbble area was divided intc a sampling grid

and markers were placed at appropriate intervals to facilitate rejoca-
tion at subsequent low tides. An arbitrary boundary, parallel to the

shoreline, was established in the uppa2y intertidal and grid points were



designated at 3 m intervals along it. Transecks were then run parallel
to this upper boundary every 3 m until the lowest intertidal was
reached.

At each 3 m grid point along a transect a O,sz (0.7 by O.7m}
guadrat was taken. Tne
deternmined using & readom numbars table. Two place randow nunpers were

preselected, converted o centimeters, and the guadrac placed atc the

~

corresponding distance along the transect lLine. The area within the
quadrat was thoroughly searched down to bedrock substrate and the mean
total diameter of all sea stars encountered was measured to the nearest
. s <. - 2 .. \
half miliineter. An area of approximataly 1500m (63 by 21 m) was
searched in this manner.
From my experience in sumwer 1970 it became apparent that proper

estimation of Leptasterias density using transect techniques was very

-

time consuming, and requirved fair weather and spring low tides. For
these reascns only cne large scale estimate of density was conducted
for South Cove and Sunset Bay. During the summer 1971 at all three
study sites, a series of transects was run parallel to the shoreline at
several intertidal levels. The sawme transect methods described above
were employed except the permanent grids were not ectablished.

The cobble areas which Leptasteriss inhabits are sometimes diffi-

cnit o search. A guadrat might be placed over a large boulder or on a
pile of reocks or on naked badrock. To estimate the total surface area
presant within each quadrat was toc time consuming to be profitable.

All subsequent estimates of density combine areas that are not topo-



graphically homogeneous; however the stratified randowm placing of

guadrats proportionally represents the
'] ¥

6]

ubstrate piesent end doas pro-
vide a reasonable estimate of density.

The spatial dispersion of Leptasteriss was detzrmined at Middle

-

Cove by the extencsive sampling done there. The spatial dispersion of
the Sunset Ray population was determined by samcling at the low, mid and
vpper tidal horizons. Each c2nsus took approximately 2%~3 hours. At
ieast 100 animals were counted in each. All three were completed during
two consecutive spring low tides. The spatial dispersion of the South
Cove population was studied less thoroughly, and was interpreted from
transechts and general field observations. To determine the zsubtidal
distribution of Leptasterias the subtidal zone immediately below the
three study areas was investigated using SCURA.

To observe movement within the intertidal zone a short term study
was conducted in South Cove. Avsample of 50 adults and 50 juveniles
was ccllected on 15 JSune 1871 from throughout the South Cove intertidal
zona and taken to the marine station at Charleston. The sea stars were
dyed bright red with neutral red stain. These animals were returned

3

the next day and

]

eleased along a band in the lower mid-intertidal =zone
which ren parallel to the shora. The band was 20 m long and 2 m wide
and large boulders at both ends of the band were clesred of algae and
marked. The area was censused a month later to determine mcvement, The
dye was persistent, as marked animals were yrecovered for several

wonths after being released.
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Population Structure and Dynamics

Iritially the three main study populations were sampled on a gea~
sonal basis te estimacte population structvre and dvaamics. The sea
stars were ceollected haphazaxdly and weilghed to the n2arest 0.1lg on an

o

Ohaus triple beam balance. The scale was protectved by & water tight

riywood case which was eguipped with a hinged transparent doocr to alleow

K3

readings te ke made in the wind. After a year it was determined that
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the seasonal weight frequencics were cf limited value.
abandoned in faver of another technigue.

For the sampling periced from June to December 1271, size freguency
distributions were taken in conjunction with the bi-weekly fseding ob-
servations. It was wverv difficult to see the young of the year and
they were noit included in the census. The remaining sea stars wers
grouped into 10 mm size categories, based on their total mean diamgter.
Prom January to April 1972 a more comprehensive series of size freguency
distributions waé tgken. All sea stars encountered, including young
of the vear, were measured and grouped inte 2 am size classes.

These latter comprehensive size frequency distributions were
analyzed o estimate age (size) classes using the probability paper
fechniques descyribed by Harding (1549) and Cassie {1953). The former,

less comprehensive size freguencies were used to estimate the relative

mumber of sea stars within the calculated age (size) classes.



Besultg

Growth Studies

'r

In 1971 the newly metamorphosed sea stars were releansed by the fe-
males in April through early May. At the time of release the young were
1.6 mie in diameter. %his year class was followed on a meonthly basis for
1 vear. The monthly average size (Fig. 2) indicates a falrly steady in-
crease in size throughcut the year. The increase in the standard Jde-
viation with time suggests a disparity of growth among individuals as
they become oldar.

The growth rate appears te be similar for all three study popula-

tions, with the young reaching an average size of 10.5 to 12.1 mm in the

first year. 'This represents & seven foid increase in lineax gize in the
young stars and is compared to an approximately 12 fold linear increase

in size in rewly settled Pisaster Aduring their first year (Fedsxr, 1870).

The growth of adult Leptasterias was measured in a laboratory ex-—

periment which was designed to study the relationship between feeding
success and reproductive effert. Unfortumately the labeoratory systen

eptasterias to brood. Although

=t

proved inadeguate to induce the female

W

the stars gained weight, none released their eggs during the period the

fieléd populaitions were brooding. Active Leptasterias sperm was added to

individual beakers containing sirgle females, and still none could be
induced to brood. Therefore the date are presented as a measure of

reicghing such small animals in the
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Fig. 2. Growth of first year Leptasterias from the three study areas.
Each point represents the mean diameier of a field sample of 25~50
2 ctandard deviation.

sea stars. The vertical lines represent cn
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field the younyg stars were compared on a linear basis. 1In older stars
the linear measurements are lass accurate as they can vary over shorth
periods (Fedexr, 1970). In order to aveid problems, both weight and
linear measures were taken; the weilght measurements proved to he more
reliable and are used here.

Initially the maximum and intermediate feeding regimes were fed
intertidal gastropods, Littorina spp. The sea stars ate these readily;

however the littorines crawled up the sides of the battery jars and out

of Leptasterias' reach. After 3 weeks the littorines were xyeplacad by
Balanus glandula. @ barnacles were collected attached to a thin

layer of sandstone substratum and were pliaced as food in the battery
jars in this attached condition. The stars were checked daily and when
those in the mawimum feeding regime had consumed all their food, it was
replenished. At the same time approzimately balf the amcunt of £food
given to the stars in the maximum feeding regime was given to those in
the intermediate regime.

There was some initial mortality in all three feeding ragimes
Mortality was greatest among the starved animals and there were many in-
stances of cannibalism in this group. Because of this, it was necessary
to provide the starved animals with a minimum amount of food. A low
lavel of mortality continued through the 10 mounths the sxperiment was
conduncted, and was highest in the starved animals.

The per cent change in weight over the experiment is presented for
the three feeding regimes in Figs. 3, 4, and 5. For comparison the

tars were grouyped in 2 g weight classes and separate cuxrves plotted for

'JJ
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Fig. 3. Wsight change in starved Leptasterias. Each symbol represents

the mean per cent change in weight, based on the starting weight, of
all animals within 2 gram weight classes. Symkol code: open circles =

0-2g; open squares = 2-4g; coclid circiles = 4-0g; triangles = 6-8g.
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Fig. 4. Weight change in Leptasterias fed on an iutermediate diet of

the barnacle, Balanus glandula. Each symbol represents the mean per

cent change in weight, based on the starting weight, of all animals

\)

within 2 gram weight classes. Symbels are the same as in Fig. 3.
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Fig. 5. ¥Veight change in Leptasterias fed con a maximum diet of the
- i

harnacle, Balanus glandula. Each symcol represents the mean per cant

change in weight, based on starting weight, of all animals within 2

gram weight classes., Svmbols are the ssme as in Fig. 3.
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each. The 0-2 g weight class is missing from the starved xzgime as all

=

these small stars were cannibalized early in the experiment.

In all the growth curves an cbviocus increase in weight occurred be-
tween Nowvember and December. This corresponds to the perivd of maximum
gonad and storage organ increase in size in preparation for the winter
brooding. This increase was followed by loss of weight by all weignt
classes regardless of focd availability. The animals in all three
regimes stopped feeding through January and February and fed only
sporadically through March.

This is the same feeding pattern observed in the field, and this
does suggest some type of endogenous annual feeding cvcle independent of
light and water temperature. However, the sea water used in the experi-
ment was obtained from within. the Coos Bay estuary and became more
dilute with increased winter runoff (Mrs. Jean Hanna, 0IMB); therefore
the decrease in feeding activity could have been an artifact of the
reduced salinity. ‘The experiment was terminated in mid-April, and the
animals were returned to Caps Aragce.

The starved sea stars (Fig. 3) lost weight on a relatively uwniform

to writhstand starvation

ot
0
o
l,...l
Y

basis. The smallest sca stars were leacs
and became weak and then began to lese arms. They were cannibaiized

from the beginning by the larger sea stars. The most dramatic weight
lcss was searn in a star that went from 12.4 g to 3.5 g in 10 months.

This anima2l remained in good morpnological condition but shrank from

61 me total diareter to 38.5 mm.

ARl1l weight classes in the maximum feeding regime (Fig. 5) gained



weight initially. After ¢the peak in December all began to lose weicght
and the two largest weight classes went below theiyr original weight.

The 0-2g weight class showed the greatest percentage increase and the
2~-4g weight class showed subsiantial gain in weicht.

The sea stars in the intermediate feeding regime maintained approxi-
mately their initial weight until the December peak. After this all but
the smallest weight class declined in weight. The 0~2q weight class did
not follcw this pattern but gained weight rapidly, and instead of
declining after December, continued off the scale te 147% in March(
1972,

The pattern of weight change demonstrated by the stars in the
intermediate feeding regims is thouwht to typifv what occurs ig the
fieid. An adult female feeds during the swamer and fall and cbtains
enough energy to mature her developing eggs and store raserves to main-
tain her through the 8 week brooding perisd. During the winter and
early spring the s=a stars do not feed and there is a corresponding loss

in weight. After brooding season the stars replenigh their reserve
g 3

e~

v

storage and any growih that ccocurs probably doss so in the early summer
pefore onset of reproduction.

The data also indicate that the smaller sea stars possess the
greatest pctential for increasge in size and the least ability to with-
stand starvation. This speciss on the whele did not demonstrate the

ability to withstand long temm starvation as has been shown for Fisaster

(Fedex, 1970) and Astropecten irregularis (Christensen, 1979). The in-

crease in size {(147%) shown by the 0~2g weight class was overshadowed
k4 J :
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by the growth of seven small P‘"astpr which were grown concurrently
under identical conditions. These sea stars showed an averags weight

gain of 205% in the sace time period.

The growth of Leptasterias is prehably relatively uniform in- the

first (Fig. 2) and perhaps the second vear in the three populaticns ob-
served. After this time the growth potential of the maturing

Leptasterias is differentially realized depending upon ilocal ccnditions.

This will be demonstrated below and in the latex chapter on reproduc-

tive biology when the size of brooding Leptasterias females is compared.

Maintenance Factor

An arbitrary index of morphological condition, called the mainten-

rh

ance factor, was applied tc all sea stars observed im the field from
June 1271 to August 1972. The percentage of ail adult and juvenile sea
stars observed in each of the three categories is given in Table 1.

The morpholcgical condition of the =hree pepulaticne correlates
well with the degree of wave expcosure each experiencas. The Middle Cove
vopulation, which is mozt exposed, and had the greatast percentage of
damaged individuals, both =2dults and juveniles. The Sunset Bay popula-
tion, which is least exposed, had the lowest percentage, ard the South
Cove nopulation was intermediate. 1In all three populations the
juveniles had a higher percentage of injured animals than the adults,
although this discrspancy became lower in the less exposed populations.
These data suggest that the smaller (younger} sez stars are move

susceptible to worphological dawage from wave action especially in more
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TABLE 1. The percentage of all aduit and juvenile sea stars
cbsarved from June 1971 tc August 1872 which occurred in
each of three morphological categories.
Morphological Category
Fopulation Noxrmal Regenerating Inceomplete
Middle Cove
Adults 58 15 27
Juveniles 44 33 23
South Cove
Adults 52 13 25
Juveniles 55 25 20
Sunset Bay
Adults 74 & 20
Juveniles 72 : 14 14

expasaed areas. Ancther péssible inference is that, whereas the
morphelogical index data reflect damage from physical enviroamental
factors thev probably also give a relative index of mortality caused by
these factors.

By collecting mworphological data over a year's period it was hoped
that an annual cycle of winter morvheclogical damege and subsequeant re-
generation could be demonstrated. IHowever, when the data are gplotted

over time {(Figs. 5 & 7), no such pattern can be seen. Wnat is apparent

1

is the varving degree of morphoiogicael damaga that can be infiicted

during individual winters. The 1971 winter storms caused considerably

o,

less damage than dié those of 197Z., Although fewer censuses wers taxken

T

and smaller numbers of sea stars observed in 1972, the data show 2

b

consistent trend which is probablyv genuine.
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Fig. &. Percentages of all adult Leptasterias cbserved in the threes

study populaticns which were placed in the three morphological
categories. Symbcl code: closed circles = normal sea stars; sguares =
sea stays with regenerating arms; triangles = sea stars with inccomplete

aAxmns .
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Fig. 7. Percentages of all juvenile Ieptasterias cbserved in tha
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three study populations which were placed in the
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jats
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Short term variation in the percentages of sea stars in the three
categories were often more excrxeme than seasconal variation. The reason
for this became apparent when individual censuses were made at discrete
tidal levels. Sea stars in the high intertidal zone were in much
better morphological condition than those in the lower intertidal zone.
Therefore the intertidal area searched during a given census influenced
the caiculated maintenance factor index, and the area searched was.
ultimately influenced by the level of the low tide on the day of the
census.

The maintenance facktor values observed for lLeptasterias were

rokably indlces of the frequen of autotomy. Leptasterias will
v cy Y T

readily drop an arm when aggravated or traoped {pers. cbs.) and several
other stars are reported to autctomize. (Swan, 1966). As was peintad cut
by Ricketts et al. (1968) "autotomy is of great survivel value to ani-

mals that may be imprisoned by lcose rocks overturned by wave acticn.™

“ha suggested influvence of the pnysical envircnment on Leptastarias

as cbserved in the maintenznce values does not rule out influence by
biotic factors. The pattern of increased morphological damage in the
-7

lower intertidal zone cculd be the result of predation by an animal

which is vrimarily subtidal in distribution. %his possibility will ke

cunsidered below when Levtasterias' mortality is revieswed,

b
o]
£
I
)

ape Arage-Sunset Ray areas investigated the herizontal

discribution of Leptasteriaz was confined primarily to the mixed cobble




and boulder areas. When the adijacent areaz consisted of sand and/or

naked bedrock, nc Leptasterias were found, and when the adijacent area

contained very large boulders and upraised bedrock, few Leptasterias

were encountered.
Cther populations observed aleng the Oregon coast had somewhat

-

different horizontal distributions. At Seal

Jeis

ock very few Leptaster

as

were found in the cobble area where large numbers of small Pisaster

Wy

occurred. The majority of this population of small Leptasterias was

found in an undercut portion of Seal Rock adjacent to the cobkle area,
where they were wedged into small round depressions in the roof and side
of the undercut.

Two other populations wers observed at the Oregon coastal headlands,
Cape Blanco and Yaguina Head. Unlike the friable sandstone found at
Cape Arago, the underlying bedrock and cobble was made up of coarss
basaltic agglomerates at Yaguina Head and tuffacecus indurated sandstone
at Cape Blancc (Baldwin, 1264)}. In additicn the intertidal zone topo-
graphy was different. Instead of an even surf-cut bench, long narrow
surge channels were cut perpendicular to the shoxeline. In these chan-
nels local concentrations of cobble and flat pieces of loose bedrock

occurred, and the majority of Leptasterias were found within these

areas. Several cther avezs with very similar topography were thoroughly

searched and no Leptasterias were found. These areas included Cape

Perpetua, Strawbervy Hill, and Boiler Bav.
Pains (pers. cam.) found many amall Leptasterias in mussel beds on

the Washington ogen coast, and I have encountered small Leptasterias
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perzath the mussels in Miédie Cove. These sea stars were 20-30 mn in

diameter, and their sexual maturity was not determined. The mussel beds
cculd possibly serve as nursery areas in the lower intertidal zone. The
stars would be protected from desiccation and most predators would still
have prey available to them. These stars were not studied
cause to do so would require destruction of the mussel bked.

Chia (1966a) and Menge (1970} reported the vertical distribution

for Leptasterias in the San Juan Islands. They found that Leptasterias
occurred from a height of +2m toc the lowsst interitidal zone, and moved
into the lower intertidal zone during the winter months to form mating
aggregations. Mauzey {1966) reported a similar downward movement in

winter for Pisaster.

On the open coast Fedexr (1970) xeporited that Eiéﬁg}gE‘jld not.
demonstrate such a winter migration, and I have cbhserved none for
Leptasterias in the areas studied. %The sea stars remained at spproxi-
mately the same intertidal leveis year round but did hecoue more
aggregated during the winter. FHowever, this was probably a passive re—
sult of the winter storm conditions rather then an actual mating
aggregation as proposed by Chia (1966aj).

As was mentioned above, exposizre to wave acticn is thought to be
the chief cause of morphological damage and moxtality. Du¥ing the
winter the gsa stars move away from the smaller cobbles and under larger
boulders and into crevices to estape from storms. These movements may
have a vertical component, but the overall resultant movement is

lateral. Moving down in the intertidal would conly expose the stars to
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more viclent wave conditicons. Because the larger bouldars are limited
in number a large aggregation of sea stars, both mature and immature,
will accumulate beneath these boulders and remain there through the
winter.

This clumping behavicr is encountered throughcut the year, not just

in winter. In the calmer summer and fall months Leptasterias actively

forage over the cobbles and houlders during hign tides, but return to

the undersurface of rocks during low tide exposure. Becauce this

0]

species is very suscepitible to desiccation {Menge, 1970) it seeks out
shaded areas that will remain moist. Such areas are limited in the
intertidal zone, and the density data obtained during the summer months

{Table 2}, indicate a clumped distributicn for all three study popul

. - 2 .
tions at the C.5m (0.7 by G.7m)} guadrat level.

