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< ABSTRACT .

*

: Research on the development and reproductive biglx:sgr of the 10-

¢d comatulid ecrinoid Florometra serratissima (A.H. Clark) was carried

%

out at the Bamfield Marine Station, Bamfield, British Columbia from

November 1977 to December 1979. All specimens were collected using
5.C.U.B.A. ? population of roughly 12,800-individuals found at

depths of from 17 m to 34 m in waters adjacent to the Marine Station.

*ry

. ser:at;ss;mir;s normally dioecious, but anomalous hermaphiro-

dites?do exist. The gonads, which are located ﬁitpin the pinnules on

the lower two-thirds of each arm, consist of an outer la yer, an inner

]

layer emclosing a gonadal lumen, and an intermediate haemal space.

}

Oogonia originate on the lumlnal surface of the inner 1ayer and

dlfferentiate into a@cytes which bulge into the haemal space within a

'+ fibrous éutpgckgtlng (germ;nﬂl lamina) derived from a b;;nl ' .

lamina uﬁderlying the inner layer Bach ococyte remaine atta;hed to
the inner layer by a stalk. Oocytes stay intimately associated with
the ltaemal space thboughout growth, which suggests that nutrients

reach the mcytes via the haemal spaee. Pmar- ta spawﬁing, >Cytes

enter the evar-lm lumen whebe maturation is campleted. Evidgnce
indicating that the ge:ﬁni:;a; lamina is actively involved in this

process is pris-nted. Gamgtes are shed from nipples which fam on the

ggnital pinnules. just befarg spming Unspawned ova and defective
. K
All of the genital pinnules on an individual are in reproductive

synchrony. The population exhibits continuous reproduction, the first

[y
<
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time th;it such a breeding pattern has been dem;ﬁstra’tedbin a crinoid.
About one-fifth of the female population is prepar:_ng to spawn at any
one time. In most de.v:Lfiuals, gaﬂetag@es;s takes place ccmt;x:;n:usly.
In some, how_gver, a lowering of repmduc:tlve activity occurs dlg‘lhg
the winter,:_l;vt this phenomenon. is mt evident at the level of the
population. A female spawns at 1éast nine times per yeér, and it is
estimated that a large specimen would release roughly 214,000 ova

dﬁring this interval. The hypothesis that continuous reproduction in

) F. serratissima is a response to a low feéxmdity imposed by bddy

- [ ) ! ) . 3 .
structure, cqmbined with a pelagic mode of development, is discussed.

ilization membrane. A miifm:m;y ciliated (UC) lm hatches from
the fertilization membrane c:r:merxling 35 h after fertlllzat;aﬁ (9 50

" to 1. 5°C) and by four days there is a doliolaria; 3«:11313:-;3 begin
to settle as early as 4.6 days, but settlement can begdelayed for up
to nine more days.OSettlement éecu'rs gregariously )in culture, The
possi_ble sign_,ifica.ncer of gregariou# settlement in the formation of
adult aggreéatiéns is considered. Fallcwmg settlemgnt there is a
rapid metamorphosis into a stal.ked cystidkan After sixteen days,
five oral plates on the cyst;dgg_n open and ;LS papillate tube feet,

| which are utilized in food ;apt@e, are arténded into the smi'rm;mding
water. This ‘mﬁrks the beginning of tl{e pentacrinoid stag; using the
terminology of this z-eport.: Usage of the term pmtagrainaid by
pt'évious workers is discussed. Rudiments r;:f all 10 arms of t’h&r adult
are pfesent in the fom'-nbﬁﬂth-cl;i'pgntaei‘ingid; By six mﬁthg,géentgé
crinoids have an arm span of 6.5 mm, but cirri and pinnules are not

yet present.



4 i
The growth rate of F. sg:rrgti:s;;ma increases exponentially in

péa’érinaids, juveniles and young adults. Individuals become sexually
mature at about four years of age, and attain maximum size at about
eight years of age. Growth is likely determinate. ,Just under 80% of

* L]
all adults have at least? one regenerating arm. Arm lpss followed by
i i -

regeneration is likely a result of attacks by the sea star Pyc

hglianj:hgidgs and the crab Oregonia gracilis. There is some evidence

that the rate of regeéneration per arm in F. serratissima decreases

slightly as the total number of regenerating arms on an- individual

4

increasgs. .

<
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INTRODUCTION - .

The major theme of this research is development and réproduction

in the feather star Florogetra serratissima (A.H. Clark). I believe

that a study of thisékind is useful for three reasdns. Eirsxly;

virtually.gatging is known about any as?g;t of the bioclogy of F.

. 553!‘&2‘ » the lone representative of the Crinvidea on the west -

coast of North America, and a speeies which is of considerable interest
L
m its own f‘lght- Secondly, and perhaps  more ;n@nr'tgntly, the

Cri§01dea are the least understood t:lass c:xf the Echinodermata, and

'
any mformatlan gathered on the biology of F. ser‘rat1351ma will

contrlbute to a better- understandlng of thif C‘.rlnaldea as a whole.