The short term investigation of lLeptastsrias movament in the inter-

tidal indicated this species ventures only short distances while

foraging. A sampls of 100 Leptasterias were dyed red and released along

he niddlis

r

a band of cobbles and boulders 2m wide and 20m long ia

the same arsa one

[
n
(1]
o
[a]
O 3
o
O
~h

South Cove intertidal zone. In a carzfu
month later 19 dyed animals were found within or very clese to the
marked band of release, and ro dyed animals were found in the adjeoining

areas. These recaptured sSea stars appeared in gocd condition and

L

several were actively feeding when found. During the next 4 months dyed

Cobservarions and had

has

[

o
W

individuals were encountaered in haphzazard fee:

h
]

moved only a few meters from the original release arsa.

£

s pOC"LJIE that the dyed sea stars may have moved great

e

it



TABLE 2. Information sumecary of density estimates for Sunset Bay, South Cove,
and Middle Cove. The Index of Disperxsion (variance to mean ratio) was
calculated according to Sokal & Rehlf (19€9)., First year sea stars were not
included in density estimates.

Numnbex Number

lLeptasterias of Intertidal Zones Densities/mz Index of
Population Cbserved uadrats Upper Middle Lowex Average Dispersionl
Sunset Bay 294 29 11.7 - 29.6 23,6 20.3 §.1lo**
South Cove 83 42 3.6 5.5 2,3 3.9 2.53%%
Middle Cove 70 70 ' 2.6 2.5 1.0 2.0 1.42*%

* indicates level of significance; **

#

01, * = .05,

1 . . . o aa . : . o . .
The index of dispersion indicates a random distribution when it has a value of 1, and clumping
whan it exzeeds 1,

4%



distancaes laterally within the marked area, or that they moved away and
The small number of sea stars recaptured may indicate

returned to it.
that the majority cf dyed sea stars died cxr emigrated from the area
This experiment

entirely instead of being well concealed within it.

should have been repested at several tidal areas and followed more

closely, but the time was not available.

Bowever after cbserving Leptasterias in these three areas for 2%

.stribution became guite predictable, to the degree that

vears, their d4i
stars were recognized and repeatedly found at the sames

individual sea
It is possible that Leptasterias moves only short distances

location.
n the intertidal zone and that wave action and desiccaticn by exposure
to air are the chief physical factors influencing these movements and

| At

the subsequent intertidal distribution of Leptasterias which will ba
onsidered next.

In the Cape Araco-Sunset Bay area Leptasterias occurred from a
When the subtidal b

C

alow

height of +2.5m down to the lowest intertidal.

the three study arecas was searched no Leptasterias were found at 3South

At these two areas the surf bench gradually
hort denss algee.

b ,
0 SN0

Cove or Middle Cove.
sioped inte & series of sandstone reefg covered wit
dal area was very steep at Sunset Bay dro

Severzl leptrasteria

ping ©

g vg

i}
£
[
]
]
[£1]
v}
}

the intertidal.
density com-

rop off, nut they were in vexry low

oared o the intertidal zone dirxectlv above,
made in the

i Sunset Bay,

A summary <f the intertidal zoune density e
South Cove and !

summers of 197C at Middle Cove, and 1971 at



is incluvded in Table 2. 1In the South and Middle Cove study populations
the lowest density of Leptasterias cccurred in the lower intertidal
zone. In Sunset RBay and “outh Cove the maximum density occurred in the

mid intertidal zone, and at Middie Cove the wpper and mid intertidal

[

]

zones had approximately equal densities of Leptasterias.

The pattern ¢f distribution of the Sunset Bay population is clearly
seen in the resulis of three intertidal samples taken on ¢ and 10
February 1972 (Fig. 8}. The mid intertidal zone had the highest density
{Takle 2}, the largest animals and greater numbers of small, first vear

stars. The upper and lower intertidal zone lLeptasterias had approxi-

mately the same size distribution, but wers very different in maintenance
factor and density. The percentage of morphologically undamaged animals
increased with height in the intertidal =zone.

The pattern of morphological damage was also demcnstrated in two
samples taken at Middle Cove on 23 August 1972 (Fig. S). The sz=2a stars
from the lower intertidal zone had encountered substantially grearer
morphological damage (31% Norxmal cf. to 70% for upper intertidal

Leptasterias). Leptasterias from the uwpper intertidal zone wexe also

larger than those from the lower intertidal =zone.
No clear pattern of morphological damage was obsexrved at Scuth
Cove., In gzneral the animals in the lower mid-intertidal =zone and those

on the sgouthern boundary of the studv area suffered greatest morxrphologi-

cal damage. Similarly these areas contained fewest ycung Leptasterias.

the crientation of the

i

A1
3
o
5
¥
’J.
Q
o]
!—V
[©]
a
w
o
147}
]
ey
g
M3

I tnink this peculiar dist

Sourh Cowve intertidal zone, leccated on the west side of the cove (Fig. 1}.
' g
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Fig. 8. Size freguency histograms giving the resuits of three intgrm
tidal zone samples conducted at Sunset Bay on 9 and 10 February 1872.
Sea stars are grouped in 2mm size classes; i.a. size class 1l includes
animals 11 and 12mm in total diameter. The percentages of adults and

juveniles in the normal morphological. category are indicated.
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Fig. 9. Size fregquency histograms giv

ing th

e results of two inter-

tidal zone samples conducted at Middle Cowve cn 22 August 1972, Sea

stars are grouped in 2 mm size classes as in Pig. 8.

The percentages

of sea stars in ithe normal morpholegical category are indicated.
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At low tide the water line, relative to the rocky intertidal zone, ex~
%

tends nerth to south. However when the tide is in, the waves enter the

intertidal in a south to noxth direction and are, in effect, crossing
this area perpendicular to the low tide shoreline. Therefore the

Leptasterias in South Cove are distributed zlong a desiccation gradient

that rms primarily east to west, and a wave exposure gradient that runs
primarily south to north.

.

For Leptasterias it sppears that exposure to wave action decreases

with increased intertidal heighi, while the possibility of desiccation

o

'

increases. The interplay of these two factors is the dominating force

accounting for the observed intertidal distribution of Leptasterias on

the protected rocky outer coast, just as it is for the majority of

o]

intertidal animals found theare {Ri ketts et al., 1968; Connell, 1972;

Davton, 1971}

Population Structire and Dynamics

)

The same physical factors which influence Leptasterias' distribu-

tion are alsc thought to cause signi r cant mortality. Wave exposure

affects all sizes of Leptasterias but seems tc cause more morphological

damage to the amwall sea stars. At low tides during storms I have epn—

- -

countered adult Leptasterias that have been crushed flat by rolling

rocks and boulders. Although no evidence exists, it is thought thak

many small ILeptasterias are lost by being washed off rocks and out of

the intertidal zone. Menge (1270) deponstrated lLeptasteriag’® suscepti-

bility to desiccation, especially during daylioht low tides when the
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wind is blowing and the sun is shing. He found that tolerance to
desiccation increased with size, and desiccation prchably is the cause
of mortality of many of the first year stars, especially thouse released
in the ucper intertidal =cne.

The cbserved lower limit of Leptasterias'® vertical distribution is

the lower intertidal zone. In this zone the voung s2a stars are least
abundent and those sea stars that deo occir here suffer the greatest
morphological Gamage. The influence of physical environment on these
ckbsexrvations has been discussed; however, they are thought to be in-
fluenced by a biclogical component as well.

During this study nc common intertidal predators on Leptasterias

were found and none have been chserved in the field by other investiga-

tors (Mence, 197C; Chia, 1964). ILeptasterias remains have not been

s

identified in the stomach contents of any of the comwon intertidal fish

investigated {Johnson, 1966, 1970). Predation by crabs and birds may

cccur. A gull was cbserved attackipg an HBvasterias troschelli and an—
other wvas seer trying tc swallow a Pisaster (F. Rudy, pers. comn.}.
However Leptasterias remains underneath the rocks during low tide and
would not be readilv accessible o birxd predation. No intertidal crabs

were cobserved feeding on Leptasterias and none of wiich I am aware are

reported te do o {(Hiatt, 1948; Xnuds=n, 1960}.
Connell (3872} felt +that the reason intertidal species live in a

rhysiclogically less congenial region at high levels is that they are

-

forced to do so by interactions with competitors and natural enemies.

That is, iower wvertical limits are due primarily to biological causes.



Birkeland {1271) found Lentasterias at 36~40m depths on Cobb Szamount

270 niles offshore of Washington. Be felt this indicated the

[*H
3

cted to the

e

lertaszterias were not restr ntertidal zcne by the demands

~of their own vhysiology and were probably prevented from exploiting the

nearshore subtidal habitats bv predators, competitors, or other animals.

Chia (1964) obsexved Leptasterias being fed upon by Solaster sp.

. -aad Pycnopodia halianthoides in the laboratory and

} cbserved Zolastey dawsoni and Dermasterias imbricata feeding

on Leptasterias in the field. 41l of these astercids have a pre-

dorinantly subtidal distribution {(Mauzey ¢t al., 1958) and are potential
pradateors and/or competitors with Zeptasterizs. Tn the Cape Arago-

Sunset Bay subtidal I have observed all of these asteroids except

Ieptasterias’® vertical lower limit. Other primarily subtidal predators

such as crabs or fish could also be partialliy respensible for

&

_Leptasterias' reduced suaccess in the lower intertidal zone.

Dynanics

The

ot

N
[0}

hree study populations varied in density (Table 2) and in si
structure {Fig. 10). An attempt was made to monitor population dynamics
by conducting seascnal measurement of weight frequency distribution.

dowever these proved unsatisfactory as no clear pattern of peopulation

u
nl
0}

dynamics suck crecruitment or growth was readily cobservable (Appendix

1}. Toe variability encountered is probsbly due o several causes in-

oIluding the intertigal area searched, the wave conditions on the dav
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Fig. 10. Size frequency histograms showing the comparative population
structure of the three study populations taken in March 1272 and 1973.
Brocding females encountered during this pericd are represented in the

clear unlined porticn of the histogran.
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before the obsexrvation, time of vear, and variation in sampling behavior
according to weather conditions. what is apparent from these weight

distributions is that mopulation structure remained realatively stable

]

and that the size cf the =zea stars varied inversely with density.

\

Mortalitv and zecruitment were astimated by combining a variety of
data talken for thwe three poprlations over the 3 years of the study. Re-
cause of time limitations all thase data were not taken during the same
year.

From data that will be more thorcughly presented beiow in the
chapter on reproductive biology, information on sex ratio, mean size of
reproductive animals, and female reproductive effort and brooding
success was obtained. The data on growth of the first year stars {(Fig.
2} and on density (Table 2} presented earlier in thié chapter, wers also
used. These data were combined with infcrmation derived from a compre-~
hensive series of size frequencv distributions taken in the field from
January throuch April 1972 and more generalized estimates of size fre-
guency made from May to December 1971, From this combination of data I

kelieve a relatively accurate explanation of populations dynamics can

(]

ke derivad.

In the process of deriving this explanation several assumptions
were made. The first is that femals Leptaesterias become sexually matura

in their third year. Chia {1268a) has shown that the dsvelopment of sn
oocyte from an cogoniim to a ripe ovum requires about 2 years and that
the gonads do not become functional until late in the first year. It

was assumed therefore that females found brooding represented animals
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that were in at least their third year. econdiv, it was assumed that

h

reproductive effort was similar for a given size of female from a given

population over the period of this study. Evidence supporting this

n

assumption and a third that males and females are approximately the
same size will be presented in a latex chapter.

The final assumpticn is that the adult population size structure
and density remained stable over the time of the investigaticn. This

can be seen by comparing size freguency distributions made in March 1972
and 1973 {Fig. 10). This month is midwav in the brooding seascn and the
sizes of the brooding females are indicated. Both the adult size fre-
guency and the distribution of brocding females ave very similar fer all
three populaticns. When the brooding females cbserved during the 1271,
1272 and 1973 brooding seasens are conpared (Fig. 11} for alllthree
populaticns thelir zimilarity is again apparent. Also sesn in this
figure is that the Sunset Bay females kecone reproductively mature ab
smaller sizes than do the other two populations.

Forearmesd with the kaowledge of the size veached by first vear
stars (Fig. 2} and that the size of reproductive famales representad at

he size frequency data

\;_i‘

Jeast the third vear class [Fig, 103,

individual censuses, taken from January througn April 1972, were plctked

on propability paper. From these, age~sice classes were distinguished

using the methods of Havding (1949) and Cassie {(1954)., Recause of their
s

small size the first vear class was probably underestimated and the

i -

i
<

rates (Feder, 1970; Ebert, 1962). Fowaver the sscond year class was
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Fig. 1l. Weight freguency histcgrams cof brooding females from the
three study populations for the 1971, 1972, and 1973 brocdinyg seasons.
Sea stars are grouped in lg weight classes; “0" weight clazs includes

all femalas weighing up to .99, "1" = 1-1.99%g, etc.
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thought toc have been sampled representatively and could bz separated
from both the first year and older sea stars using the probability paper
method (Table 3;. This therefore allowed a relatively accurate esti-

mation of mortality up to 2 vears, assweing constant annual births

TABLE 3. Summary of sice-age class estimates from the probebility
paper method of Cassie (1254) for the study pooulations. The 2+
year class includes all adult stars as no clear year classes could
ba defined.
Population Year Class Mean Size N Standard Dewiaticn
Sunset Bay 0 7.5 24 _ 3.52
1 12.0 108 3.12
2+ 35.0 283 4,48
Scuth Cove 8.0 92 2.90
1 24,7 113 4.10
2+ 4i.5 242 4,57
Middle Cove 0 8.5 12 3.09
1 25.5 32 2.08
2+ 42.0 68 4,58

The size {(diameter} estimates ¢f age were then used to interpret
the density data, for which the size of each star encountered had been

recorded., Because the density of adult Leptastzrias was known and be~

cause this was assumed ic remain stable, the proportion of the numbar
of adulits encountered to the number of second year stars allowed a

density value for these juveniles to ke detsrmined; i.e. if the ad:

Leptasterias occur in a density of 3/m and one juvenile is encounterad

b7

I
for cvery three adults, a density of cne juvenile/m is assumed.
From the data on reproductive biclogy of Leptasterias the number of

vouna initially produced and later released after 8 weeks of breoding



o
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was estimated by multiplying the average female size encountered in each
population by the average number of eggs produced per gram and the
average nuber of metamorphosed stars per gram in the brood nouch just

before release. Leptasterias is known to occur in a sex ratic of 1:1,

and all adult females produce broeds. Therefore half the adults en-~
countered in the density estimates were assumed to be potentially
brocding females. Multiplying the number of eqggs produced per female by
the density cf females giva a value of the number of eggs produced per
sguare meter, and a similar calculation will give the number of voung
released per square metar, These wvalues can then be'compared to the
density estimates for second year juveniles and estimates of mortality
obtained {(Table 4},

Mortality encountered during brocoding in 1971 ranged from 19-37% of
the eggs produced. Of the young stars releassd at the end of brooding
less than one~half of one per cent survived until they were 2 years old,
regardlecss of the study area in which they cccurred. Scanty data
ayailable from Middle Cove firom fall 197C indicates that 99.1% of the
voung stars 4id not survive the summer of 1970 and of those remaining

332 suxvived through the second year.

0]

Cwing to the nature of these data, the resulting estimates ars to

e suspeci. Reproduction in 1970 couwld have been very low,

4]
[#]
i
s
O
[
(]
)-{
6]

although substantial numbers of kreooding females were found in Maxrch
1970 at Middie Cove., The high mortality could be the result of an
uwnduly severe winter in 1871~1272 as was reflected in the maintenance

-

Pigs. & & 7). Howzvar nv estimates of second year

-~

facteor data



TARLE 4. Mortality estimates for newly metamorphosed and 2 year old Leptasterias from the three
For explanation see tha text.

Mean
Maan Numbex
Mean & Number New Stars Numbex
Weight Eggs Releaserd Brooding New Stars 2nd Yeax 2rd Year
Population {g) Per 2 Per % Mortality Released/n12 E-‘tars/mz Mortality
sunset Bay 2.2 203 145 8% 1079 4.5-5 99.6%
South Cove 3.8 337 274 19% 403 1-1.4 92.75%
Miadls Cove 4.05 371 231 37% 204 .63~-.8 99.7%

Z9
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mortality agree very well with those of Menge (1270}, and the same pat—
tern of recruitment has been cbserved For several vears. Therefore
these mortality estimates are at least relatively consistent.

For an astercid species, female Leptasterias produce a limited

number of eggs which experience relatively hich swrvivorship until re-

,_:.

lease. The new young undergo high first wear mortality and somewhab
less mortality in their second vear, so that each yeac cunly a few 2
vear colds are recruited into the population and becoms reproductively

mature. This continuous ilow level of recruitment and the consistent

adult population structure suggest that Leptasterias is fairly long

lived and enjoys a substantiaily lower wmortality than do the young

stars.

Discussion

The results of the growth studies correspond well with those of
Menge (1970) in the San Juan Islands. He estimated the young stars
reached a diameter of 10~14mm in the first year and found tremendous

growth potential in Leptasterias with an unlimited swpply of fuood. A

major dliscrepancy in our results is the size at sexual maturity. Menge

970) felt that Leptasterias became mature at from 2 toc 4 years and

found that the majority of Leptast teriag welching less than 2g were im—

mature. I estimated that Leptasterias become wature in their third vear

o

but found that the Leptasterias become sexuvally maturs at much spaller

sizes, especially at Sunset Bay {“vlg).

n size of brooding females in the three study

[N

The differences
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s

populiations is thought to indicate a difference in growth rate caused by
local conditions. On *he other hand, the relatively greater size

reachad by female Ieptasterias both at Cape Arago and in the San Juvan

islands could be due tc later sexual maturity. However the former
explanation is considered the most reascnable because of the dernon-
strated variabla growth potential with food and the previously ciced
work on cocyte maturatien {Chia, 1968a), Therefore it is thought that

leptasterias females becowme mature at the same age {probably in their

.

third year) regaxdless of their size, and that growth rate is strongly
influenced by local conditions.