Thirdly, and “most generally, an increased knowledge of the Criﬂaidna
will ultimately serve to clarify the rfiat;pﬂship between the, crinoids

and the other echinoderm classes.’ 3)

Development and reproduction is a broad subject, and I have

therefore found it eaﬁvenieﬁt,fa deal with various aspeats af the tapie

-

papers. Taken together, however, I feel that these papers péﬁvide a

coherent account cf"kgpraduct;an and devglcpmgnt in F. se rratissima

In each paper, I have attempted a thorough review of the literature,
much of which is quite old. Although this would be a monumental task
with regards to the other echinoderm classes, one of the satisfactions
provided by working with the Crinoidea is that it is still possible for
‘an individual to become familiar with much of the pertinent 11t=raﬁ|;-e

The cpaﬁiﬂg paper deals with the gross structure and micraanatcmy

- of the reproductive organs which, in turn, leads to a discussion of the

viit_
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problems of nutmerxt transport to dgvelap;ng cn:cﬁes and .the me;hanisﬁ

e ovulation., The secand paper examines tha bf-eeding pattern of

serratissima at bath the level of the pgpﬂatic’m and in 1ndi;f1dual$

to the late pentacrinoid, introduces th fascmatlng topic af larval

beha’vim&i in this species, and discusses 7r-nblems associated w;th the
l
terminology of c:rma:u:l developmental stages. The fjnal paper deals

-
with a variefyaf subjects including growth rates, age at sexual

maturity, life span, regaf-atmn and predation, all af which are

important, e;thgr directly or indirectly, to an overall understanding

of reproductive processes in F. serratissgima. ' ' i

#

This work 1s by no mweans complete, and I fear that it raises more
questions than it provides answers. This is the nat%ef _science,
however, and I will be satisfied if this study stimulates just a few

readers to attempt -to answer some of the questions.

viii
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of the final draft. ' ‘Y ‘ \\‘%)

ACKNOWLEDGEMENTS

. My d22;519ﬁ to work with thls crinc;d was an autcame of sever al

_

discussions carried ‘sut with my- superv;saf Dr. Fu=5h;aﬁg Chia at the’

- outset’of ;& field work. i am gratgful for those discussions, and far

Di:'. Chia's subsequent advice, em:auragement, and \mderstanding affereﬂ
throughout this study. . .

I;HiSh to exéress sincere tha;ks to Dr:isghn McInerney who, as
Director of the Bamfield Marine Station, provided research facilities,
and who later, as Chairman of the Biology Deparjgent at the Dﬁiversity
of Vl:t\fia, gave me access to the electron m;cfasccpes, the phgtg—
graphic facilities, and thg l;brary at that institution.

- ,

I tﬁ;ﬁk Messrs. G. Braybraekes R. Koss, H.F. Dietrich, and J. von
Carolsfeld for technical assistance Hith eleetran_mi;rascépy, and Ms.
R. Miller and Mr. J. Lynskey for assistance with paraffin histology.
I relied on many people for help with diving and boat-tending iﬂgluaiﬁg
Mr. D. Gaseaniand Ms. R. Miller. I am grateful to Mr. J, vc; Carolsfeld
far:tfqm;iating the German references. ; o

Several others deserve special mention: Mr. s_VHantiﬂane-and'Hr-
H.F. Dietrich for Phatcgraphia assistance, Mr. G. Reimer for érafting
assistance, and Ms. G.C. Bryant for help with some of the draﬁings.
Thiﬁka go to Dr. W.C. Austin for the loan of many af his baaks and

reprints. I wauld;al:n like to thaﬂk Ms. Dorothy S:ith for p rgpafatggn

ix



TABLE OF CONTENTS

g

ABSTRAC:!Z- = " 2 =2 2 x B 5 E & = = % = -7!'!- « 8 = i'i .

INTRODUCTION . . o v v v v o v v e e e e e e e s o
LIST OF TABLES « » « « v v v v v v a o u v e u et .,

LIST OF FIGURES. . + &« + v o % v v o o v e e e

Gonadal Structure, Oocyte Development, Ovulation and
: Spawning in thb Feather Star Florometra se;?at;§§;ga
(Echmadermati Crinoidea) . . . . . . . . . . ...

Abstract

Introducticgn; c s s . S x s s s s s w s s s
Materials and Methods ..
Results

Gross Anatomy of the Reprodugtive C)r-gans s s ee s s

Microanatomy of the Arms and Genital Pinnules . -. . e o

iStructure of the Inner Layer of the Ovary . . . . .

Differentiation and Growth of Oocytes . . . . . . ..
Ovulation and Occyte Maturation . . . . . . . . . ..
Spawning and Phagocytic Stage . . . . . . . . . . ..

Discussicn.”;',‘._;!,.r.ig_.iig--..ag

themtureC;ted

Continuoua Reproduction in a Pépﬂlatian and in
Individuals of the Feather Star Florometra
serratissima (Echinodermata: Crinoidea) at
Barkley Sound, British Columbia . . . P e e e e

y e

Abstract LI ] = x 2 s =2 s s & s ¥ % wu s ¥ ® = ;! =% % & 0w

PAGE

iv

vii

xiit

xiv

10

10
12
17
23
29
Iy

49



-

Introduetion . . . . . . . . . ... ...

Materials and Methods . . A

esults . . . . . . . . . ... ...

Discussion . . v & ¢ & 4w v 4 v & 2 & = . .

Lit

ature Cited . . . . . . . . . . . . .