In his recent paper on the rocky intertidal communit 54 Connell
{1972) discussed the factors infiuvencing wvertical diétribution;
argued that upper limits were most often determined by increased mor—
tality from direct effects of extremes in the physical environment,
general agreement is found by cother werkers (Rayton, 1971; Glynn et al.,

1954).

i
yat
o]

Dayton (1971) considers the majority of reproducing populaticn
the intertidal zone to be most critically influenced by interactions

among the component intertidal species, whereas Connell (1272) thinks

'-h

biclogical interactions become limiting only where physical cond¢tlang
are less Barsh. Connell {1972} reported that populations ezhibit varia-
tion in their age structures with changes in severity of physical

factors. Popuiations which experience harsh physical conditions and

those which live in more benign areas but are subjected to intense pre-

n

-

ation on the young are often composed cof a single deminant class



These-are made wp of animals that have experienced higher survivorship
during a favorable year, in which phvsical conditions were more clement

or pradation was reduced. In th

D

intermediate situation, where con-

ditions ars sli

1)
3]
)
'
o]
&

htly less harsh mcre predictable and predators are
absent naturally, some young may survive every yvear and produce a
povulation with a mixed age distribution.

The patterns cf size (age) distribution observed in wmy studies of

Leptasterias populations could all be intermediate cases as defined by

Connell (1972} in which a few young are recruvited yearly and adult
mortality determines the subseguent mixed age population structure.
However, differential success of year classes could alsc provide an
explanation for the cbserved population age structures, which may be in
f£flux rather than being stationaxy.

My observations could reflect only a short-term phenomenon which is
a small part of the population dynamics of this species. I believe the
brocding type of reproducticn does allow a substantial numbar of voung
" of the year to enter an area every vear, and, although recruitment is
low, new adults enter the population consistently on a yearly basis.

; and in aresas of low wave

Mortality is primarily due to physical causes
action adult mortality is low. The subsequent limits to individumal

growth are biological. In more exposed condivions mortality is greater,

b4

but the lower density releases the individual stavr to exploit the

P

available resourcss more thoroughly and thus reach a larger size.

=



FEEDING BIOLOGY

Astexoid Feeding Biology

The majority of sea stars are carnivofes that conly occasionally act
as scavengers Feder & Christansen, 1966). Some species ére known to
exploit particulate food gatheréd with the aid of mucous shests and
flagellar currents, and othars are suspected of at least supplementing

g

their diet in this way {Bndersen, 1966)}. Carey (1972} found chances in

feeding type with increasing depth. The deep-sea asternids feed on
whatever is available and obtain food from the sediments as well as

-~

cod~rich shallow waters of the inner

pas
[EN
I

prey or animel remains; in tha
continental shelf the asteroid fawna generally consists of specialized
carnivores.

23

=
[l

In the typical macrophagous sea star foed is digested as it
within, or eafolded by, tﬁe cardiac stomach. The folds of the stomach
ar2 closely applied to the fcod, and digestive cnzvmes sre released only
where there‘is direct contact between the stomach wall and tﬁe digest-
ible tissue of the prey (Fader é Cﬁriétensen, 1956), The‘digestiv%
enzymes are produced only in the zac-like glandular pouches of the
pyloric caecaz and are carried to the caxrdiac stomach in the f£iluvid of
the périvisceral cealom {Anderson, 1966}.

In addition to producing digestive enzymes the pyloric caecae also

o3

o3}
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serve as the chief organs of absorption and stecrage (Anderson, 1966;
Nimitz, 1971}. Nutrients are mcbilized and transporited to distant sites
of utilization at all times, but especially in preparation for the
breeding season as the gonads are built up at the expense of the re—
sexve of the pyloric caecae. Farguson {1268} has demonstrated the fluid
of the perivisceral coalom az the likely vehicle for nutrient trans-
poxrt, as it bathes almost all the tissues except those of the outer
surface. The manner irn which ercidermal cells of the sea stars receive
nourishment is still not clearly determined. Some of the available data
indicate that astercids obtain a significant fraction of nourishment of
at least their superficial cell lavers by absorption of such things as
sugars and amine acids from extremely dilute solutions in the sea

{(Anderson, 198&; Ferguson, 1963, 1969, and 1970).

Feading Studies

The ecolcgically oriented field and laboratory studies of asteroid
feeding were reviewed by Hyman {(1955) snd more recently by Feder and
Christensen {1266). &ince this last review a numbex of studies of
asteroid feeding have appeared. Amondg thease are the studies of coral-

eating astercid Acanthaster planci and its effect on the ccral reef

community {Chesher, 126¢9; Branham, et al., 1971; Fortex, 1972; Goraau
et al., 1572), and the laboratory and field feeding of Pisaster
ochraceus (Mauzey, 1265; ?aine; 1966, 1969; Landenberger, 1968; Feder,
1970} and P. giganteus (Rosenthal, 1971; Rosenthal and Chess, 1972}.

Cf the recent studies of astercid feeding several exhibit an
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ecologically moxre scophisticated approach to data interpretation and
general application to current ecological theory. Christensen (1970}

in his study of the sea star, Astropecten irregularis said "it is ob-

viocus that a proper interpretation of data obtained by stomach analysis
cannot be given without a thorough background knowledge of tha biolog
of the.sea star as well as the organisms on which it subsists.
feels that gut contents per se were not a reliabie "measure” of the
guantitative composition of prev actually dlsoested par time unit

(. M. Christensen, p2rs3. cmm.). The study cf Mauzey, Birkeland, and
Dayton {1968; .vwhich compared laborxatory.preference studies with field
obgservations of ten Puget Zound asteroids, revealed that a wide variety
of prey can occasionally be eaten, the diet may vary locally, and
lakoratory preference experiments must be checked with field data to
discover which are the mcst important natural prey. They concluded
that, in ordexr to define the diet of anv sea star, iaboratoxy observa-

. tions can neither be omitted nor relied upon exclusively, and that many
ckservations from a number of locations throughout a vear are necessary.
Carzful studies by Paine (1969, 1971) have shown that & single
asteroid predator can be very significant in determining the compositicon

of an intertidal community. Paine {1969) peints ouib that on the Pacific

west coast Pisaster ochraceus and its main prey show considerakle zoo~

geographic homogeneity {(Ricketts st al.; 1598) <haracteristic of the
entire assemblage. Many species that characherize the association
throughout its entire range can be shown to be affected eithar directly

or indirectly by Pisaster (Fzder, 1373; Paine, 186%8).
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Menge (1270, 1972a & b} has studied such an association between

Pisaster and Leptasterias hexactis in the rocky intertidal regiocn of the

San Juan Archipelago. Menge (1970} ifeels that this area represents a
suboptimal Pisaster habitat primarily bescause of the lower abundance of

Pisaster's preferred prey, Mytilus californianus. Conversely he thinks

that it is the "best™ habitat for Leptasterias, since this sea star is

abundant in the Archipesliago but relatively rare on the open coast. In

areas wnere Leptas*terias and Pisaster —o-occur Pisaster is dominant in

that it somehcw inhibits the fcod gathexring of Leptasterias, thereby
hindering growth (Menge, 1272b). Menge {127Zb} argues that the
specialization permitting coexistence in this case is apparently hased

on consuwmpticn of different sized pray.

Menge's work with the Leptasterias-Pisaster interaction is more

thorough and the arguments more intricate than I have presented above.

imdilariy his work with Leptasterias' feeding is more detailed and

derived than what I shall present here. I do not presume to suggest my
study fulfills all the cbviously necessary criteria suggested by
Christensen (1970} and Mauzey et al. (1968); this was not my objective.
However comparisons are possible hetween my data and those of the
studies mentioned. I fesl they contribute to the overall understanding
of the complex and variable interactions that allow species to exist

over & range of habitats.

u_:

A‘"i I_h ..}d-b

Feeding observations were made for the three main Leptasterias
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populations on an approximately bi-weekly basis for a pericd of 20
months. The populations were sampled at lower low water and infre-
guently at higher low water on the same day. The sea stars generally do
not forage when not under water bui are known to continue feeding on
prey captured during the previcus nigh tide (Feder, 19270; Mengs, 1970).

3,

Bach sea star was removed from the substratum and turned cver; if

3

the cardiac stomach vas everted the sea star was counted a5 feeding.
The prey found within the folds of the everted stomach or attached to

ithe substrate directly beneath the sea star was reccrdad. Each pre

<

species was identified a2t least to genus and, for some species, the size

0]

was also xecorded. Each sea star observed was classified according to

size (age) and morphological condition using the categories mentioned

During the summer of 1272 eacn main Ileptasterias population was

. ARppreximately 100

147]

samrpled during the early morning spring low tide

ckbaexrvations were made of Leptasterias feeding on its primary prey

species the barnacle, Balanus glandula. Similar to cther sea stars in

the Family Asteridas (Fedexr & Christensen, 1966) Leptastarias uses

to remove this prey from the substratum, o all ths barracles wexe

stowmachs. The sea star's morphologi

0

found within Loptasterias everted :

cal condition and tobzal diametaxr {(2R) in wiliimeters were recordad, and
the basal diameter of ecach prey barnaclie was measured to the nearast
haif millimeterx,

The barnacles’ basal diameters were used to convert to dry weight

values, using the regression squation calculates by Cf)nnel1 {1970, fox



B. glandula. The tetal dry weight of all barnacles encountered in each

feeding observation was calculated for comparison of the total dry

weight of prey consumed per size class of Leptasterias in each popula-

tion.
in oxder to detexmine the approximate contribution of each prey

species to Leptasterias' total caloric diet Menge's (1970) regressions

of prey size (diameter) on dry weight and the conversion factor cf dry
weight to kilocalories were used.

Estimates of the mean prey size and number ware obtained for the
main prey species, B. glandula by calcvlating the mean basal diameter
and mean number of barnacles encountered per feeding observation for
each pogpulation in the 1972 summer feeding study. OFf the less fre-
guently eaten prey only half were measured. The avarage prey SizZe used
to calculate caloric value was based on these measurements.

Throucghout the study all species of sea stars encountered in the

cobble areas common to Leptasterias were censused for feeding. Three

-

species were cbserved, Pisaster ochraceus, Evasterias treschelll, and

~

patelpaiui —

Henricia sp. bub only P. ochraceus was abunéant. The data obtained for
P, orchaceus in the area of spatial overlap with Leptasterias will be

presented and compared with thoss of Menge (1972b}.
ReJuLLS

art will compare

h
e
[
.
o
el

The feeding data are in three pirts. The
annual Teeding cycles and prey selecticn among the thres main study

populations, as well as the diet of juveniles with that of the adults
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The second porticn will present the resuits ¢f the summer 1972 study in
which the three populationz are ccmpared for feeding success as a
function of sea star size. The final selection will compare my data
from the open coast with those of Mengsa (1970, 1972av& b} for

Leptasterias from the San Juan Archipelago.

Annual Feeding Cycle

The aduit feeding observations are summarized in Fig. 12, which

shows the percentage of adults feeding on all prev over the study period.

The graphical representation gives a fairly clear idea of the feeding

pattexn of adult Leptasterias on the open coast.

The graph shcws that peak feeding activity occurs during the mid-
swixner and continues unilii the conset of winter. Feeding during the
winter months is reduced. I dces uot increase until late spring and
then gradually increases to peak again in midsummer. This feeding pat—

tern in adults complements the reproductive biology of Laptasterias

{Chia, 1964}, in that the adults store energy reserves in the pyloric.
cascae until midsummer when gamstogenesis bzginz and the gonads in—
crease in size wntil the winter reproductive period.

During the reproductive period the females brood the young for at

=
i

ast & weeks ond do not feed. The males alzo become inactive and feed

a reduced rate. The graph {Fig. 12) is socmewhat misleading in that

)
rt

the brooding females are included in the calculation of the percentage,

and the actual values for males fesding during this pericd could be as

great as twice the valte gilven. Howewvar, these values would still £al1

pax



Fig. 12. Percentages of total adult Leptasterias observed that were

feeding during feeding censuse

n

at the three study arxreas.  The open
circles reapresent afternoon low tides, the solid dots represent

morning low tides.
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well below the maximum feeding rates seen during the summer.

When the arxtificially lowered winter feeding rate is kept in mind,
comparison of the adult feeding pattern {Fig. 12} with that of the
juveniles (Fig. 13) shows that both size {(age} classes have a similar
annual feeding schedule. The juveniles continus to feed through winter
at a rat= higher than that of adult males, but still below their peak

feeding, which also cccurs in midsummer.

Prey Selection

The feeding pattern of the adults and juveniles can be furthex

compared by looking at the diet. Table 5 gives a summary of the vela-

w

tive numbers of prev spacies eaten by both adult and juveniis

o

leptasterias. Tn all three populations the adults included & greater

nunber of prey species in their diets than did the juveniles. A much
greater percentage of the juveniles rely on the barnacle, Balanus
glandula, for their prey. For the three populations this percentage
ranged from 84 to 291% of all juvenile sea stars observed feeding. When

election diversity indices are calculatad (Table 6) this pattern

o]
Ind
)]
0

is agair demenstrated: in all popclations the adults have highex

uveniles. The lowest adult value, from the Sunset Ray

‘-‘n
jod
o
Joae
n
.
)
&
.
D
Vs

populiation, 1s still greater than the hiighest juvenile walue, from the
South Cove population.
In ail three populations there ware greater percentages of

juveniles feeding than of adults. This is chiefly due to the observed

higher feeding rates in the winter months. The juvenile diet is
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Fig. 13. Percentages of the total juvenile Leptastarias observed ithat

were fesding during the feeding censuses at the three study ar=as.

Synbols are the same as in Fig. 1Z.



[

., CSHINOW NI FwL
L W S SO SO S0 AU AUS SN N D0 A T T S S
. , o LW O iy -

Ce? o @ Q "ef s G 000 -
o v e o N - 0T

o @ @ @ G .

¥ ~
e < 9. o @ @ il
. O
A¥E LISNAS ° ~ 05
et Q, , QJ W .@ — 5 . .

3 - @ @ @ .
o c Mw . Yo g e < "
@ @ O e © e -
® C @ - yy
AACD 3TQQIN -

L 1 Il 1 s 3 ] 5 i [ ] ' £ nﬁu m.. § H 0 . . 3 » g
O o o Re) e O
e .
S Q e O e o

o Q O 2 02

L» & e @ O ,

b
e o oy

Q e 3
- 09

IAGI HLNOS

- 08

SNIQZ3d

S AVNIANT

%

fa



TABLE 3. Summary of the diet of Leptasterias as observed during

feeding censuses by number and percentage.

b. Middle Cove, Cape Aragc

. South Zove, Cape Arago

78



TABLE 5a. Prey Summary for Sunset Bay Leptasterias.

Species of Prey

Type of Predator

Adults

Number of Feeding

Juveniles

Number of Peeding

Cbhzervations % Observations %
Balanus glandula 454 84.0 608 91.0Q
B. cariosus 6 1.¢ 2 0.3
Hemigrapsus nudus 2 0.3 1 0.1
Petrolisthes cinctipes 4 0.7 o O
Cirolana sp. 4] 8] 2 0.3
Idothea sp. 3 0.6 5] Q
Pagurus sp. 3 g.2 0 g
Fittorina scutulata 33 6.0 20 3.0
Tegula funebralis 0 C 0 0
Acmaea scutum 4 G O G
A. digitalis 5 0.9 1 0.1
A. pelta S 0.9 ] 4]
A. sp. 3 G.6 5 0.7
Calliostoma sp. 0 0 1 0.1
Thais smarginata 3 0.6 0 ]
Mytilus spp. 3 0.e 3 0.1
Modiclus sp. 4 0.7 o 0
Tonicella lineata 1 0.1 2 0.3
Mopalia spp.’ 4] 0 0 o
i6 2.0 28 4.0

Soirorbis sp.
PRI OIRER Pk

S



TABLE 5h.

Prey sunmary for Middle Ccve Leptastexias.

Spacies of Prey

Type of Predator

Adults
_Number of Feeding

cuveniles

Number of Feeding

Cbhservations % Observations %
Balanus glandula 183 69 1ze 20
B. cariosus 1 ' 0.3 0 0
Bemigrapsus nudus 1 c.3 0 0
Petrolisthes cinctipes 4 1.4 0 0
Cirolana spp. 4] o G o
ZIcdothea sp. 0 O 0 G
Pagurus Sp. 0 o G 0
Littorina scutulata 31 12 3 2
Teguls funcbraiis io 4 0 0
Acmaza soutum 4 1.4 0 O
A, digitalis 2 0.7 0 0
2. polta 5 2 o 0
A. sp. 3 1 1 0.7
caliiostoma sp. 1 0.3 0 0
Trais ewarginata 0 o 0 0
Mytilus spp. Q 0 0 0
Modioiug sp. 2 0.7 G 0
Tenlicella linsata 2 C.7 G G
Mopalia sp. 4 1.4 g 0
Spircbis sp. i2 4 io .6




TABLE 5c.

P

ey Summary for Zouth Cove Leptasterias.

Species of Prey

Type cf Predator

Adults

Juveniles

Number of Feeding

Number of Feading

Observations % Observations %
Balanus glandula 235 74 140 84
B. cariosus 1 3 G 0
Hemigrapsus nudus 4 1 0 GO
Petrolisthes cinctipes il 3 1 0.6
Cirolana sp. O Y G G
Idothea sp. 0 c o 0
Paqurus Sp. 1 c.3 1 0.6
Littorina scutulata 27 9 16 G
Tegula funebralis 8 2.5 0 0
Acmaz2a scutum 2 Q. th 3
A. digitalis 1 0.3 l‘ ¢.6
A. pelta 6" 2 1 0.6
B. Sp. 0 o G a
Calliostoma sp. i G.3 G 4]
Thais emarginata 2 0.6 o 0]
Mytilus spp. 1 Q. 0 G
Modiclus sp. ¢ 0 & g
ronicelile lineasta 8 2.5 0 G
Moralia spp. 4 1 2 1
Spirorbis sp. 17 5 7 &




TARLE 6

avent

. Prey species diversit
Cove, #nd Scuth Cove leptesterias populaticns.
regardless of nunber of prey.

Calculations use logarit

{1966)

and Hurlbe

v indices calculated from the feeding data for the Sunset Bay, Middle
Bach observation of feeding was scorxed as a single

For explanation of indices see Horn
ms to the vase e,

zt {1971).

Populaticn Numbexr of Number of H H' Burlbext's Hurlbert's

Observations Prev Scgacies Vil V*':H

Sunzet Bay
Adults 545 i 0.786 0,80 0.31 0.26
Juveniies 571 11 0.43 0.45 0.18 .15

Scuth Cove
Adults 328 14 1.12 1.18 0.44 0.39
Juveniles 166 10 0.64 C.72 0.30 0.20

Middle Cove
Adults 260 i4 1.16_ 1.24 0.46 .40
Juveniles 143 4 0.36 0.39 0.22 D.22

A
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characterized to a greater dagree by small and/or non motile prey, ané
this will be considered belcw.

The diats of the juveniles and adults overlap markedly, particularly
in the Sunset Bay population where sea star density 1s greatest (AJ/m )
znd the mean size is smallest. This great overlap in diet between size
{age) classes can influence the intraspecific interactions in a given
area. Members of the smallest size class, the voung of the year, are
also potential competitors for available food. Becauses of their small
size no quantitative study of their feeding was made; however I do wish
to present some pertinent field observations.

Chia (19%56a)} showed that the brooding female Leptasteriass prefer-—

entially seeks the underside of a dark rough-surfaced rock cn which to
broocd her young. In the three study areas 70% of the females observed
with advanced broods were under rocks or boulders which had a large
percentage of the surface covered with tube-secreting serpulid poly-
chaete Spircrbis sp. The newly metamorphosed stars were relezased
amongst the worn tubes and were cbsexrved to feed on the newly settled
spirorbids almost exclusively until they reached a diameter of &-1Cmm,

which corresponds to approximately an age o7 8 months (Fig. 2). As the

Q)

-he vear grew larger btheir main prey shifted from spirorbids to

(.,.

young of

recently setuled baxnacle spat and finally to small B. glanduia (<lmm).
Wien the juvenile diets of the three pepulations are corpared, the

sea stars from Sunset Say have the greatest number of prey species in

their diet (11

et

., but the South Cove animals have a higher prey diversity

index (B = C.64 cf, Sunset Bav H = $.43). Middle Cove juveniles had the
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lowest diversity index (H = 0.36) and the fewest prey species in the
diet (4).

The greatest number of pray species cbserved for Sunset Bay
juveniles is easily explained by the much greataer nuwber of observations
(N = 671} that were made for this population. B5As mentioned earliexr
there is a much higher density at Sunset Bay, so many more sea stars
were encountered during a low tide feeding census. Therefore, while
the juveniles in this population chowed the greatest dependency con B.
glandula (S1i%}, a greater number of rare species were encountered he-
cause of the large number of sea stars observed. A simiiar explanation
can be made for the Middie Cove juvenils feeding data. The juvenile
jensity was lowest at Middie Cove and therefore fewer juveniles were
encountered during a low tide pericd. It is possible because of this

lover number of feeding observations fewer rare species ware encountered.

Adult Feeding

In the previous chapter a consistent orxder was pointed out among

3!

the three Lepiastaerias populations, The Middle Cove population had the

largest mean size, greatest population maintenance cost and lowest
density., The Sunset Bay population had the smallest mean size, iowesz
maintenance cost, and the highest density. The South Cove populaticn
was intermediate for all these values. The aduvlt feeding data (Tables
6 & 7 follow this pattern: Sunset Bay sea stars had the lowest prey
diversity and highest percentage of animals feeding; thae Middle Cove

population had the highest diversity of pgrey species and the lowest



0
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percentage of sea stars feeding. The Scuth Cove populaticon was again
intermediate for both values.

The low prey species diversity index cobtained at Sunset Ray was
due tec the high percentage of adult animais which fed cn B. glandula
(84%) compared to South Cowve {74%) and Middle Cove (69%;. The relative
importance of a prey species can further ke assessed by its contribution
to the caloric intake of a population (Fig. 14). B. glandula centrib-
utes 8%% of tha total caloric intake te the Sunset Bay peopulation and
68% to both Middle Cove and South Cove populations. The second most

important prey both calorically and numerically in all populaticns is

Litteorina scutulata. The remainder of prey species reprassated in Fig.
14 play significant roles (>1%) only in the Middle Cove and South Cove
play G 4

populations. All are mollusks and will be considered below. One

common prey species not represented in Fig. 14 is the polychaete,

Spirorbis sp., because I was not able to estimate its caloric content.
The prey selection data suggest that populations containing largar

animals from less densely populated areas were able to sscuve & ¢reatex

variety of prev. The sea. stars from a crowdad population of small sized

individuals were feading at -2 greatexr rate and on less diverse pray.

3

Menge (1972b) suggesited from his data that larger individaal

Leptasterias eat larger prey and that a larger sized predater added naw
species to its Giet. Feder and Christensen (1966} felt cextain that sea
stars follow the general physiological rule that the rate of
expressed as a vercentage of their own body weicht, declines as the sea

star grows.
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Fig. 14. Percentage of the total kilocalories contributed by principal

prey species to the Sunset Bay, Middie Cove, and Scuth Cove

leptasterias populations. The determination of kilocalories was made

using Menge's {1970) conversion regressions of size to dry weight and

dry weight to calcric content. (Ccde: E.g. - Balanus glandula;

bin

L.s. - Littorina scutulata; T.£., - Tequia funebralis;'éﬂg. - Acmaea

scutum; A.p. — A. pelta; T.1l. - Tonicella lineata; M. spp. - Mytilus

—

spacies. }
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Summer 1972 Feeding Study

In ordexr to deterxrmine inore clearly the differences in feading among
the three populaticns I designed a simple experiment that was completed
during the summer cf 1972. Three guestions wersz asked: {1} whait iz the

relationship between Leptasterias size and feeding suszcess; (2} dees

this relationship vary between populations; and {3} are animals with
morphological damage less successful feaders than intact animals of the
same size? Each populaticn was sampled diuring morning low tides until

the first 100 sea stars, regardless of size, feeding con B. glandula wers

found. The animals =2nd thelr prev were treated using the methods
stated ahove.

Regressions of ssa star sizs (diameter in willimeterz) on tota
prey dry weight were calculated for the three populationz. The cor-~
relation coefficients {f) wefe all significant (P<.05) and had pcsitive
slope. This suggests that a 1arger sea stayr dees cbtain larger prey,
and is not surprising. The regressions werxe comparsd by analysis of
covariance {Sokal & Bohlf, 196%) und no significant difference was
ound hatween them {fable 77,

The data indicate that the large sea stars enioy supericrity over

-

the small in food caprure abilities. To wnderstand what effsct this
relationship has on overall popnlation feeding succass, an estimate for

the wean caloric intake per Leptasterizas feeding event cean be calculated

using the population feeding sumaries (Table 8), by dividing the total

kilocalories consumed by the numbar of feeding obsevvations. Wahen this

is donm, the Middle Cove value {9. calories/feeding onservation} is
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TABLE 7. Analysis of feeding study data (Pig. 15) gathered from Sunset
Bay, South Cove, and Middie Cove. Compariscn by regression and
analysis of covariance (Sokal & Rohlf, 1969).

MNnber of Significance Regression
Animals Exanined of Difference Bguation
Sunset Middle South among areas
Bay Cove Cove
a
103 100 30 Fz 289 = 1.12, p>C.2 v = .0921x ~ 1.75
¥ 4 -

w

X = sea star total diameter {mm), v = dry weight of prey

almost twice that of Sumset Bay (4.6 calories) and South Cove is again
intermediate (7.5 caloriesj.

This difference can be decreased to some extent if we consider that
the Sunset Bay population feeds at & greater raite than Middle Cove (23%

cf. 163). Wwhen the mean value for percentage of populaticn feeding is

multivlied by the mean calories consumed per Leptasterias Teeding event

a comparakle ingestion rate is obtained (Takls 8). TIrom this corpari-
son, although animals from the Middle Cove pepulaticn spend the least
amcunt of time feeding, they still cobtain 45% more calories than
“members of the Sunset Bay populatiocn. Arcther interesting comparisen is
that the Midéle Cove and South Cove sea stars have nearly identical
ingestion rates. The degree of abstréction invelved in these calcula-

tions makes them only rough estimates at best. However I believa they

igparity in diets.

h

do describe the relative
To answar the third guestion pocsed in thiz study, the data for ithe

¥iddie Cove and South Cove populaticons, which were similar in size



TABLE 8. Percentage of adult and juvenile Leptasterias feeding from the three study populations and

calculation of wean caloric intake per fzeding event.
times the mean caloric intake,

Ingestion rate is the mean percentage fesding

Total Keal

Population Number Feoeding Mean Combined Ingested Mean Population
Huaeber Chserved Feeding Total Numboer Calorin Ingestion
Quservations Intake Rate
SunsetlBay 6.1/1316 4,04 1.05
Adults 561/227 21
Juveniles 725/ 3095 24
South Cove 3.8/502 7.5 1.43
Adults 32971847 18
Juveniles 173/8%3 21
Middle Cove 3.9/433 8.95 1.47
Adults 281/2118 14
Juyeniles 152/857 21

Co



distribution, were combined and resegregated according to the three
morphological classes mentionad above {(i.e. normal, incomplete, and
regenerating). Regressions of sea star size on dry weight of prey (B.
giandula) were caiculated for each class (Fig. 15). All correlation
coefficients were significant and the regressions were compared as be-
fore {Table 9).

Although no significant differences were found among the
morphclogical classes I believe a lowered potential for feeding success
is suggested for sea stars that have lost one or more arms. The loss
cf an ama would obviously be a hindrance to a sea star especially since
the main prey species is an attached sessile form which is generally
pried cff the substrate by . uss. of the tube feet (Feder & Christensen,
19656}.

TARLE 9. BAnalysis of feeding data from animals in three morphological
classes: nemal, incomplete, and regenerating. Animals were sxamined

at Miéddle Cove and South Cove. Comparison by regressiorn and analysis
of covariance (Sokal % Rohlf, 1969).

Siganificance Regragsion
Number cf Animals Examined of Difference Equation
To~ Regenar-
Noxmal complete ating among classes
o oo [ ~ Y P < 1 2
85 55 51 F. = 31,45, p>0.2 v = .1084x ~ 1.83

% = sea star total diameter, y = total dry weight of prey



Fig. 15. Regression lines of total drv weight of prey on sea star size
{diemeter in millimeters). Each line represents a morphological
category from the combined Middie Cove and South Cove data. Number of

.

sea stars in each category is indicated.
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Prey Species Characteristics

The main prey species, Balanus glandula, ranges from the Aleutian

Islands to below Ensenada, Lowex California, and is one of the mosh
abundant animals on the Pacitic ccast (Ricketts et al., 1968). The
biclogy of this species has been studied by Rarnes and Barnez (1956}
and mcre recently by Glyan (1965) and Connell (1$70).

Connell.(1970) found newly settled B. glandula at all shore levels
on both sides of San Juan Island from June ©c early September., Settle-~
ment began in March and extended through Octokher at Pacific Grove,
Califcocrnia (Glynn, 1965). Observations from the Cccs Bay area indicate
settlement begins in late March and is heaviest from May through
August with some settlement through Cchtober.

Few B. glandula settle below the intertidal level, probably because
the cyprid larvae swin to the surface when they are ready to settle.
Within the intertidal zone the barnacles settle and survive best at
middle levels, althouéh the breedirg population is rvestricted to above
the mean high low tide mark (Conneli, 1970).

This stable oreeding population repreoduces in the swamer and
autumia, and because of this ilonger seascon of reproduction it is less

vulnerable to chance weather catastrophes. As a result settlement is

cause of its regular settlement throughout the intertidal zone B.

pandable food supply to several preda-

o))
[§]

glandula provides an extremely

tors (Connell, 1970}.



On San Juan Island Coanell (1970} found that Thais spp. restricts

[¢]

B. glandula to the upper intertidal zone. Ho adults were found in the
lower intertidal where Thals was able to eat them. In areas where no
Thais were fourd adult B. glandula were abundant.

A similar situwation was obsesxrved on the Oregon open coast. Inside
Sunset Bay there are sections of sandstone reef completely surrcunded by
sand and heavily covered by large adult B. glandula. The sand restricts

the access of B. glandula's main predators, Thais spp. and Leptasterias

both of which have non pelagic larvas and cross the sand with diffi-

culty. However in the cobble areas with Leptasterias large B. glandula

are found only on the tops of large koulders vihere neither predator
reguiarly forages.

During its first year B. glandula grows at a similar rate on both
the open coast (Glynn, 19265) and in protected areas (Connell, 12370},
reaching a basal diameter of 7mm. In the 300 observaticns of predation

on B. glandula, in which the individaal barnacles were measured, oniy 4

»asal diameter 7mm cr groater. . Thexaefore, be-
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cause L. nexactis can successfully feed on barnacles larger than 7mm
{Menge, 1970; paxs. ohser.) and because the only readily accessible
barnacles were smaller than this, it can be inferrcd that the majority
of B. glandula in the cobble area are eaten before they reach sexual

maturity at the age of 1 vear and that Leptasterias contributes sig-

nificantly to this predation.

A secord balanoid barnacie, Dalanus carlosus, was also eaten by

Leptasterias but at a much lower rate. This species is not as comnon
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as B. glandula in the Cape Arago area. It is reported to “assiducusly
avoid oceanic conditions, occurring only in deep crevices and under
overhanging ledges in the low intertidal zon=" (Ricdketts et al., 1%63).

Menge (1970) reported Leptasterias had greater difficuliy in removing B.

Egg}osus than B. glandula. Connell {1570) found the settlement of B.
cariosus on San Juan Island to be much move irregular than that of B.
glandula.

The second wost commonly observed prey in this study was the peri~

winkle, Littorina scutulata. This speciss, which is found all along the

U.S. Pacific coast, inhabits the upper intertidal zone; its upper
boundaxy is rarely more than a half metexr above the height reached by

the high tide {(Ricketts et al., 1958}. L. ggytulata’s lowexr boundary

overlaps with the upper foraging range of leptasterias, where my field

notes indicate that L. scutulata is preved upon more commonly than B.
glandula. During storms many L. scutulata are washed into the middle

lowsr intertidal {(John Cubit, pers. comm.) and subsequently eaten by

Leptasterias. L. scutulata is reported to exhibit an escape response ta

Leptasterias {(Bullock, 1953), but Menge (1970) found this to be very

weak and observed that the littorine wa

n

easily captured,

Like B. gliandula, L. scutulata provides a regular, predictable

zcurce of food to Leptasterias. The upper portion of the population is

relatively free from predaticn and provides a breeding population. The
tain itself and provide a food scurce
by reguiar scasonal spawning and subseguent settlement of pelagic

larvae (Behrens, 1972; pers. comm. ).




Pis spp.; are the main prey

The small serpulid polvchaetes, Spiror

of the newly metamorphosed Ieptasterias and are eaten at a lower rate
by both juvenile and adult stars. Species of this genus are comaon to
‘the entire Pacific coast and are typically found on small round
boulders that are continually immersed in pocls {Ricketts et al., 1968).
These animals brood their young and are reporied to release their
larvae in February (Ricketts et al., 1968) although soms species have a
longer reprocductive season (Petexr Rothlisberg, Oregon State University,
pers. comm.). The newly setitled polychaetes are typically available to
the newly metamorphosed sea stars which are released in April through
early May.

The remaining pray species were preved upon less freguently and
will be considered in less detail. Saveral chavacteristics are comron
to some or all of these species. Almost all are common to the upper or

middle intertidal and are distributed along the Pacific coast from

g

Alaska aja Celifornia (Ricketts et al., 1968).. Escapas responses to

Leptasterias hav been demonstratad by many of the gastropods, including

Tegula funebralis, Acgmaea scutum, A. pelta, and CalllcstOMa sp. {(Bul-
14 £ e ¥ ’

lock, 1333; Feder & Christensen, 1966). The porcelain orabk,

Petrolisthes ciunctipes, is guick tc autotomize walking legs or claws.

Sea stars observed feeding on this species had only a leg cor two in

their grasp, never the whole crah., This observaticon is also true, to a

bt
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rtent, for Hewigrapsusg nudus which does not avtotomize append-

readily and was sometimes trepped by Leptasterias.
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Some prey species £ind refuge in space, in that their intertidal
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distribution 1s partially above or below that of ILeptasterias. 2n
uppar refuge has already been mentioned for B. glandula and L. scutulata

and is also found for Acmaea digitalis and Thais emarginate, two.

gastroped species which lack escape response to Leptasterias (Feder &

Christensen, 1966). The chitons Tonicelila lineata and Mopalia spp. have

their lower distributicn in the subtidal where Leptasterias is much less

abundant (Menge, 1970).

Many of leptasterias' prevy species find a refuge in size. This

=

generally small sea star is unakle to attack successfully and feed on
the larger individuals of many intertidal invertebrate species with
which it normally comes in contact. Species which asprear to have 2

refuge in size include Tegula funebralis, Acmaea scutum, A. pelta,

Tenicella lineata, Mopalia spp. and Mytilus spp.

The effectiveness of this size refuge may be seen by referring bach

to the prey data summary {Table 5). This explains why the juvenile sea

ol

stars iﬁ all populations have low prey species diversity indices an
fewer prev species in their diet. Animals from the Sunset Bay adull
population, which iz made up of small Leptastexias, were unable te

capture any of the two largest gastrcpods, T. funebralis oxr A. scutum;
the other A. spp. caeptured by this populaticn were generally guit

smalli. The South Cove and especially the Middle Cove populatien with

wecz, on the average, much larguer than those tzken by Sunset Bay

5) can have on overall calorio intake can be seen in Fig. 14,
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To cocmplete this section on Leptasterias' prey speciss several of

Menge's (1970, 1972a & b) observations are pertinent. In laboratory

studies he found that lLeptasterias selectively chose Littorina spp.

over all other prey, and that B. glandula ranked very lcw in preference.

Menge calculated the caloric yield of prey species consumed per gram of

)

L

eptasterias dry weight per hour spent feeding for the major prey

species. In this series B. glandula had the lowest of measured values

-and Acmaea scutum was the highest in caloric yield. From his field

studies, which were conducted during the day and night for both high and

low tides, he found the percentage Leptasterias feeding at low tide was

generally much lower than the percentage feeding at high tide. B.

glandula were eaten less during day low tides than night low tides,

and larger Leptasterias captured larger prey.