Y
= = = = =
L]

= = 2 = &
= = = oa
L T T
LI

Iy

Development and Larval Behaviour in the Feather Star

Florometra serretissima (Echinodermata:

@Stract L] = s = = L = = = = & = L] - = = L

&

Introduetion . . . . . . . . ™. . . . ..

Ha;erials and Methods. . . . . . . . . . .
b

Results . . . . s e e e e s s e s e . i-i

Fertilization . . . .

Cleavage, Elasfulatlan and Gastrulatlan :
Uniformly Ciliafed Larva and Doliolaria .

Settlement . . . . . . . . .« 4+ v 4 .o .
Metamorphosis . .
Lystidean and;Early Pentacflnald s e .

Older Pentacrinoids . . . . . . . . . . .

Discussion . . . . . . . . ¢ v ¢ v v . . .

Literature Cited . . . . . . . . . . . . .

Aggregation, growth, regeneration and predation in the
Feather Star Florometra serratissima (Echinodermata:

Crincidea) . ., . . Cor e e e e e e

=

Abstract . . . . . . . ., .'v . . .. ..

INtrOdUCtion « v v v v 4 4 e e e e e .

*
8

Crinoidea)

= & = ® &
5 2 * & @

s = &' =

* = & =
+ = = =
= 5 & = =
& *a L] L] =
= 2 2 = =
LI N
2 B = ¥ @

=

= = & & =

= = - 13 L]
® & = & &
= = & = =

PAGE |

54

90

93

99
103
103
106
113
122°
126
127
1b4

165

168

171



- Materials and Methods . .

Area of Investigati

Growth . . . .
Regeneration .
Predatipn . .

Results . . . . .

on

'Dénsity and Overall Size

Growth . . . .
Predation .

Discussion . . .

t

J

I

s
L] - - L] L ]
s = = =
L] - - - -
= = & & =
- = -
- £l - - -

i




LIST OF TABLES

. : " PAGE

Florometra serratissima. Arrangement of the
genital pinnules on the arms of an anoma-
lous hermaphrodite . . .. . . . .. . . .. .’ 13

Florometra serbi%iséima.‘ Counts of ova in

genital pinnules . . . . . . . . . . . . .. .. 39
Florpmetra serratissima. Dates when ovulated )
. 888 observed in the genital pinnules. . . . . 69
- Florometra serratissima. Observations on
larval aggregations. . . . . . . . . .. ... 125
Echinoderms with an ornamented fertilization )
membrane . . . . L . . . ... ... ... .. 153
Number of ciliated bands in crinoid doliolaria. . 157
Florometra serratissima. Number of jndividuals -
per um¢ contiguous quadrats and X‘test for 7
goodness-to-fit of a Poisson distribution . 181
Florometra serratissima. Growth analysls . 186
B 4
L.

xiii



FIGURE

2-’

10.

11.
12.

13.

Florometra serratissima. Eelat;anship between

-

LIST OF FIGURES

number of genital pinnules and size of an
individual . . . .. ... .. .....

Florometra

serratissima. Microanatomy of the

arms and genital pinnules, and structure of

the inner layer of the ovary . . . . . .

‘Ylorometra

serratissima. Diagrammatic cross

section

Florometra

through the oral part of an arm .

serratissima. Diagrammatic tross

section

Florometra

of a female genital pinnule . ..

serratissima. Diagramnatic cross

section

Florometra

of a male genital pinnule . . .,

serratissima. Structure af'thgﬁinngr .

layer of the ovary.- . . . . . .. .. ;.

" Florometra

serratissima. Structure of the inner

layer of the ovary (cont'd) . . . . . .

Florometra

serratissima. Diagrammatic illustra-

tion of

the relationship between a growing

oocyte and both the inner layer and haemal
space of anovary . . . . . . . . . . . .

Florometfa

serratissima. Percentage of oocytes

withand without a yolk nucleus. . . . . .

Florometra

serratissima. Ovulation. .

Florometra

stage .

Florometra

serratissima ‘ Spgwning and phagocytic

. . e o » e . = = = - L ] [ & s ®

serratissima. Size frequency structure

of oocytes in genital pinnules of a female . . .
3

Florometra serratissima. Oocyte" size-fr:gugn;y
structuré of female population over two-year

sampling period, and percentage of females
with ovulated oocytes or ova. . . . .*.-. .

xiv

18

19

25 -

28

30

33

61

64



FIGURE

4.

15.

16.

17.

18.

18.

20.

2.
22.
23.
26,
25.

26.

\
: PAGE
Florometra serratiss;ga Size-fréquency
structure of cocytes in individual =7
females . . . . . . . ... ... .05 .. 66

Florometra serratissima. Average size-frequency

distribution of cocytes in the female pﬂpu- .
lation. . . . . . . . . .. 68

Florometra serratissima. Changesj t8.551=e=

frequency structure of ococyte: individual
females . . . . ... ..., . W . ..... 72

Florometra serratissima. Changes in the size-

frequsncy structure of agcytes in individual
females (cont'd) . . . . . . . . v « v . . . 75

‘Florometra serratissima. S;ze -frequency distri-

- bution of oocytes in two females monitored

on a frequent basis . . . . . . . . . . . . 77

Florometra serratissima. Cross sections of

testes taken from same male on a roughly N
monthly basis + « « v v« v v v v 0 v a0 0w v 4. 80