Based on Menge's obhservations, my feeding percentages are probably
conéistently low because they are all based on low tide observations;
moreover the percentage of sea stars that were feeding on B. glandula
mey be higher than that observed.

Cther general observations from my study of Leptasterias' feeding
ares (1} the majoxitv of prey caten are-non meiile (sessile) andfox
very small and are very predictable food sources; (2) all age classes of
sea stars feed to scrme extent on B. glandula; this species, when eaten,
is seldom mcrs than 1 year of age:; (3) the high density Sunset Bay
population subsists almost exclusively con B. glandula and, although sea
stars get fewer calories per feeding avent than at either Scuth Cove or

Middie Cove, nuch grealer stress on the prey population results; (4}



Cemparison of Leptasterias Feeding Biologv from San Juan Island

(Menge, 1970, 1972z & b) and Oregon's Protected Cuter Coast

Any comparison made between th: data from these studies must ke
prefaced with the fact that my sampling schedule was less comprehensive
than Menge's.

Leptasterias followed the same anpual feeding cycle cn San Juan

Island and the Oregon coast. All populations observed by Menge (1270}
and myself had a similar peak in feediﬂg duaring mid-sumrer and a de-
cline during the winter reproductive periecd.

Menge (1970} sampled during both day and night low and high tides
and was able to show distinct differences in diet between tides and
between davy and nicht feeding. He also observed changes in dist with
season. PRecause my observations were made only during daylight low
tides I did not observe any tidal differences, nor did I distingulsh any
differences in feeding between merning and afterncon lcw tides. How-

3

ver I 4id cbserve that consistently fewer ILeptasterias were found

0]

feading during storms, and that on egually calm days more sea staxs

would be feeding when it weas dawp and/or ovarxcast rather than dry or
sunny. BSecause of the relatively liwdted prey selection, no seascnal
chepnge in diet was okserivcd., vhen a greater percentage of sea stars

wore found feeding, wore species were incliuded as prey.
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The barnacle, B. glandula, was the numerically dominant prey
species (35% of the number of prey eaten) eaten bv the San Juan

Leptasterias, vet it varied from 3 to 55% of the total diet betwee

populations. In addition it rearked itwelfth in overall caloric con—

tribution to Leptasterias' diet. In the Oregon populaticns B. glandula

-

contributed from 389 bto 20% (Table 5) of the total diet and ranked first
in caloric contribution in all three populations {Fig. 14}.

Other prey species eaten by the two Ln,uta terias groups were

e

genexally the same but in cbviocusly different proportions. The San Juan -

Leptasterias diet 4id not incliude Petrolisthes cinctipes, Hemigrepsus

nudus or Mopalia spp. which co-occur with Leptasterias therz, nor Tegula

funebralis, which does not. Littoxina gsitkana, Lacuna spp., Cvanoplax

“dentiens, and Thais canalicnlata all were eaten by the San Juan

leptasterias but were relatively rave in the Tape Arage region. One

chiton species, XKatherina tunicata, which occurs in both areas was

eaten only by the San Juan Leptasterias. However this speciss is dis~
tributed more widely in the San Juan intertidsl (pers. obs.), then in

my study area.
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The diek: populations varised considerably from

cne anocther as well as from the Oregon populaticns. Meange (1972a) ob—
sexved that the number of species in ths diet was a fTunction of the

numbexr of species available in an area and that availablie prey, in the

proad sense, probably accounted for meost of the differences baitween

x <




in size distributions, than those observed for Oregon. Menge (1S72a)
explained how these size differences could change the observed
Leptasterias diet in that a larger size "would increase the number of
prey species susceptible to successful attack which broadens the diet
andé changes the relative proportions of prey consumed.”

Prey availability obviously influences size of individuals in a
population. Menge {197Za) veasonad that the population at Lonescue Cove
on San Juan Island had less food available in genéraT, and mest of it

tars were small. One rea—

w

was small and energy poor, and thus the sea

son less food was available was becauss Pisaster ochraceus was present

-

and competed with

(g

eptasterias for food. Menge (1972a) felt that the

"major envivonmental factor preventing increase in size in San JSusn was
apparently competition for foocd with Pisaster.”

Menge (1272b) pointed out thalt these two sea staxs overlap broadliy
with respect to food, space and time and compete for a limited food
supply in the San Juan Islands. In o controlled experiment Mengs {1270}
reroved all the Pisaster from one small island reef and placed thexm on

a saecond; he left a third untonuched as a control. The Leptasterias on
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weight while the Lecvtasterias on the second reef, where the number of

1

Pigaster was increased showed a significant decrease in weight. TFhex

JRwanty

was no significant change in weight on the third reef.

. . ; 2 X
ca star biomess deasities {wet weight/m )} of ieptasterias and

=

in

7

Piszscer were inversely ccrrelated (Menge, 1972b). Menge felt that the

m

sea scars compate for £ood and exist is competitive eguilibrium througbh—

ocut the San Juan Archipelago. He demonstrated this competitive inter-
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b

action at Lonesome Cove where Leptasterias and Pisaster had an overlap

of 71% in terms of nuwbers of prey in their diets. In order to deter-

mine the importance of the Leprasterias-Pisaster interaction for the cb-

. sexrved Oregon populations I made a similar comparison.

I used the same index of cverlap that Menge applisd (Morisita,
1953, Horm, 1966}. I compared the diet of all Leptasterias to that of
all Pisaster observed for Sunset Bay, Middle Cove, and Scuth Cove
(Table 10}. Because cf the discrepancies‘%n numbers of observations
(2,000 vs. 84) I calculated the overlap using both raw nunbers and per-—
centages. I also compared the data given by Menge (187zkh) for Ionesome
Cove to my data for Sunset Ray (Table 5}, as the iwo populations were
very similar in size characteristics {pers. obhs.).

€

The results show that Pisester and Leptasterias cverlap only 8% in

terms of number of prey in their diets compared to 71% for Lonasome

Cove. However, the 3unset Bay and Lonesowe Cove leptasterias popula-

n
Iat,
3l
prn
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A

tions show a 20% overlap in diet (Yable 11). This indicates that

n
ot
N
[}

sized Leptasterxias select similar prey, and that small individual

of sea stars in a population can have more than one cause.
Menge {1972h; explained the cosxistence of the two predators by

cialization™ on different sized prey. The smaller lLeptasterias are

unable ©Oo capture large pray, whereas the larger Pisaster can. 2as

-

an Juan Isiands were a suboptimal

wn

mentioned earlier Menge felt that the

environment for Plsaster, asits preferred prey species is not abundant

there. My own observations indicate that Plsaster is much smaller on

San Juan than those co~occurring with Leptasterias on the Oregon coast.




1¢4

TABLE 10. Overlar of Leptasterias' and Pisaster's diets in the Cape

Arago—-Sunset Bay intertidal, The numbers of each prey eaten by all sea
stars from Sunset Bay, Middie Cove, and South Cove are compared.

Pisaster Lentasterias
Prey Species Numbers Numbers % of
Tctal

oo
(V]
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COCOOODOOOOCMNDNWIRDN

‘fequla funebralis
Balanus glandula
B. caricsus
Mopalia spp.
Mytilus sp.
Modiclus sp.

Thais emarginata
Hemigrapsus nudus
Petrolisthes sp.
Pagurus spp.
Idcthea sp.
Cirolana sp.
Littornia scutulata
Acmaea scutum

A. pelta
Caliiostoma sp.
Tonicella lineata
Spirorbis sp.
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Using the overlsp shatistic of Morisita {(1953}):
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zl%ji .mi&il}
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x y

%. = number of ith prey species eaten by predator X,
% = total number of prey eaten by predator X.
Usipng raw nupbers: C\ = 3,7%

Using propoxtions: Cy = 7.8%
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TABLZ 1i. Overlap of Leptasterias' diets from Sunset Bay, Oregon and
ionescome Cove, San Juan Island, Washingtor {(Menge, 1972b). Comparison
is made using the number of feeding observations (for Sunset Bay), and
the number of prxey species (in parentheses in the table) for Sunset Bay.

Prey Species Sunset Bay % of Lonesome Cove % of
Nurbers Total Numbers Tctal
Balanus glandula 454 (1326) 87 (21) 305 Gl
B. cariosus 6 {20) 1 50 i0
Hemigrapsus nudus 2 <1 - -
Petrolisthes spp. 3 <3 - -
Idothea sp. 3 <1 - -
Pagurus sp- 1 <t - -
Littorina spp. 33 (539} 5 (3} 49 8
Acmaea scutum - - 36 G
A. digitalis 5 1 - -
2. paradigitalis - - 30 7]
A. pelta 5 1 20 &
Thais emarginata 3 <i - -
Mytiius sp. 3 <i 20 4
Modiolus sp. 4 <3 - -
Seariesia dira - - 3 <i
_(;ya:‘opla_x__ sp. - - 3 <i
Cthalamus dalli - ~ 3 <1
Tonicalla lineata 1 <3 3 <1

Using Sunset Ray data as number of feeding observations regardless o

']
numncer of prey consumed: €, = 23%

Using Sunset Bay data in terms of number of prey consuwed: S = 90.5%



The lack of competition indicated by my data is relatively easy to

explain. In the Leptasterias boulder-cobkle areas, several species,

including Pisaster, larxge sea anemones, mussels, and sea urchins, which
are abundant on immediately adjacent s0lid substrate. are relatively
vulnerable to crushing from the grinding action of the substratum

during stcmms (Paine, 1969; pers. ons.) and aveid this area. Pisaster

does freguent this area in the gquietar waters of San Juan. This re-

suvlts in the observed competitive interaction {Menge, 1972b). Alsc fhe

gastrcpod, Teguls funebralis, a prey species regularlv consumed by

Pisaster (Paine, 1989} in absence of its preferred prey Mytilus (Feder,

ot
Na]
)

70

et

. is missing

{pers. obs.) from the San Juan areas investigated by

—

{

i3

nge. Thils species is abundant in the cobble aress of the Greqgon open

coast and is often consumed by Pisaster in this region (Table 10j.

Competition between Pisastoer and Leptasteriaz on the open coast

cannot be dismissed entirely. All investigators of the natural diet of

ader, 19592; Paine, 1866, 19269; Mauzay, 19%6; Mauzey =2t al.,

1968) indicate barnacles (5 species! as the nuwrerically dominant prey

v

{253G%). Paine (1869} found that the barnacles were not preferred prey

and not calorically the most important. Therefore conceivably intar-
specific competition could cccur localliyv on the open coast whevre these

specing’ distributions overlap.

Discussion

Many asterocid species seem to feed opportunistically, whereas other

sperizs evidently select their foed from among a rvestricted group of
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prey organisme (Feder & Christensen, 1966). JTuidia sarsi for example

shows a distinct preference fer certain ophiuroid species, feeding at a
very low rate when only "poor" food is available (Fenchell, 1965). There

are great differences in food uptake in Astropecten irregularis when fed

on different species of bivalves (Christensen, 1970).
The so-called generalists also show some preyv preference as was

mentioned for Pisaster (Paine, 1966, 1969; Feder, 1970} and ILeptasterias

{(Menge, 1970). Menge (1972a) is probably correct however in saving
that, for a given species, variable prey availability accounts for most
of the differences between diets at different areas. Howevexr as he and
Christensen (1970) point out, prey availability is contingent upon a
number of biotic and physical factors.

Christensen (1970) found tha: Astropecten lxregularis did not reach

tha same sige in the ¢@resund as elsevwhare becausa of its peculiar
hydrographic conditions which £2il to bying in the larvae cf the pre-

ferred prey species. The competitive interaction betwean Pisaster and

—

Leptasterias in the San Juan Islands inhibits Leptasterias feedimng and
Zeptasterias

growth. The resulting smaller predator size affect the prey available
to this species {Menge, 1972bj. " .

Physical enviromsental factors can have more direct effects on
feeding. Popuiations of Pisaster eat much less in relatively unpro-—
tected intertidal areas than in areas better protected from wave action
(Feder, 1970). During stormy periods the sea staxs attach themselves

firmly te the substrate and de not feed. This same response has been

-

observed for Leptasterias and is thought .tc restrict its foraging abilit
iond
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and thus the prey available to it.

Sea star size has been indicated as a factor in prey availapiiity
in that the larger sea stars arve able suncessfully to attack the larger
Prey. Paine (1972, seminar at the University of QOregon) showed that, in

Pisaster populaticns con the Washington open cecast, mean individval size
decreased as the population density increased. . He felt that this had
to do with the amcunt of fecod a Pisaster popvulation is able to extract

from an environment. Using this same reasoning one could explain the

.variation in size distributions seen in Oregon Leptasterias populations.

As was shown in the previous section, mortality in the smallexr size
claszes is quite high and is probably contingent on physical rathex

than biolcgical causes. Therefore adult animals reach a refuye in size,

not unlike that described for Leptasterizs prev species. Depending on

the degree of post—maturity wortality few to many adulis are availabkle
to exploit the prey population. Because of the indeterminate growth

exhibited by Leptasterias, sea stars in low Leptasterias density pooula-

.
1A

. Iincreased size

-
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hy
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tions can successfully f£eed and increase i
aliows the introduction cf new pray species inte the diet. The ultimate
siza. a sea star could reach in-a given area is5 dependent on many factors
that are uvnigque Yor a given population and an “optimal individwal size”
{Enaxt, 19268} ig eventually established for a population.

In less exposed areas with reduced physical stress mortality is

ich predator density results in intraspecific competition
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for prey. The

-
as the adults. 7The firal result is a population like that at Sunset

B



Bay.
Paine (1966, 1269) has demonstrated that Pisaster can exerxrt great
inflvence on the structure of the intertidal community. TIn itz absence

Leptasterias was also important in a2 community-shaping role in the San

Juan Islands, especially as concerns herbivorocus gastropods {Menga,

1972h). leptasterias oa the Oregon coast appears to have litile in—

filuence on the intertidal community as its two main prey species, B.

glandula and Littorina scutulata both have high turnover rates and re-—

tain breeding populations . in high intertidal refuges.



REFRODUCTIVE BIOLOGY

Life historyv patternscf different oruanisms vary widely. Factors

such ass the time of first reprcduction, number of reproductive efforts,

oia

type of development of young, clutch size, etc. all determine a pattern
for a given species. This pattern is a reproductive étrategyg and it
is a function of environmental conditions.

In marine benthic inverterrates the chief envirommesntal conditions
to contend with are physical properties such as currents, water tem—
perature, and salinity, and bictic properties such as availgkility of
food for larvae and adults, time exposed to predation In the plenkton,
stc. The broad overlying themes of reproduction in benthic inverte-
brates have to do with the time spent a3z larvae and the mode of larval

development (Thorson, 1924%, 1950j.

Thorson (1950) defines four bkasic types of larval development as:

(1) non—pelagic brooded embryos that are nourished by yolk and emerge as
juvepiles; {2} lecithotrophic plauktonic larvae which develop from
largs, youlky 2963, need no £ood and are able to spend a long time in the
piankton; {3) planktotrophic larvas with a long pelagic life {2-3

s

moniths), which make up 70% of all marine
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and (4) planktoctrophic larvae with a short pelagic life which underco
little growth and develozwment during the pelagic phase in which the time

spent in the plankton varies from a few hours to a few days.
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Particular repreoductive strategies utilizad by marine invertebrates
characterize geographical areas. At the poles 95% of all species de-
velop without a pelagic phase, while in the tropics 80-385% of species
have long-lived planktotrophic larvae. The intewmediate temperate areas

have a mixture of types of larval development.

The Genus Leptasterias has a circumpolar distribubtion, and the

majority of species produce non-pelagic brooded embryos and provide some
type of pavental care (Hyman, 1955). The brooding behavior of

Leptasterias hexactis was reviewad in the Introduction. In this chapter

the dynamics of Leptasterias' reproductive strategy of bhreooding will he

presented in terxrms of the individual brooding female and the loeczl

population, and its significance will be discussed.

Methods and Materials

Leptasterias’® annual reproductive cycle was followed by calculation

of monthly storage organ (pyloric caecae} and gonad indices for the

three main study populations. The indices consist of the ratic of the
organ wet weight to the whole animal wet weight. The monthly sample of
8-12 adults usually consisted of the first adults encounteved during the

population censves in the middle of the month. The animals were taken to
+the laboratory at Charleston where they wers malntained in water tables
antil the indices were caleculated; usually within 24 hours of collec—

tion. The ssa sters were dasp driad with paper towels, weidghed and

th

dissactad; the gonads and storage orouns were removaed and weighed

These indices were computed for an 18 month period, Septembar 1970 to
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March 1972, and reccrded two cycles of rapid gonadal increase and sub~
sequent decrease with spawning.

In Januvary 1371 just kefore the cnset of brooding, samples of 20~
30 sea stars were collected from several populations. The fewales in
these samples were used to estimate the number of eggs prodnced by an
individual female. Thes2 females were weighed, the ovaries were dis-
sected out, and the numker of mature ova found were counted.

During the 1971 brooding season, which lasted from early-February
through 2pril, a weekly sampling schedule was followed. Each week the
three main populatioris were sampled and the first 10 brooding females
encountered were ccllected along with their broods. On alternate weeks
the populations were censused to discover the per cent of adults
brooding: tnls was done by searching the study area until at least 100
adult animals were found and their activity, i.e. breoding, feeding,
etc, recoxded.

The ten females collected each week from each population were

ass containers with a small amount of sea water and

faetd

piaced in numbered g
transported back to the laboratory at Charleston. Here each female was
damp dricd and- weighed with her broed in place in- the brood pouch and
then reweighed with the brood remov&d.v In addition to the weight of

the female, the diameter of the disc (r) and the radius ({Rj from the
centex of tha disc to the tip of the arm were measured. ¥rom the weekly

samgie of ten females three or four were subsamplied and uvzad te calca-

ot
il

L2 storage organ indicves; the remaining females were maintained at

Charieston until May 1971 when they were transported to BEugene for
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labhoratexry growth experinents.

After the brood was taken from the female, it was placed in a
numbered vial. FEach brood was examined microscepically te determine its
developmental stage and then preserved in formalin. The developmental

sequence of Leprastexias as described by Chia (1968) was divided inte

eight Jevelopmental categories which correspond to the 8 weeks the
embrvos spent in the female's brood pouch (Table 12}. Later the number
of eggs or developing embryos were counted and a subsample of each brcod
was measured using an ocular micrometer. This two-dimenzional measure-
ment consisted of the total diemeter of the unhatched egg and the fully
me tamorphosed stars; in the intermediate larval stage, the brachiolaria,
the measurement was made at right angles to the brachiclarian axis,
across the widest part of the larval body (Chia, 1968b}.

In addition to the three main study populaticns cther populations
were sampled less frequently during the 1$71 brcoding season. The same
sampling and measuring procedures were used for the females and thelirx
broods.

During the 1972 brooding season, which also commnenced in early
FPebruary and lasted into May, a different sawpling schedule was fol-
lowed. During this periocd the Middle Cove and South Cove popuiations
were gampled three tiimes and the Sunseit Bay populations four bimes., Fe-
males were colliected using the same sampling techaique as in 1971, hut
 larger sawples were taken. The females and their breods were handled in
tne maonsy previously described for the 1971 breoding season. At the
end of the 1272 brooding season. the females were returnsd teo their

respactive populations.
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teristics of Ieptasterias embrvos and larvae used to

distinguish between the 8 weeks of development which is spent in the
female's brood pouch.

Week Developmental Characteristics

1 Newly spawned eggs to gastrula.

2 Formation of W and U shaped clefiz which reprasont
brachiclaria arms.

3 Embryo hatches from sgg membrane to brachiolariz larvae,
central sucker agpears.

4 Five nydrocoel lobes, making the prospective adult form,
appear on one side of b hlﬂlarla.

5 Sixth hydrococel lcbes appears, three pair of tuke feet on
rays one throuwgh fivz, one pair on sixth.

€ Assumes adult shape; larval body iz a thin, short stalk
between rays one and six; eve spoks on five terminal
tube feeb,

7 Mouth opens, 211 six ravs have aya opot . marginal
spingas <3.

8 Three pair of marginal spines ter ray, oral spines

complete

The 1972 field sampling techunigues differed somewhat from those of

the 1971 krooding
brooding females,
spected for their
and placed in one

were intact; {2}

In addition

n that all sea stars encountered, inciuding

P

season
were measured for their total diametrer and were in-
morpholiogical condition. Each sea star was examined
of three categories: (1) normal, if all arﬁs and disc
incompiete, if a portion of ~ne or several arms were
regénerating, if the sea star has lost an arm including

and was in the process of regenarvating it.

to the three main study populations, eight other



115

Leptasterias populations were sampled during the 1972 brooding seascn.

These included populations along the Oregon coast located at Brockings,
Cape Blance, North Cove of (Cspe Arago, North Sunset Bay, and Yaguina
Head. The three othexr populations were on San Juan Island in Puget
Sound, Washington.

Each population was sampied as described for the main study popula-
tions. All the animals encountered were measured and checked for
morphological condition. All brooding females were also measured and a
sample of thelr brood removed to determine developmental stage., The
time spent sampling each population and the number of sea stars en-
countered were used to calculate the relative abundance and to compare
the populations. When, for a given gpopulation, the developmental
stages of all broods sampled were determined, it was possible to esti-
mate the onset and termination of brocding.

A limited amount of data was collected during the 1973 brecoding
season for the three study populations.. Using the techniques described
for 1972 each population was sampled until 100 broeding females had been
encountered. ELach female was measurad and a few embryos wers removed
from her brood to determine the developmental stage. This was done as
-quicklyv as possikle, and the female was replaced and allowed to con-

tinue brooding.

Results

The data on Leptasterias' reproduction will be presented as fol-

lows,: The gonad and storage organ indices will be compared for the



three study populations and used to describe the annual reproductive

pattern observed for this species. The data collected just before

¥

spawning will be analyzed for a comparison of reprcductive effort be-~

tween populations and within populaticons for two broading season.

The brooding data then will be presented in terms of nopulation re-—
productive effort and synchrony of brooding schedule. Thes2 data then

e vecombined and analyzed in relation to the individual.

o

will

Leptasterias female's size and the developmental stage of her brood.

In the final section, data from the three study populations will be com—
bined with those for the othier esight populations sampled in 1972 and

used to describe the reproductive strategy of this species.

Male and female Leptasterias cannot be distinguished from cnz an-

other exteinally; thus the sea stars ussd for gonad analysis weres col-
lected without knowiedge of their sex except during the reproductive
season when the females could be found brooding their eggs. By
eliminating the sea stars collected during the brocding season an un-—
biased sample iz provided frow which detsrminations of sex ratio and
comparison of male and female weight can be made. The average weight
of male and female stars &id not vary significant {(p>0.2) within each
‘pepulation and the sex ratios did not depart significantly from unity
Teble 13).
The menthly gonad and shtorage organ indices caleulated for the

are praesented in
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~

TABLE 13. Comparison of male and female average wet welghts. Animals
were collected without knowledge to sex for gonad analysis,

Averaqe Significance
Population N . cf Difference
je ight .
_ (- values)
South Cowva
Cape Arago
Males 62 5.17
~0.49 {(n.s.}*
Females cl 5.02
Middlie Cove
Cape Arago
Males 62 5.48
~1.14 (n.s.}*
Females 59 5.08
Suaset Bay
Males 67 2.54
~1.282 {n.s.}*
Females 53 . 3. 30

*Neot siguificantly different {(B>0,2}

Figs. 16 & 17. Comparison of the reproductive cycies for both sexes in
all three populations reveals remarkable similarity. Elevan of the
twelve peaks in gonad index cccurred in January while five of the siz
veaks in the storage orgsn iadax occurred in August.

reached and then

oo
u

The sea stars spawn after the pszak gonad size
both sexes have a period of gonad inactivity. The famales initiate an
carlier buildup of yonadal weight while the males start later and

eventually produce three times the female weight of gonadal material

before spawning. The eggs produced by the females are calorically more
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Fig. 16, Gonad and storage organ indices for male Leptasterias frcm

the three study pcopulations from September, 1971 to February, 1972.
Symbol code: triangles = gonad indices; ¢ircles = storage organ

indices.



o SHLNOW
! 1AL
W4t § M o s ¥ r ot oW y W 4 T 9 8 ¢ ¢
g4
-8
A8
. et
IAQD IO
23
PRERUITY
XIANI
Norte!
b 28
¥
A
C
£41
AYE LISNAS fe




120

FPig. 17. Gonad and storage organ indices for female Leptasterias from

the three study populations from September, 1971 to February, 1972.

Symbols are the same as in Fig. 16.
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expensive than the male’s sperm (6-6.5 Kilocaleories/g for eggs; 4.7
Kilocalerizss/g for sperm; Menge, 1270}. However, because the females
produce less gonadal material than the males, they do not cause as
severe a drain of their storage organ reserves during the period of
rapid gametogenesis. Instead they utilize these reserves gradualily
during the brooding pericd. while the females do not feed during the
brooding season, the males forage at a lcw rate and begin to xeplenish
their storage organ resexves., With the onset of spring and through
early summer both sexes feed, and the storage organs reach their pesk
and then decline as another cycle of gametogenesis commences.

Despite their differsnces in size structure all threes study popula-
tions hawve similavr pesk gonad index values. This suggested a rela-
tively linear relationship between sea star weight and reproductive
effort. To test this the males collected in December 1970 and Januvary

1971 were compared. Reyressions of testes weight on sea star weight

ware compared and indicated significant diffevences between the popula-

xS

tions (Taklies 14) aithough the regressien coeifficients were very

icients

O

f allometry (Allse et al., 1942} were calcuiated

h

similar. Coef

from the logarithms of testes welght and sea star weight using

Bartletht's least squares method (Simpson et al., 1260}. These valuos
{Tanle 15) indicate a condition of positive allometry in which the

geometric rate of increase in gonad weight is greater than that of hody

weight (Simpson et al., 1960). Comparison of male reoroductiwve effort

betwaan 1%71 and 1972 brooding seasons was not possible because of the

021l number of males sampled in 1972,

s



TABLE 14. Comparison of peak male reproductive output in 1971 for
three study populations. Linear and exponential* regression equations
of testas weight {y) on sea star weight (x).

Population N Regression Equations :

Middlie Covwe

Cape Arago 15 y = .224x - .541 ¥ = .046xl'6L
. - 1.72

Sunset Bay 23 y = .235%x ~ .227 ¥y = .040x%

Scuth Cowve 1.62

Cape Arago 10 y = .22x - .397 v = .0%6x

*The exponential recressions were calculated bv linsar regression
of log x and log v.

Comparison cf prebrooding females from four populations for
2 mature eggs in their ovaries. Regrezsions of egy number on
femals weight were compared.

- )

Mumber Eggs Correlation
Population N gram hody Coefficients Combined*®
welght {x) Regression Egquation
North Sunset 26 i2g .85
Bay
Scuth Sunseb 13 103 .75
Bay
¥y = 113.1x - 29,77
Middla Cove 22 ito .87

South Cove 15 86 .76

*No significant differences beiwesen regression equations {p>0.2).

v = nutber of eggs, x = weight of female in grmms, r = 0.86,
3
RS
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The females sampled in Januvary 1971, to provide a prebrooding egg
count were taken from the three main populations and from the north side
of Sunset Bay. The weight of the eggs, estimated from brood weights,
was subtracted from the prebrooding females' whole wet weight in order
to compare them and breoding females for egg prcduction and egg loss.
Regressions were caliculated of the nunber of ovarian eggs on corracted
female wet weight. All the regressions were significant, and when com~
pareé no significant differences (p>0.2) were found between the popula-
tions sampled (Yarle 15).

The reiationshlp between egg number and female weig t is roughly

Table 1£}. Scatter is great enough sc that a fine analvsis

J=
ot
o]
I
o]
[ad
—~
=

seems upnjustified.

Zincze the prebrooding egu count indicated no significant dif-

farence in egqg prcoduction for a given female size between populations,

the gonad indexz for females in Januaxry before spawning was cowbined for

,.‘>

the thres study petulations and 1971 and 1972 data were compared. The

females did rot vary significently (0>0.2) in reproductive eifecrit for

although the mean storage organ data follow a similar pattern for
the three studvy populaticns, the few sca stars examined and the high
Gogyrze of steraqe organ variebility encountered rendeved statistical
comparison non significant. In 1271 storage organ indices were cali-
culated for brooding femnles with broods in all stages of development in

zn effort to damoanstrate the whilization of food rasexves with time

spent brocding., Howevar no aiunihmvanp trend wag . observed {Fig. 18).

=
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Fig. 18. Female storage organ indices vs. the number of weeks brocding.

=

cach point represents the combined mean storage organ index {+2 S.D.}

Q

£ all fewalss examined with broeds in each of the eight developmental

stages.
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A1l females [luctuated asbout a similar mean storage index value regard-

=

ess oi the stage of their brocd.

Population Brooding Effort

The prebrocding egg count provided an approximation of egg produc—
tion. The next guestion considered was wha! bortion of tha adult female
population actually produced broods. Data from three sources support
the wview that in the three populations studied, neaxrly alli the adult
females produced brceods during the 1971 breoding season.

In the dissection of 80 females for the January prebrooding egg
count ali the females had mature eggs in their ovaries; sevexal had one
or mcre rayve completely lacking cvaries cor with undeveloped ovaries,

ith mature ova. Bi~weekly

=,

Fieid sampling to determine the percentage of adults brooding showed a

maximum near 50% (the maximum allowable with a 1:1 sex ratio) for the
tnree maln peooulations (Fig, 19}, These cobserved maxima also occucred

1y after the peak of brooding initiation{Fig., 20}, The final

Fh

source of avidence comes from the gonad index data. Of all adult sea
stars collected duving the 1971 brooding season for calculation of gonad

indices (N = 65} only two were females, and both of these had completely

emzty, seawnad-out ovaries, similar to these of brooding fsmales, It

all adult females producred o brood.

rves was taken from the broed of each

A sample of eggs or o

brooding femals collected in the 1871 and 1972 brooding study. The



¥Fig. 19. Percentage of adult Leptasterias found brooding deriag the

1571 brooding season. Each point represents the percentage of adulis

in the sample (N 2 100} found with broocds.
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eggs were measured, and the mean size for each sampble was used to cal-

cnlate regressions of mean egg {or embrye) size on developmmental stage

for the three study populations. No significant difference (p>.05) in

embryo size with stage was found hetween pofulations and within popula—
n .

ticns for the two brooding seasons (Fig. 21) which indicates sg9g size

is relatively conservative in Leptasterias and that embrvo number pro-

vides a geod basis for comparison of reproductive effort and success

batween populations.

Brooding Success

Rrooding success at the population level deals with the number of
newly netamorphosed sea stars that are released after 8 weeks of
brooding. %The fact that these three pepulations vary in size structure,
density, evposure to wave action, and sevaral other respsacis has heen
pointed out. As a result one expects the Middle Cove population to be
ieast successful. Whether it is least successful is not so inkaresting
as iz the degree of success it was able to achieve.

When the 8 week brocding season is considered, intuiltively one
expects the grzatest chance of egg loss to occur during the pericd when
the youns are hatching cubt of their tough, protective egg membrane
ek Z-Weekx 3) and when they begin to metaworphose from the
brachiniarxia stage {Wesks 2 and 4} into the more motile star form
{iaeks 5-8). In zddition CThia {1968t} pointed cut that rewliy laid eggs
dc not become sticky and adhers to ong another until scome time afterx

laying; therefors this period alse provides a chance for egg loss and
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g

ig. 21, Comparison of egg and embrye sizes for the three studs

<

[

populations during the 1971 brocding season. B mean size was calculated

for each brood and an overall mean was calculated for sach brocd stage

in each population.
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+

will be cecnsidered in more detazil in a later section.

Comparison of the three study populations over the 1271 and 1972
prooding pericds was accomplished by computing mmltiple ragressions with
egg number the dezpendent variable and female weight and developmental
stage of the brocod the independent variables. The wultiple corralaticn
coefficients ware significant (p<.0l) for all three populations in 1971
angd the second independent variable, developmental stage of the brood,
significantly raduced the variance of the dependent variable (p<.1l9);
the 1927% hrooding data were too variable to allow significant correla-
tions. The three populations wers used as treatments and the 1971
brooding data were compared vsing a multiple coveriance analysis (Steel

& Torrie, 1260} which indicated no significant difference between popu-

ss Yor ifemales of the same
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size with brccocds in the same stage.

(8]

Toe overcoma some of the variability in the data and to give a
representative idez of comparative broculng success, the developmsental
seguence was divided into four 2 week periods ard the mean ratio of
erbirve number te female weight was caloulatesd for the 1971 data (Fig.
22}, Even with this lunwming of data the great variakility of reproduc—

evident. However, other nointg can be made. ‘The

axbryos successfully hatch from the egg meirbranes

with no deteccable moghality. Chia (1565a) suggested the mother star
aided her voung in this process by mechanical manipulation of the brood

“he drep in ratic values ssen betwsen stages 4-5, the period when the

2 fomgnga b deaa}
younsg 3Lareg (RIS
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Fig. 22.

Reproductive success of Leptasterias from the threes main study
populaticns for 1971. For each population the data are combined into

classes coasisting of two consecutive develovmenital stages and the mean

number of egus per gram of female weight for

g2ach class i

4]

given.
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erbryo waste is caused by the embryos themselves, once they heccme in-
dependently motile. The most impressive feature of this illustration
is that, even with substantial egg loss and embryo wastage during the
brooding period, the Middle Cove population was azble to ralease over

half the eggs producad as metamorphcsed stars.

Brocding Synchrony

Brooding synchrony between populations was compared by assigning
each brooding female collected a palr of numbers which corresponded to
the week it was collected and the developmental stage of the embryos in

the brocd. The first week of brooding ssason was designated week gzero,
F

and susequent weeks were mumbered in ordexr after this. number
one through eight were used to definc the eight developmental categories
which correspond to the 8 weeks the ewbryos spent in the mother's
brood pouch. Therefore, by calculating the regression of developmental
stoge on the week sampled for each population, a series of regression
equations can be used to compare synchrony between populations.
Regression lines were calculated and compared fox both the 1271 and
1572 nrooding sszasons for the three main study populations. Brocding
was chserved to begin during the first week in Februery for both vears
at 2ll thres study sites. Comparison for both vears between Middle and
Soizth Covesz, Cape Arage showed no significant difference {p>.05) in the
orset and patterm of initiation over the brooding season. The Sunset
s

Bay rcpulation did show a significantly different (p<0.5} pattern of

E

brooding when compared to South Cove and Middle Cove during both 1971



and 1972, When the individual populations were compared separately for
difference in brooding pattern between 1271 and 1972, all were found to
differ significantly between the two brooding seasons. These results
suggest that the timing of reproduction is based on relatively local
cues which can vary between years.

The annual pattexn of brocding synchrony among these three pcopula-
tions is seen more clearly when the 1271 data are transformed to show
the week in the brocding season when each female observed began
brecoding {(Fig. 20}. All the female sea stars sampled in the Cape Arago
populations initiated brooding within a 9 week period, and the pezak
period occurrad during weeks 4 and 5. The Sunset Bay femalies also
reached their brocding peak during weeks 4 and 5, bub had a more even
pattern of brooding initiation which was spread over a slightly longex

-

pariod. However, despite the cbhserved differences, the Leptasterias

sopulaticns in the Cape Arago-Sunset Bay area exhibit a high degree of
hrooding synchrony on a yearly kasis. The Middla Cove population has

been cbserved for fourvaéoding seasons and the South Cove and Sunset

Bay popuiations for three. In each case brocding began in early

Pebruary. peaked in late Maxch and continuved through April.

Combined Comparison cf Brooding Characteristics

A

Tha three main study populations did not vary significantly in
brooding success, and therefore they wers combined for comparison on the

of the édevelopmental stage of the brood and female weight.

% '
baul T

L]

The data for the 243 females observed in 1971 was cowmbined in



terms of the stage of their broocds when collected. These data (Table
16) were then tested using each stage as an individual treatment. An
analysis of covariance of egg number on femalie size indicated there were

significant differences between stages in terms of egg loss.