Florometra ggrfatissiﬁa; Chaﬁges in the thick-

ness of the spermatogenic layer, and in
the diameter of the spefmatazeal layer in o
three males . . . . . . . . . . " . v v v .. 82

Dﬁagraumatic illustration of the life cycle of

 atypicalerinodd . . . . . . . . . ... ..
L

flaran-tra scrritilsins Fertilization and

" cleavage. . . . . . . . ... e e e e .. 105

97

?1arametfa serratissima. Average dimensions of
) th‘ fif'filiz!ﬂ Ezg- L] L] = L] - 1] L - L] - - L l67
b .
Florometra serratissima. Duration of early

developmental stages (9.5° to 11.5°C) . . . . 108

Florometra serratissima. Blastula, gastrula
- and uniformly ciliated stages . . . . . ., . . 113

Florometra serratissima. Uniformly ciliated
1‘“‘ Qa 7&@;1@1&15 - L 3 L ] & L ] * - - - - E 2 - LN l‘lé

t

xv



FIGURE
27. Florometra serratissima. Doliolaria and .
’ settled form . . . . . . . ..., ... ..
28, Florometra serratissima. Swimming behaviour
of the u4.0-day-old dolieclaria. . . . . . .
29.  Florometra serratlssimai Distribution of i
< settled n a culture dish . . .

» 30. Florometra serratissima. Cystidean . . . . .

3l. Florometra serratissima# Relationship between
height of cystidean and time after
settlement . . . . . . . .. .. 2 e e e

32. . Florometra serratissima. Pentacrinoid. .

33. Florometra serratissima. Pentacrineoid

[ 3

(comt'™d) . . . . . vt e e e e e

Florometra serratissima. Diagrammatlc illus-

trations showing feeding movements of the
tube feet of a pentacrineid. . . . . . . .

3u.

Florometra agrratiaéima Sketch of an aggre-
gation of pe pentacrinoids. . . . . . . . . .

orometra serratissima. Drawing of a four-
“month-o1d pentacprinoid . . . . . . . ., ..

36.

!
37. Florometra serratissima. A cluster of three

s{x-month-old pentacrinodds. . . . . . . .

38. Ploronntra serratissima. Early stages of arm
* “formation. . . . . . . ot e e e e e e e ..
39, Florometra aafrgtisgima. Diagrammatic illus-

tration of tegmen. . . . . . . .. ....

40, Florometra serratigssima. Aerial photograph
showing outer beuﬂairi-s of population . .

4l. Florometrs serratissima. Size-frequency
dIstribution of all individuals found

within twelve um? quadrats . . . . . . . .

42, Florometra §3fr3ti§§;mgi Growth data , . N

xvi

K}
%

‘PAGE

12w -

129

u2
143
146
150
163
176

10

182

 18u



FIGURE - ! . PAGE

4#3. ' Florometra serratissima. Growth curve. . . . . 187

L, Fiafa-gt?g serratissima. Growth-increment
a‘ta = 73 7! & i' - - - L] L = = - - = - - - L] I lgg

45, Florometra serratissima. Distribution of
_ individuals with regenerating arms . . . . . 191
. * ‘
46, Florometra serratissima. Relationship between
length of regenerated arm and time after , .
- amputation for individuals with one and ~
two arms removed . . . . . . . . . . ... . - 194

87, Florometra serratissima. Relationship between

length of regenerated arm and time after

amputation for individuals with three and s
five arms removed. . . . . . . . .. . ... 196

48.  Florometra serratissima. Relationship between
- rate of arm regeneration and number of arms
mutatEd, L] - L] - - - - - - L] L = - L] L - - - l§7

49. ° Florometra serratissima. Relationship between
. wa length of regenerated arm and time after
ﬁg amputation for individuals with one arm

amputated halfway. . . . . . . . . . « . . .

=
L
[+

L3 L Ea s ceme ke mtime s dal o soaldgese @ RS o v S e s Eolwmm s mmonosmsimat L g ot AER —omede R B 10 n sl sk

xvii



Gonadal Structure, Oodyte Development, Ovulation and Spawning

1

in the Feather Star Florometra serratissima (Echinodermata: Crinoidea)
N - ) T . ‘
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ABSTRACT

Florometra serratissima (A. H. El;?r-k) is mml;y dioecious,
although anomalous hermaphrodites are occasionally encountered. The
gonads, which are located within the genital pinnules on the lower
two-thirds of each of the 10 arms, consist of an outer layer, an immer
layer enclosing a gonadq] lumen, and an inter-m-idiat; haemal space.
:Fha,auterﬂ iayer and inner layer are derived frm the genital tube and
genital ecord, re;spe;tively,-which are located in the ggnital!cae_lamir:
canal of the arms.

" The inner layer af the ‘ava;{v consists of a squamous ef itgélim.
Oogonia originate iﬂdiviéualiy on the luminal surface of the inner

layer, whereas oocytes bulge into the haemal space. Each ococyte is

- contained within a fibrous outpocketing (germinal lamina) of a basal

lamina underlying the inner layer, and each is.attached to tl;a inner
layer by a-shart stalk. As an oocyte grows, the inner layer becomes
folded in such a way fhai; a narrow channel from the haemal space is
created t?;at na;?ly completely gm@ds the aacy"ce Such close ,C
association between an ococyte and the haemal space suggests that | |
nutrients reach the cocyte by way of the haemal space. |

Prior to spawning, each large oocyte becomes markedly dffamd
while passing through a small hole in the inmer layer to enter the
ovarian iﬁ-n where maturation is completed. This process :Légallid
ovulation. Evidence suggesting that the mechanism of qvulatian: Lies\
with the germinal lamina is presented. | | »

Gametes are shed from ‘éhii tips of nipples which form on the diitai.

side of each genital pinnule just before spawning. ) Unspavned ova and



defective ococytes undergo cytolysis in the oYarian lumen and the

resulting fragzhents are phagocytized by the/inner layer.