TABLE 15. Summary of 1971 brooding data cowbined into eight develop-
mental categories representing the stage of the females brood when
collected. Stage 0 = values from females used in prebrooding egg count.

tage N Nunmber cf Eggs Average Embryo
g Female Weight Size {(mm}

0] 50 100.2 -

i 74 8i.4 .98
2 34 93.1 .97
3 71 9Q. 8 .89
4 50 21.2 1.le
5 25 865.4 1.28
& 30 0.6 1.35
7 40 £1.5 1.49
8 i9 70.2 1.62

Stepwise conparison of the stages indicated that there was a sig-

nificant difference (p<.05) between stage ¢, ovarian eggs, and stage 1,

the newly 2zid eggs; and between stage ¢ and stage 2, the 2 wesk clid
aggs. Thie indicates there is some initial egg loss when the eggs are
first released. The difference bketween stage 4 and stagza 5 was not
gignificant (p>.10; while the comparison b;'_\tz-;een stage 4 and stage &

vielded & significant dlfference (p<.05)}. As mentioned previcusly this



represents the period when the larvae are assuming the adult star shape.
It is also the time when the rfemale relinquishes her raised brooding

position and becomes flattened ag st the rocky substratum although
she still remains immobile and protects her brood. This combination of
larval metamorphoses and female movement evidently contributes sig-
nificantly teo larval moxtality.

On a populaticn basis the mean size of the embrye was not sig—
nificantly different for a given stage either between populations (Fig.
21} or between years within rpopulations. However when mean emnbryo zize
is compared to fewale weight on a single stage basis there are signifi*A
cani positive correlations (p<.C5) for stages 1 and 2. These indicate
jJarger females tend Lo produce larger eggs. However no siﬁnificant
corvelations werxe found'after'stage 2, althouch all correlation valﬁes
wers poesitive. This information suggests that the larger female stars,

like the males, nave a somewhat greater initial reproductive cutput per

The hrooding data were resegregated into lg weight classes based
on the weight of the hrooding fewmala. The weight classes wvere used as

pla regressicon analysis was yrun on the

treatment groues, and a mult

data,. RAgg nuuber was used as the dezpendent variable and female weight
and davelogmental stage of the krcod as first and second indspendent
vazyiakblas regpectively The results were not significant and combining
tne data iato 2g weight classes proved equally futile because of the

igh degree of variability encountered within weight classes. Therxefore

the data {(Tabic 17) can only he interprveted on a limited basis.



TARBLE 17. Summary cf 1971 brcoding data combined inte categoriss kased
on the wet weight of the brooding female. The mean egg number is the
average of all broods sampled in all eight developmental stages for
2ach weight class.

Female
wWeight N Mean Mean Egy Number
Class (g) Weight Gram Female Weight

0-1 is .20 g9
1-2 76 1.47 32
2~3 73 2.49 32
3-4 73 3.44 83
4-5 34 4,37 88
5-6 28 5,48 75

6-7 17 6.56 71

o
<

7~8 i1 7.70

o3
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—
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These waight class data suggest ifhat the larger females are lass
successful than the smaller ones. When the whole brooding peried is

considered; the mean embrys number per gram female body, i.e. th

D

numoer that are successzfully brooded, drops coff steeply after the 4g

weight class (Takle 17). However this is less clear waen the brocding

The Sunset Bay females, which were generally smaller, had an even
success rata for all weight classes. The Middls Cove females in the

smallest welght classes did considerasbly better than 4id those in the



TABLE 18. Comparison of brocding females from each study population
found in 1lg weight classes. The mean egg number is the average of all
breods sampled in all eight developmental stages for each weight class.

Female FEgg number/Female weight {in grams)

Weight Combined Combined Middle South Sunset

Class g N Average Cove Cove Bay
0-1 15 89 - - 89
1-2 76 88 79 86 91
2-3 73 22 Si o1 20
34 73 83 75 20 80
4-5 34 28 94 82 87
5-6 28 | 75 59 83 -
6~7 17 71 72 71 -
7-8 i1 60 60 - -
8+ 8 &9 6o - -

- o]

The conclusicn that can be drawn from these data is that in an
area of relatively high exposure to wave action the larger female

Teptasterias seom less successful in brooding young to time of release.

Latitudinal Brooding Study

In the 1972 brooding swason eigﬁt other Leptasterias populations
were visited in addition to the three maiﬁ study pcopulations. PFive of
these pcpulations are lccabaed on the Oregon ccoast and three on San ;uan
Island in Puget ééund. For each of these eight'populations the relative

1

abiandance of sea stars was estimated by dividing the number seen Ly the

tims spaat zsarching; a similar figure was calculated for the relative

¥
b



ebundance of first year stars (Table 15). Animals that were morphologi-
caily dervaged were counted and the parcentage of damaged stars in each
populaticn is given as a maintenance factor wvalue. The number of fe-
males brooding was alsc counted and wach brood sampled. After

xamining these brood samples for develcpmental stage. a mean stage (=
time in bxrood pouch in waeks) was caliculated, and hoth the initiation
and termination cf brooding was extrapolated for compariscn between
populations {Fig. 23).

When the onset of egg laying is compared on a latitudinal basis, a
general nattern is suggested with the northern popuiations starting
eariier than those in the south. Howeaver the greatest discrapancy in
brooding syachrony was not at the latitudinal extremes but between the
San Juan Island populations. The Deadman’s Bay population on the west
side of the island was 4 wecks ahead of the two populations on the east
side, This condition is typical cf San Juan Island {Menge, 157G}. A
local pattern ig again seen in the Cape Arago-Sunszet Bay area with all
five povulations exhibiting essentially the same brocding schedule.:

The three San Juan Island populations and the Yaguina Head ceopula-
tion had low parcentages of brooding zdults (Table 15); however this is
prokably due to their being sampled during the first nonth of the
brooding seascn. The remaining seven populations were sampled later
z20d had considerably higher percentages. ALl excapt the Brookings

population opproached the theoretically possible 50 pex cent of the

adults brooding.



Summary of dara collectad during 1972 brooding seaszon.

The astexisk
in study populations which were included for the sake of comparison.
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Fig. 23. Initiaticn and termination of brooding in populations of

Leptasterias from locations along the Oregon ceoast and San Juen Island,

Puget Sound for the 1972 brooding season. Points with wvertical lines
{= 2 5.D.) xepresent the mean developmental stage of the brocds col-
lectad on the date sampled. Other points represent extrapolation to

brooding initiation (stage 1) and breoding termination {stage §).
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The remaining data collected during the 1972 brcoding season are
somewhat confusing, though there is some consistency. The two poovula—
tions with the lowest relative alundances have egually low relatiwve
abundances of first year stars and generally high maintenance factor
values which suggests these are marginal populations.

The three San Juan Island populations have very low maintenance
factors indicating the calmer situation which generally persists in
Puget Sound. The Deadman's Bay population is in the path of wave trains

entaring through the strait of San Juan de Fuca and the low maintenance
factor wvalue is prokably a function of the extremely robust and large
individuals which are resistant to morphological damage and charac-
terize this population.

The relative calm conditions of Puget Sound allow Pisaster and

Ieptasterias to overlap significantly intertidally. As mentioned earlier,

Menge (1972h) presented convincing evidence that when Leptasterias and
] by
Pisaster both co-occur in relatively high abundance there is competition

A}

for available resouxces. The end result is that the Leptasterias are

kept at a small ipdividual size and thus are unable to capture larger
crey. The queshlon arises what would the effect of this cumpetitive

inueracticn be on Leptasterias reproductive ability. Menge (1%70) did

not address kimeelf to this question.

erias population. at Szal Rock, Oregon perhaps can pro—

(\‘

2 leptast

opulation, which was sampled during the 1971
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brocding season, probably represents the extreme case of the Plsaster~

leptasterias interaction. Becavse of unusual current conditions ot for




some other reason, large numbers of Pisaster had settled cout cf the
plankton at Seal Rock for the past several years. Thexe were many first
and second year Pisaster in the bouldexr—cobble area typically inhabited

by Leptasterias but aveoided by adult Pisaster. Very few Leptasterias

occurred with the small Pisaster but instead were in small depressions

S‘)

i'
or
]

nn the roof and side of an undexcut at the base of Seal Rock adjac
the boulder-cooble area.

These. sea stars were small, and when several were examined for
gonad development the males were found with active sperm but with testes
much smaller thar those cbserved for males in Cape Avago populations.
Only one of four female examined had fully dewveloped eqgs in her

ovarieg, the remainder had very small eggs oxr none at all., Those fe-
malss with broods were smalil, with a mean of 1.7g9 {(raage C.3-3.8g, N =
24}, but had a normal purber of eqgys for their body weight. However all

the broods were in very early stages of devalopment while the othe

coast pepulacions observed had been brooding for 2 months. Pevhaps

therefore Pisaster can influence Levtasterias to the extent that popula—

tion reproductive effort is reduced and the onset of breoding is de—

Jdayed.

Menge (1372b}) found that when FPlsaster was renoved from an area,

[ 2 v

ois

the Leptasterias increased in mean individual size. What limits

e e sr——— o

sterias in the arveas where Pisaster doesn'! occur? The dats ool-

during the 1972 breeding season {(Table 19) lend some suwport to the
hypothesis that a population with a lower density. caused
by juvenils mortaliiy, will allow the surviving adults to expleit morse

.

arger sized individ-

f]
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readily the fuod rescurees wnich will resuit i
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uals; more dense populations are held down in individual size because
of the intraspecific interactions. The Cape Arago-Sunset Bay popula-
tions examined in this paper and those studied by Menge {1270Q) on the
San Juan Isiands (Fig. 24) are the best known and provide the best argu~
ment for the hypothesis.

The Deadmwan's Bay population on the west side of San Juan is sub-
jected to relatively severe wave action. There are no Pisaster present

and the Laptasterias reach a very large size. Another very similar

opulation, which I was unable to census, is found at Cattle Point, also

3

on the west side of San Juan Island (Menge, 1970}. At Deadwan's Bay
Leptasterias density was low. The population structure and environ-
wentel conditions obssrved for this population were very similar to
thoze at Middle Cove, Cape Arago.

The population =t Lonescmz Cove Far Peint on San Juan Isgland is on
the leeward side of the island and there are few Pisaster present as
trey were removed in a previous study (Mauzey, 1965). As cap b2 seen
(Pable 19} this popurlaition iz very similar to that at Surset Bay in its
characteristics, and both populations are similar to the Noxrth Cowve,
Cspe Arvage population, which is also in a relatively protécted avea with
a low density of Pisaster. These populations all have a high

Lepizsterias density, low maintenance factors and small individual adult

The angve pepulations perhaps represent the extremes of a con-
tinuua of popunlation structure and the zbove stated hypcthesis dealing

with Ieptasterias pcopulation structure in biologically and phyvsically
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Fig. 24. Size freguency histograms of the eight Leptasterias

populations sampled during the 1972 brooding season. The clear areas
{these size classes with no left haad margin) represent the brooding

females obserwed.
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controlled environments is artificial in that it describes these excep-
tional cases rather than the majority. The high degree of reproductive
effoert and success observad for thess populations suggests they are
enjoying relatively benign conditions. Those populaticns most severaly
limited by biological and physical factors such as the Yaguina Head,
Brookings and Seal Rock pepwlations should be consulted to complete the

description of Leptasterias reproductive strategy and population struc—

ture. In these populatiocng we £ind low densities with a small individ—
ual mean size and the females, although small, produce & Dull compilement
of eggs. Some iudividnals ar2 not reproductively active; however the
majority will attempt to reproduce, although they may have to delay the
onset of reproduction.

3

Th the study of Leptasterias brooding strategy can be

G
5

rasuits

(i

sumnarized as follew

w

1. Gonad mnd storage organ cycles illustrate a well-defined annual

reproductive cycle with an inverse relatlonship betwesen the two

oryans.

2. Male and female Leptasteriss are distributed in a L:ii sex catio
and do n szgnificantly in wet weight.

3. There is a linsar relationship between production of gonad
material and sea star weight for both mels and female Leptasterias.

4. In the populations clesely studied almest all females produced
brocds., In less closely watched populations there is some
tion that sowre males do not lay eggs every vear.

5. Reproductive sucesess is highly variable within and betwaen



populations.

6. During the brooding sequence there is significant loss of eggs

during the time of egg laying and during the time of metamorphosis
from brachiclaria larvae to the adult forn.

7. Large females from most exposed locations suffered the highest
mortality of brocded young.

8. Timing of reproduction appears to be contingent on local condi-
tions although a general trend of earlier onset of brcoding in
more northerly pcpulations was cbhserved.

$.. Larger females produce somewhat larger eggs.

Discussion

The retention cf young during their embryonic development in
specifically adapted structures within or upon the body of the parent is
common among echinoderms (Boolootian, 1966). Brooding behavior occurs
in all three orders of the Asteroidea (Hyman, 1955). However, with the

exception of the work done with Leptasterias (Chia, 18663} most pub-

tished accounts that deal with brcoding behavior are pyimarily concerned

with svstematics (Boolootian, 1966).

{1968) found that the developing oocyte undergoes a siow
growth period which lasts about a year, then goes through a 6 wmonth

raricd of rapid growth and finally a "rest period" for sbout 5 menths
¥ 3 ¥

indiczs cerourred in September in San Juan Island populations while in a

later study Menge {1970) observed the meximum in October for the same
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location. Both authors reported that brooding began in January and
lasted through April on San Juan.

Chia (1968a) thought the "rest period" varied in that the gonad of
all individuals reached a fully grown state at about the same time but
spawned at different times, implying that spawning depends on the
availability of proper stimulation from the environment. Menge (1970)
believed that food was the critical factor; although the gonads were
ripe in late summer, the animals would wait to bulld w energy reserves

kefore spavning. The data collected ia this study do not agrea with the

San Juan Island observations. The female Leptasterias in all threes

Cape Araco-Sunset Bay study populations continued to increase their
gonad size until just before spawning. Additicnally both male and fe-

male Llerptasterias reached their pe2ak storage organ indices in August and

these declined steadily to the period beyond the brooding season when
the stars again begin to feed actively.

This discrepancy may vepresent a real difference in the reproduc-
tive cycle between the. two areas or may ke ar artifact of the small
gample sizes taken in the San Juan Tsland studies {Chia, 1968a). The

pattern of gonad buildwp sesen for Lepiasterias in this study is tvpical

sea stars that have Leen observed: gonad size
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increasas continuously Lo dust before spawning {Farmanfarmaian, et zi.,

1

1958 for Pisaster spps.; Coump, 1971 for Patiriella ragulavis). However

#¥d the gonadal material




often outproduces the male (Mauzey, 1966; Crump, 1971).

A further similarity for Leptasterias and non-brooding sea stars

is the inverse relation between gonad and pyloric caecae (storage organ)
indices. Farmanfaxmaian et al. (1958) followed the reproductive cycles
of several west coast s22 stars. The pyloric caecae were largest when

the gonads were shrunken and became reduced as the latter grew in size.

Mauzey {1956} showed further that in Pisaster ochraceus this inverse

relationship was related to seascnal patterns of feeding as wass also

suggested for Leptasterias in this study. There is again a &ifference

betwaen Leptasterias and the typical inverse relationship seen for non-—

hrooding sea stars. The pattern for male Leptasterias is very similar

+hat of non-brocders, while the female rcecaches a hidher maximam
siorage index and depletes it more gradually than the male, vresumally
bacavse 3he must not ~n}; produce gametes but brood them for 2 menths
without f£2zding.

Chia {1266a) ckserved that the number of ewbryos produced by

corralated with size of female. In this study irdivid—
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ual demale outmat dad not vary between three population
was elogaly corrzlated with female size, Menge (1973} repecrted a

similag Lineer relationship fer fLeptosterias females up to B-llg welk

AR - SR gyl

waight but larger znimals did net follow this trend.

are yelacively uncowmon and his cbservation was based on only a few
aninals.

¥hen Menge (12370} overfed Leptasterias in an ajuarium the sea stars

grew rapidiy. However the maximum gonad indices did not differ from
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thosa from field populaticons, although the storage organ values wexe
greater. In a similar experiment with the non-brooding s=a star

Patirizlla regularis, Crump (1971} reportad that both gonad and storage

organ indices were considerably above the maximum seen for field popula-

tions. These observations indicate that reproductive output is con-~

sistent for female Leptasterias and the relationship of gonzad size to

body size remains constant in contrast to what occurs in non-brooding

in 1971 the data for the Cape Arago-Sunsei Bay populaticns indi-

cated that ﬂlmosc all aduit female lLeptasterias produced brocds. The

1972 data alsc suggested a2 similar population reproductive effoct for
these populations. Menge (1570) reported that the incidence of reprc-
duction rarely reachsd 50% in San Juan island populations and that

maximum incidence varied from year to vear for the same areas. “he

pcpulation at Lonescme Cove Far Point was ohsexved foy saveral vears and

the stayxs there were increasing in number. However the mean rige was
decreasing and this actually affected nopulavion repyoductive effort

(Menge, 1970), i.e. few reproifuced. Th2 previously menticned observa-

o

tions for Seal Rock 31s0 sugyested that adverse conditicns result in

¥enge (1970} felt that energetic well-being of Leptasterias' popu-
laviens seems te be the majer facter behind temporal varistions in the
onset of bhrooding, maxiimum proportion of the population breeding and

individoal female brocding effort. He is probably correct in that




tion brocding. However I do not think his data subkstantiate the claim
of a difference in individual femaie reprodu;tive effort with popula-
tion, since hig szmple sizes are too small. Field observations suggest
that in the extreme case of very severe physical or biological pressures
the cnset of brooding can ke delayed. Menge (1970) did find 4if-~
ferences in brooding cnsel between pppulations; however these remained
censistent throughout his study. Similarly I found brooding onset to
be very well synchronized in the Cape Arago-Sunset Bay regicn on a single
year basis and predictable from one year to the next vegardless of
population structurs,

Boolootian (1966} pointed cut that no singie abiotic factor ei—
clusively influences the course of reproductive events in echinoderms.
I would make the similar argument for a single biotic factocr. Crump
(1971} reported that the three populations of Patiriella he studied
spawned during the same period although they varied greatiy in repro-~
ductive votential. Similar observations have been made for many

echincderms 1nﬂ1ud1ng the astercids Pisaster ochraceus and 2.

krevispinus (Fammanfarmaian et al., 1958; Mauzey, 1966), and the

ecn\aoxdn Stron ?ocontrobua purpuratus {Bcolcotian, 1966) and
Jy.L P

Dendraster excentricus (Niesasn, 1969). Therefore, although the sgecific

cuas fcr onszt of breeding have been estaklished for a few spacies of
echinoderns {(Pearse, 1272) no gensral environmental mechanism, either
ghysical or hiclogical, is known.