»
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INTRODUCTION

Much of the early information relating to the.structure of ‘*‘the
species of Antedon from British and Mediterranean waters. Dujardin
(1835, .cited by Perrier, 1886) and Thomwpson (1836) were the first to
note that the ovariés in feather stars are located in the pinm;les, but
they were‘ unsure of the position of the testes. Johannes Muller (1841,
cited by Perrier, 1886) showed that the sexes are sepéate and that
both the. ovaries and testes are contained in certain of the p‘ix:nu;i,;,
kiown as genital pinnules. Miller also noted that a cord, which he
believed to be a nerve, runs the length of ;!;e:as:h arm. Semper (1875,;
cited by Ludwig and Hamann, 1907) and Carpenter (1375)‘@ete§miggd that
fhis was not a nerve bhut a gen;tal cord which intemmmacts all of the
gonads in the pinnules of the same arm. A detailed description of the
position and structure of the geni’éa; cord was given by Ludwig (877) and
Hamann (1889i, and their findings are clearly smri:ed in Ludw:.g and
Hamann (l§07), and briefly in Hymaﬂ (1955) In thls report, the results
of a light nicmscopie ﬁ.ﬁ:tig:tmn of the reproductive elements in

A

both the arms and pinnules of th&feather star Florometra serratissima

(A.H. c1ark) are presented and compared to earlier work on other

crinoi: species. In géditim,: the distribution of the fepﬁduct{igg

organs of two anomalous hermaphroditic individuals is dESEf‘ide;
-The differmtiatian ;nd mwth of a-m:f:es of the feather star

Antedon bifida were inmtizated by Chubb (1905) md Harved} (1930). A

conspicuous buophilie organelle of uhcertain ﬂrié and function called

the yolk nucleus (= Balbiani body) is present in the cytoplasm of small



to medium-sized cocytes of this species. Holland (1976) studied the
fine structure of the yolk nucleus of A. bifida and also reviewed

previous work on the subject of the yolk nucleus which includes light
; .

microscopic observations by eérly researchers, and rgcent'cytaéhEﬁical
and autoradiographic studies by Italian workers. According ta Holland's
‘unpublished observations (cited by Holland, 1976), a yolk -nucleus i:

lacking in Florometra serratissima. In contrast, however, all specimens

of F. serratissima examined over the course of this study were found to

have yolk nuclei. In this paper, the relationship between the occur-

rence of the yolk nucleus in F. serratissima and oocyte size is

e -
investigated. .
Holland (1971) studied the fine structure of immature ovaries of

the West Indian feather star Nemaster rubiginosa. To date, this“is

the only published fine structural investigation of crinoid ovaries.
Holland divided the ovary into an autér layer or visceral péritéﬁeug,
an intermediate layer g@ntaining the develgpiﬁg cocytes surrounded by
haemal fluid, and an inner layer of squamausvepithgliui lining a
tubular cavity called the ovarian lumen. The cytology of the inner

A\ , e , , i
layer of the ovary of the Japanese feather star Comanthus japonica was

described using light microscopy by Holland et al. (19?55; It was
discovered that the ococytes do éét lie free in the intermediate layer
of the ovary as originally thought; instead, the inner edge of each
oocyte is closely associated with the non-germinal eélla of the inner
laﬁif, An ‘extracelilular coat, referred to as either ar éxternal lamina
a§ a chorion, surrounds each devglapiné éﬁéytei it wés suggested, but
not convincingly demonstrated, that this strueﬁ;ﬁ; is continuous with a

basal lamina underlying the inner-layer. During the present



‘mr
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investigation, the inner layer of the ovary of Florometra serratissima

was studied with ;fght, scanning electrch, and trmsnissim—ﬂlecfm

microscopy. The nature of the association between the develﬁ@iug

.
functional consequences of this rghtimgh;p discussed.

JHolland and Dan (1975) have shown .in Comanthus Japonica that at

the start of cocyte maturation each ococyte passes through the epi-
thelial cells of the inner layer of the ovary and enters the ovarian
lumen where maturation is completed. The dynamic cause of this process,
termed ovulation, was not understood. ébsewati;ﬂs reported here on |

ovulation in F, serratissima strongly suggest that the-s=%tracellular

coat s{lrmugding the cocyte is dynamically involved in this ipr&;‘ess,

[p]

Maturation division processes in C. japonica were followed by J.c.

Dan and K. Dan (1941) and Dan (1952). Behaviour at spawning has been

observed in C. japonica (K. Dan and J.C. Dan, 1941) and

klunzin

eri (Pishelsan, 1968). Gametes are released thmugh ane or

more small hﬁlBS which fam on the side of each genltal pinnule

_(Marshall, 1902; Chadw;.ek, 1907; Ludwig and Hamann, 1907; K. Dan and"

J.C. Dan, 1981). This report describes observations mfa,de_én F.

- serratissima concerning ococyte maturation, spawning in males and

females, fecundity, and phag@eﬁaaié of unspawned and defective eggs.

Tga ticular structure and spgmtagenems in F. serratissima is

dealt with only briefly in this paper. This subject hasbeenicarefxgly
studied and reviewed by Bickell et al. (in press). Mowever, a

companison of testicular and ovarian stfuct@;? in F. serratissima in

the lj.ght of new information gathered in this Study is ﬁa



MATERIALS AND METHODS

Specimens of Florometra serratissima (A.H. Clark) were Sbtained

from a papul;tianflivigg at a depth of from 17m to 34m at the mouth of
Bamfield Inlet, Barkley Sound, British Columbia (48°50'07" N,

lQSQGQ'QQ“ W). Collections were made on frequent occasions throughout
the period from Hav:jb;r 1977 to Septeuhef 1979 ugiﬂqfs C.U.B.A. The
animals were m:intaln;d in large tanks of fugnlﬂg seawater at the nearby
Bamfield Marine Stationm, Bimfield, British Columbia. ;

Thérgrass anatomy of thé genital pinnules of living animals was
studied with a dissecting microscope. Genital piﬁnﬁles were éaﬁnted‘ﬁy
placing a spegim:n in a shallow tray of water thereby fércing all 10
arms to be held in a stationary horizontal pasifian_ The number of ova
present in the genital pinnules of four females jusé prior to spsuﬁing
was caiéulétgdi To do this, genital pinnules were removed from alnng
the length of the arms, dissected with fine fgr:eps and the ova
present in each gen;ta.l p;nnglt counted with the aid of a dissecting
Eicrasca’pe and a tally. ‘

'

Bauln s flu;d for at least 24 h. The tissue was then dghyd;atgd.in ¢
1$ﬂprapancl embedded in Parnplast (Sherﬁaad medical), serially sectioned

at 7 um, and stained with hagnatcxylln and eosin. In arder to determine

the ralat1ansh1p betwaen aaeytg size and fhe presence of a yolk nualens,

a female was taken from the population at raughly monthly intﬁrval; and
a g!nltal pinnu;a remnved and prepgred far hlstalagy in. the manner just
dascribgd The diameter of the firet 50 caéyfes seen in nucleolar cross
section in the hlst@log;;gl sections of a;gh genital pinnule u-

measured xnd the presence or absence of a yolk-nucleus noted. Singa

]



oocytes: were usually oval in outline, the diameter was taken as the
"average of measurements made along both the long and short axis of each.
These data were then grouped into eight size classes at 20 um invervals
from 1 um to 180 um, and the percentage of cocytes with and without a

y@lkvnucléus in each size class plotted.

Several genital pinnules were prepared for scanning electron
microscopy (SEM). Fixation was for 1 h at 'room temperature in 2.5%
glutaraldehyde buffered in seawate:,t This was followed by a rinse in
seawater, and postfixation for 2 h at room temperature in 2% 0s0, in
seawater. After a rinse in distilled water, the fiésue was dehydrated
in 30% and 50% etham stored in 70% ethanol in the refrigerator
until the material ¢ould be transferred to the University of Viectoria
where a critical point drfier Has‘availablei Here, dehydratign was
completed, the tissue run through a 1:3, 1:1, 3:1 amyl géetate=éthana%
series, tramsferred to 100% amyl aéetate'and-dried by the critical point
method. The genital pinnules were then fragtured-with a-needle, coated
with gold and palladium (80:20) and viewed in a JEOL JSM-35 scanning
electron miaraséape.r - t |

Several genita; pinnu;es were also prepared for transmission
electron microscopy (TEM). Fixation was for 1 h at room temperature in
2.5% glutaraldehyde in 0.2M Millonig's phosphate buffer and Dilugayacl;
After a rinse in a 1:1 mixture of 0.uM Millonig's phosphate buffer ;nd
0.6M NaCl, the matérial was post-fixed for 1L h in 2% 080, in l.gE%
NaHCO3 buffer. This was followed by a rinse in 1.25% NaHCO,, and
decalcification for 24 h in ﬁﬁlﬁl mixture of é% éscéfbi: acid and D;?Hf
NaCl (Dietrich and Fontaine, 1975). The tissue was then dehydrated in

ethanol and embedded in Epon (Luft, 1961). Thin sections were cut on a




Perter-Blum MT-1 ultramicrotome with glass knives, stained sequentially

with uranyl acetate and lead citféte; and photographed on a Philips 300 h
transmission electrom miérascape-
- \ e

A
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RESULTS

Gross Anatomy of the Reproductive Organs

The genital pinnules in Florometra serratissima are located on

<:§Bout the lower two-thirds of each of the 10 arms, although several of
the most basal pinnules on each arm are non-reproductive. Each genital
pinhule is ‘tlpered. being. thickest at the base and narrowing towards
éke tip. The total number of genital plnnules increases linearly with
the size of the animal as measured by the length of the longest érn, L
(Fig. 1). A few of the most distal genital pinnules on each arm are

always very small and they were not included in the counts; such small

génital pinnules have been newly formed during growth of the arms. ').

Fig. 1. shows that a large specimen (L = 280 mm) would have approxihntely’
440 genital pinnules, whereas a small individual,(L = 130 mm) would have

slightly over 100 genital pimnules.