The firal gquestion to be considered is why some animals breod while

others vreduce plankiotrophic larvae. Thorson's {1950) observed dis-
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tribution of the brooding type of larval development with higher
latitude is thought to be cocrrelated with the short, seasonal gﬁyt@—
plankteon klooms in the spring and the lack of sufficient plarktanic food
at great depths in this ragion (McConnaughey, 1970).

Benthic invertebrates which have planktotrophic larvas with a loug
life may be subject to great fluctuations from vear to year in succass
of setitlement, while those that have a non-pelagic or a shortaned
lecithotrophic develcpment show only slight variations (Thorson, 194G).
Thus, in terms of local population structure it is more squitshle ta
produce lacrvas that remain stationary rather than those that mey be

wept away by current or perish because of insufficient planktonic food.

In the tempzrate latitudes conditions are less severe and tem—
porally more sredictahle than these in the high arctic latitudes. This
aliows a plankiotrcphic laxva to be relatively successiul. However
this strakedy 1s costly in terms of larval wastage and often results in

grast fluctuations in local settlement success especially alouy coasts

!

with =trong longshore currents (Thorson,; 1250, Efford, 1$707.

r

“Yrovson (1948} describes species which can vary their mode of ra-
production from a pelagic to & non~pelagic form or from a plasktotrophic
o a lecithotrochic developrent according te the surrounding conditions.

One such spacies is the asteroid Henricia sanguinolenta, normally a

brood protecting species, which will occasionally not protect the
larvae. They will then ficat about suspended in the water; howeveir

there is ne irnheront difference kheiween these larvaz and those that are

brooded.
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Chia (1966a) has shown that brooding is necessary £or the normal

development of Leptasterias. None of the embryos survived without
brooding. The main functions provided by brcooding are protection,
cleaning, maintenance of a uniform environment, and initiating the

hatching procass (Chia, 13966a).

By brooding, Leptasterias is able to provide a consistent source of

recruitment to the local peopulation. Although environmental conditions
vary from year to vear they are relatively predictable, and all members
of the population are subjected to them. This results in generally

stable populations well attuned to local conditions.



CONCLUDING DISCUSSION

This study proposed to answer the guestion of how Leptasterias

apportions its limited resources of time and energy among the threa life
historical ccmponent processes: maintenance, growth and reprcduction
{Gadgil & Boss=rt, 1970). BAs these processes do "compete™ for these
resgurces it is difficult to separate and explain the acticn of one
without invelving cne or both of the remaining processes.

¥nowledge of the metabeolic rates of Leptasterias during the periods

of broocding énd active foraging as well as the effect of temperature and
size on metabelic rate would be desirable to understand more completely
Lentasterias' life'hisﬁalj. I did not undertake such an in?éstigation
during this study but I hcpe fto do further research in this area.

In terms of reproductive strategy it has been said that no
organism is completely “"r-selected" cr "K-selected," bat all mmst reach

a compromise (Pianka, 1.970). The cbserved reproductive strategy of

Leptasterizs is in acccrd with this statement. The female Leptzasterias

produces a iimited nurber of energy-expensive eggs. These are bhrooded

fer Z months at additional cost to the female., Female Leptasterias
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Lowever the first commitment of adult Leptasterias is to reproduc-

-tion. HNoxmally all the females will produce a brood every year even at
the expense of individual growth. If resouwrces or physical limiting

factors restrict populations in some way, ail females may not produce a
brood every vear {see below), but all males will produce sperm and both
sexes wiil sacrifice growth and remain small. BAn additional feature of

leptasterias® reproduction is that, although the young are brcoded,

thera is high initial mortality and less than one per cent reach sexual
maturity. Both features, high reproductive effort and high mortality of
the voung, are characteristic of the "r-selected" reproductive strategy
{Gadglil & Bossert, 1970j.

iithout becoming involved with the theoretical controversy sur-
rounding the evolution of different reproductive strategiés {Vittor

1970¢; Pianka, 1970; Hairston et al., 1270}, Leptasterias' reproductive

strategy of brooding can be evaluated on the empirical basis of its ob-

sexrved effectiveness., What I have suggested in this study is that by
brooding and releasing the young, despite the high initial mortaliity,

Laptesteriass provides a steady annual corps of racruits. Once

furd

Ieptasterias becomes establiszshad in an area, the consistent recruitment
2iicws the population te meintain a relatively stable population.

“herefors in texms of actual effectiveness on a local basis,

reproductive strategy apprcoaches the theorstical goal of

the "Xrselected” reproductive strategy {(Machrthur & Wilson, 1967).

The firslt vear Leptasterias were shown to grow at a similar rate

wherever obsarved, hut thereafier growth varied with population. XE my
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assumption that sexual maturity occurs in the third year is correct, the
small size of the reproducing females in some -populations indicates that
growth may be neglected in favor of reproduction. The annual patterns
of feeding and reproduction indicate the source of this neglect. BRBoth
sexes agpear to mobkilize the majocr portion of their energy reserves,
stored during the spring and summer period of active feeding, into the
producticn of sperm in males, and into the production and brooding of
eggs in the females. The period of active adult growth probab:ly occurs
only in the spring, and if resocurces are in some way limited, little
growth is accomplished.

Small average gize of individuals was observed in several typss of

Leptasterias populaticns sampled. Some populatiocns had high densities

cf small individnals and low percentages of damaged stars. These popu-
-~ P st

lations appeared to be limited by intraspecific interactions., Othax

populations co-occured with high densities of Pisaster and the individ-

ieptasterias were kept small by interspecific competition (Menge,

1972hY. A third type of population cobsexrved had low densities of small
imptasterias and high percentages of damaged animals; these populations

be limited by physical envirconmental factors.
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Almostc all reproductive age females frowm those population
wera apparently controlled by intraspecific interactions were able to
producs egus and brood. In the populations encouncexring competition
from Pisaster or axposad to pounding by waves not ali femalas pvroduce

broods. Iowever those females that did produce a brood had a similar

nurber of egys var unit body weight as the females which produced yearly



Chia‘s {1%63a} observations that leptasterias females take 2 years

fhy

to mature their eggs may provide an explanation for these lower numbers
of brocding females. Chia (1966a) pointed out that the brooding period

was douvbly taxing on a female Leptasterias in that not enly must she

brood her current clutch of eggs, but also the next vear's oggs in her
ovaries are going through a rapid growth phase. Both of these pro-
cesses are placing demands on hex stored reserves. It is pcssible that
in females from stressed populations these ovarian eggs are not
properly nourished during the brooding period and thus do not matwre.

The result of this would be that all females would nch produce a
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vearly brood but instead put "all their eggs in one baskst
years. This strategy would explain the less than 50% of adults {i,e;
ali the females) brxooding in a given year. This would also explain why
several of the non-brooding females sampied at Seal Rock, Oregon ware
found with only snall immature eggs in their ovaries when other females
in the same peosulation were broocding. Howevex the lower number Of
brooding females seen in these populations could be explained by a lack
of available energy. Some females wmay consistently fail to cheain suf-
ficlent rescurces *o do mora than maintain themselves and never produce
a hrood.

What is the cause of this small size in all of the above popula-
tions? B2Again the answer is available energy. Initially the star must
ottein sufficient energy to maintain itself. If this is not available

the star will lose weight and become more susceptible to Joss of limbs. -



Energy cbiained beyond necessary maintenance levels goes into repreduc—
tion. Gametcgenesis is a lengthv process starting in mid-summer and
lasting through winter; a period of inactivity during which feeding
activity is low follows. The pericd of active growth prcbably occurs
during early summer when feeding activity is high and gametogenesis has
not yet commenced.

Mauzey (1966} pointed out that the upper size limit cf a sea star
is probably not set by the maximum size a starfish of particuwiar age can
attain, but rather by an interaction with the size and abundance oﬁ pray
in any particular area. Paine (1972, seminar U of ¢} found that in~-
dividual size of Pisaster decreased with increased density. Similarly

leptagtevias is reld in check by interactions wi its imnediate

PR e PP

environment. In areas of hich sea star density an individual

leptasterias is less successful in consistently cbtaining calerie-rich

pray, end it is hampered by competition for a suitable space to avoid
desiccation during low tide. This crowding is caused by other

Leptasterias and by other invertebrates which seek crevices and under

reok surfacés such as Tegula funebralis and Acmaea scutum. This inter—
zchion is often seen, espscially during summer low tides on clear days;

crowded together on the undersurfacazs cf

rocks and almost overlap cre another.

as is zisc innikivaed by physical conditicns. In areas of

e

constant wave acticon the sea stavs must clamp down on the rocks te avcid
being waghed away. This severely limics Leptasteriess' foraging ability

and lim:ite the types of prey available to it. 'The sea star must feed on

iskde
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the most readily available prey which is the barnacle Balanus glandula.

By feeding consistently on these small, low-calorie prey ILepltasterias

obtains sufficient energy to maintain itself and perhaps repraduce;

there ig not cften surplus enexrgy. available for growth, and Leptasterias

remains small.

The measured "maintenance factor valjues,” i.e. the prororiticns of
damagad sea stars, were actually an indicator of the toll that the phy—
sical and biological environment was taking on a population. Those

factors which induced high maintenance values did not aprear to deter

td

ndividual growth in scme populations; while the reduced envirocnmental
stress suggested by low maintenance factors did not release individuals
to grow larger in other pcpulations.- These latter populations had high

densities of ILeptasterias. These cobservations. suggest that the pres-

sure exerted by intrasvecific crowding is high and has a measurable
=ffect on the population.

In pcpulations with low density Pnd zmall individual size, high
naintenance factor vaiues couid indicate an accumulated relative in~
cbhiiity of individuals to sustain maintenance (and growth). In the

lalrorakoeoy goowth experiments, regensration time was relatively fast in

overfed animals znd retorded in starved Leptasterias.

Leptasterias is capable of both rapidly gaining and losing weight,

ag was demonstrated in the growth experiments. This indeterminate growin
pattern makes it impossible to age a cgiven individual, and hindsrs
determivation of the species' life span. Using the data for reproducing

2

fairales and mortality of young stars up to 2 years old T calculated thaet



the average sized female in any of the three study populations would

&

have to produce from two and a half to three broods to raplace herself.
This calculation was made with the assumption that there was no mortality
after 2 years of age. Therefors if a female first reproduces a2t the end
of her third year, she would live at least 4.5 years. However, there is

~ :

some level of mortality for both adult and 2 yezar old Leptasterias, and

the adult stars could live considerably longer than 5 vearxs and produce
more than three broods.

This relatively long 1ife-span and the multiple reproducticns pro-

-

rosed for lLeptasterias is in agreement with ites empirical description as

a "K-selected" sevecies. If Lepctasterias lives this long is there any

SJ

advantage to increasing in size? A linear relationshin hetween sea

tar size and the size of prey was demonstrated. The larger the sea

star ., the larger the prey captured. As a star increases in siz2 it is

2 -~

ro longer iimited tc low~calerie vielding barnacles, but is capablie of

adding new caleorie~rich prey to its diet and thus can grow rapidly.

Zcw2 populations I chserved consisted of larger sized individuals

at relatively low densities. Females from these populations followed

~

tely lincar relaticnship of egg number tc wet weight
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as ald fenmales from pepulations consisting of higher densities of smallex
sized individuais., Irn addition there was scome indication that these
larger females produced larger eggs, & relatively unusual sitvation for
an echineodern {Boclootian, 1964).

arad on a populatisn basis the total anumber of eggs pro-

metay was much lowsr in the populations consisting of
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larger sea stars. There was also some evidence that the larger females

. Also in Leptaszterias, like

7]

were less successful in brooding their egg

the volume and therefore the metabkolic demands increase as the

cube 0f linear dimension {Mauzey, 19266}, while the increase in egg
number is a linear functicon of weight. These observations suggest that
larcer individual size would be an advantage to the individual sea star

-

bt not to the populiation in terms of
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I do not wish teo suggest that the above two types of populations,
i,e, low-denzity with large individual size and high density with small
individual size, are alternatives in a given area. I believe that they

represent two separate population structures that have become estab-

ford
Lln

ishad for separate sets of environmental conditions. The reproduciive
trategy of brooding allows Leptasterias to exist in 2 variety of

environients and associations, and I believe a given population stiuc-

turas is predictable for a given environment.

o]
joe?
9]
A

:Jatively protected area, where Pisaster is low in nunber, I

balieve the resuiting population structure of Leptasterlmq would b
charactexized by high sea star density and relatively small individual
size., Limiting factors for this population would probably be available
food apd available sultable space. Large individwal size would raxely
or achieved, as it would requixre individuals to be comsistently more
successful in f£inding and capturing the rarer, more calorie~rich prev.
The :robzhllltv £ this happening woald be very low in a crowded situa-

]

tion and would decyease with increased density.
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In an area that is geographically situated to avoid the cnslaught
of prevailing wave trains, but is susceptible to winter storms from

other directions, the Ieptasterias population would be characterized by

low density and a large individual size. I found thait the younger

{smaller) sea stars were more susceptible to damaye Ly physical factors

and this results in significant mortality. Because fewer stars survive
to become adults the density remains low and the individuwal adult star
is freed from the limitation of rescurces caused by high density.

These sea stars are more successful in obtaining hich-calorie prey
and thus grow larger. The larger females produce a correspondingly
larger number of eggs s¢ that recruitment on an annusal hasls is still
consistent, although reduced because of morstality. Therefore although

this moderately exposed type of environment is less compatible
£ B Sy f

Leptasterias is still able to maintain a reasonably stable population.

Populations in these habitats do not equal the carrving capacities of

less exrosed environments; but because of the prevailing eanvironmesntal

s

L)

conditions tha wveotential caxxving capacity in these areas is probably

significantly loweied,

In a2 arsa that is m

ore exposed to the prevalling waves, ihe

wracterizad by small individual size and a2
&

low density of sea stars. The more Frequent exposure to wave action

inhibits the

2

causes inorzased mortaliicy in yvoung Lentasteriasz an

bilicy of all sez stars to forage fcr food. Thue ensrgy intake is

£

3,

reducsd wnich effects mean individual szize and reproductive effeort.

Some females do pot produce broods and ths males produce a smaller



170

volume of sperm. As a result fewer young are available annually as re-
cruits to the adult population, and the sea star density remains low.

The above predlctabl cutcomes for Leptasterias populations occur

because, unlike sea urchins and other benthic invertebrates with long-

lived planktotrophic larvae, Leptasterias voung are not subjected to

extra—-local physical and biglogical factors that influence initial

settlement. 1In Leptasterias populations all sea stars are subjected tc
the same set of environmental factors. There may be differential
success in dealing with these factors among the individual age classes,
but the resulting overall population structure will be well attuned

the local envircnment.

Leptasterias probably has little overall influence on the inter—

tidal community on the protected outer ccast, especially when compared
to the larger, more voracious star Pisaster. Paine (1966, 1963}
studied the comnmunity-shaping role of Pisaster and demonstrated how this
star, because of its pattern of pray selection, influenced the sprecies
coemposition and abundance in the rocky intertidal cowaunity. Paine
(1993 aesiqhated,fiigﬁsgy a "keystone species.™

ctasterias does grow large in some situations and deoes have the
akility to capture largec, motiic pirey. Thus it would seem to have
similaxr poteatial o engage ian a "keystons" role like Pisaster. How—

s 5 2ot sy

ever Leptasterias is not resistant to desiccation as is Pisastex and is

.-»-

srefore limited in the range it may #forage. It must remain in the

] L}

corbla~tovlder areas where it can find a zhaded, moist space to remain

j31]

wnen the tide is cut. Pisaster can forage over considerably wore area

e s .
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and, if ileft exposed during low tide, it is able to withstand desicca-
tion for 6-8 hours without apparent damage {(Feder, 1955).

This limited foraging range of Leptasterias combined with the fact

that foraging time is often reduced because of wave action has perhaps
led this sea star to preferentially select the barnacle, Balanus
giandula as its major pxey species. This species maintains a breeding
population in a high intertidal zone refuge and reqularly produces suf-
ficient progeny to replacs itself and cclonize the whole intertidal

zone (Connell, 1%7C). Probably because Balanus glandula is predictabliy

available and widely distributed throughout the boulder-cobhle area,
less than 17% of the sea stars observed in this study were feeding on
other prey.

The removal cf barnacles from’the svubstratun provides empéy space

for the settlément of ncw barnacles, other invertebrates or algae.

Therefore Leptasterias' most influential role in the intertidal com—

munity may be the provision cf space, a factor that is potentially
limiting in the intertidal zone (Dayton, 1971).
Pigsaster is able to withstand long periods of axposure to alr,

even in direct sunlight (Feder, 1956). Leptasterias is highly suscept-

ible to desiceation, is stiongly photonegative {Menge, 1970} and seeks
the undersvrface of rocks during low tide. Pisaster's southern dis-

tribution extends into Baje California while Leptasterias' southern

iimit is Monterey, California (Menge, 1970). In Monterey, as is the

onths August through Gctcober are the
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warmest, but during the summer heavy fogs and overcast conditicns sexrve



to protect intertidal organisms from sclar insolation (Feder, 1970).-
South of Monterey, daytime summer low tides are often accompanied by

clear, sunny weather. I believe Leptasterias' physiological inability

to withstand these conditions is the chief factor limiting its southern
distribution.

Leptasterias reproductive strategy of brooding allows this species

to be successful on a local basis although its disperxsal abilities are

limited. Physiological limitations probably prevent leptasterias from

being 2 dominant predator in the intertidal =zone and are probably

important in limiting the range cf its southern distribution.



Weight frequency histograms of the three study populations. Sea stars
ars greouped in 0.5g weight classes; i.e. weight class 1 lncludes

animals weighing 1.0 to 1.4%9%g, etc.
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