F. serratissima is normally dioecious, with all of the genital

pinpules on an individual bearing either a single testis or a single ;

'ovam&u The genital pinnules of‘males are creamy-white, while those of

females are pink or orange. On this basis, animals can be quickly

sexed from a visual examinafion alone. Of the 398 spécinens closely

examined over the two-year sfudy per_iod, 210 were males, 184 were femaleé;
-

2 were hérmaphrodites and 2 were unsexable. The proportion of males, §%§

P, does not differ significantly from 0.5 (p > 0.05) as determined by

computing confidence limits for P (Preund, 1967, p. 275). One of the L

hermaphrodites, collected on 8 Mafch_lé?G, had a single hermaphroditic
genital ﬁinnule on an otherwise all-male body. The basal portion of

this pinnule contained many closely-packed orangish oocytes; the thinner

N .
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distal portion contained many spergiﬁhich were-motile when added to

seawater. Iy the second hermaphrodite, found on 15 August 1979, male
and female genital pinnules were intermixed along the ‘length of many

of the arms, while some of the indiviééal'gegital §innulgs were part
male and part female. The male genital pinnules cﬂﬁfaingd motile sperm.
A more detailed description of the arrangement of male and femle
elements on the 10 arms of this animal is found in Table 1.

Microanatomy of the Arms and Genital Pinnules

t is first necessary to describe the structure of the oral part of ;

[ og

the arm in order to understand the structure of the genital pinnules.

Fig. 2A, whieh is a cross sectipn through the oral portion of an arm of

a female specimen, shows the major arm canals. These consist of a water
' B - ' .
] ! . R
vascular (= tentacular) canal, a pair of subtentacular coelomic canals,

an aboral (= coeliac sqlomic canal, and, between the aboral and sub-

tentacular coelomid tanalsy a small genital dbelomic canal. In Ef

serratissima, as spo

PAg. 2A, the genital canal ffeely interconnects
with either of the two entacular canals throughout the 1g§gth of the |
- arm. Within the genital 23n b&’SQEﬂ the hollow genital tube,
which is a haemal vessel (Ludwig and Hamann, 1907), ﬁ;ilé a solid
strand of cells, the genital cord, is suspended within the genital tube
(Fig. 2B). At the 1ight microscopic level, the structure of the
genital canal of a male is identical to that of a female. The arrange-
ment of the arm canals is illustrated diagrammatically in Fig. 3.

Each arm canal gives off a branch i;te each genital pinnéie,
although a branch from only one of the two subtentacular cagl;;ic
canals enters the pinnule. Fig. 2C shows a cross section through the

thick basal portion of a female genital pinnule, The genital coelomic




\

Table 1. F[lm:eﬁ*a serratigsima. Arrangement of the genital

‘,, —

pinnules on the arms of an anowaTous hermaphrodite collected

15 August 1979

Ray! - Description
A (i) Mainly mmle towards arm base and female towards
arm tip, but with some intermixing throughout.
(ii) Intermixture of male and female
B (i) Only male
(ii) Intermixture of male and female; a few individual
genital pinnules both m#le azxd female
C (i) Like B(ii) E
(ii) Male towards arm base and female towards arm tips-
in middle of arm individual genital pinnules both
male and female
D (i) Only male
_ (ii) Only male
E (1)

(ii)

1 orjentation according to Egrpéﬁter (1884, p.89). "A"™ is the
arm pair'oppositg the anus when the oral surface of the'

. specimen faces the abserver; the remaining four arm pairs are

MWrtered in a clockwise direction.

13
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F;g 2. Florometra serratissima. Microanatomy of the arms and

genital pinnules, and structure of the inner layer of the ovary.

(A) Cross section through oral portion of the arm of a female éhawing
major canals and connection (arrowhead) between genital coelomic canal
and subtentacular coelomic canal; the latter canal is collapsed. -
(B) Enlargement of genital coelom of (A) showing genital tube and
genital cord. (C) Cross section of a female genital pinnule showing
ovary within genital coelom, and oocytes in haemal space between the
inner and outer layer of the ovary. (D) Cross seétign of a male
genital pinnule showing testis within genital coelom, thg spermato-
genic layer just inside the folded inner layer of the testls, and a
mass f(gpgfmatazaa in the testicular lumen. (E) Occytes dissected
from an ovary (living material) demonstrating that each oocyte devel-
ops within a smooth translucent outpocketing of the inner layer of the
ovary, and that each is attached to the inner layer by a stalk.

(f) SEM of developing oocytes attached to the inner layer of the cvary
which consists of a single layer of squamous epithelial cells.

a: Aboral coelomic canal; am: ambulacral groove; c: genital cord;

g: genital coelomic canal; h: haemal: space; 1i: inner layer of gonad;
O: outer layer of gonad; ol: ovarian lumen; s: spermatogenic layer;
Sp: spermatozoa; st: stalk of oocyte; stc: subtentacular coelomic

canal; t: genital tube; w: water vascular canal

r
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Fig. 3. Florometrs arerrat;issimg-! Diagrammatic cross section through
the oral part of an arm. a: Aboral coelomic canal; am: ambulacral

groove; c: genital cord; g: genital coelomic canal; stc: sub-

tentacular coelomic %nal; t: genital tube; w: water ‘vascular canal

A
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canal SE§ the _genital tube have expanded to cécugy most af;thg interior
of the ginnul&;r The gen;tal coelom is in open commuriication with the
aboral caelmnic: canal and lntercannects frequently with the smgle sub-
tentacular coelomic canal. The genital tube now forms the outer, or
perivisceral, layer of the ovary. The genital cord has expanded to
form the inner or germinal layer of the ovary which encloses the
tubular ovarian lumen. Numerous oocytes of various sizes are located
éin the haemal 5§ace between the outer layer and the inner layer of the
ovary. The structure of a female genital pinnule is sh@ﬂn.diagramé
:itigélly in Fig. 4.  As will be dgnanstrated shortly, the oocytes, .
despite appearances, are actually part of the inner wall of the ovary,’
and they communicate with the ovarian lumen. The structure of a male
genital pinnule is shown in Fig. 2D, and diagrammatically in Fig. 5. In
- a fashian hc:malagaus to thaxt‘-af the ovary, the tesfi_s is located within
a spacious genital caelam and consists of an outer layer, an inner layer
enclosing a testicular lUQEﬁ, and an 1ﬁtermedlate haemal space. The
inner layer of the testis is thrown into numerous folds which project
intdb the testicular lumen; each fold encloses a channel of the haemal ‘
space. A spermatogenic layer lines the luminal surface of the inner )
layer, while spermatozoa fill the t:stigulgr lﬁmﬁni
: X

Structure of the Inner Layer of the Ovary ‘Ei

The éeﬁas do not fall free of one another when an ovary {s
dissected open, but tend to stay together in clusters. Light micro-
scopic observations on @find material (Fig, 2E) demonstrate that %he
oocytes remain clustered, not becgusithay adhere to one another, but
bieﬂ ge each seeyta lies within a s-nath translucent envelope formed

by an aut;ack;ting from the inner layer of the ovary; each® cocyts is



Fig. 4. 'F;gr@g;;’-: serratissima. Diagrammatic cross section of a
female genital pinnule. a: Aboral coelomic canal; am: ambulacral
groove; g: genital coelomic canal; h: haemal space; 1i: inner layer

- 6fgavary; 0: outer layer of ovary; ol: ovarian lumen; oo: cocytes;

stc: subtentacular coelomic canal; ﬂ?“";atir vasaular canal

18



Fig. 5. Florometra serratissima. Diagrammatic cross section of a

male genital pinnule. a: Aboral coelomic canal; am: ambulacral groove;

g: genital coelomlc canal; h: haemal space; i: intier layer of testis;
©: outer layer of testis; s: spermatogenic layer; sp: spermatozoa in
testicular lumen; stc: subtentacular coelomic canal; w: water

vascular canal

19



about 1 um in length and projects into a space about 3 um wide

attached to the inner layer by a short stalk. A scanning electron
micrograph of part of a fractured ovary shows a cluster of developing
oocytes (Fig. 2F); each oocyte is surrounded by a smooth envelope and is
attached to the inner layer of the ovary. SEM also shows that the inner

layer is composed of a squamous epithe
<

to numerousllong thin proégssgs (Fig.
Several spherical bodies are invariably present at tée junction of
the pocyte stalk with the inner layer (Fig. 6B). These are the nuclei
of squamous epithelial, cells situated at the periphery of the stalk.
The nuclei of these cells projeét into the ovarian lumen more promin-
eﬁtly in comparisoﬁ to that of adjacent epithelial cells whose nuclei
are more‘flatf;ned. The very tip of the stalk is not covered by eéii
thelial cells, and it is thus in open camﬁunicatinn with the ovarian
iumen (Fig. 6C). |
| Fig. 6E is a transmission electron micrograph of gart;af the inner
layer of the ovary and a portion of an underlying cocyte. The surface

of the oocyte gives rise to numerous microvilli; each microvillug is

containing a flocculent material. This space will be called thé jelly
layer after Holland (1971). The outer edge of the jelly layer is
bounded by a‘tﬁin (00 R) layer of tightly packed fibrgs which
corr;spohds to the envelop which surrounds each ococyte as shown in

Figs. 2E and 2F. The inner layer of the ovary is sparsely ciliated.

- Such cilis are not present ias figr'iii but can be seen in Fig. 11D,

Two nuclei of squamous epithelial cells of the inner layer are visible
in Fig. 6E, along with muscle fibres. Underlying the inner layer is a

thin layer of fibres, more variable in thickness compared to
¢ . B
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Fig. 6, Florometra serratissima. Structure of the inner layer of

the avarygi (A) SEM of several squamous epithelial cells showing long
thin processes (arrowheads). (B) Section through part of an oocyte

showing peripheral region of sfalk and prominent nuclei of epithelial »
cells of inner layer af-avaryhassaciated with -stalk. (C) Section
through middle of stalk of oocyte dem;ﬁstratiﬂg that stalk is in'epeﬁ
commnication with ovarian lumen; carficalrgfanuleé are evident just
beneath the plasma membrane of the oocyte but these do not extend into
the stalk. (D) Section of an ocogonium located on luminal surface of
the inner wall of ovary. (E) TEM of part of inner wall of ovary
(right side of micrograph), part of the peripheral region of a large -
(180 um in diameter) ococyte (left side of m;cragr;ph) and the
intervening haemal space; a thin fibrous layer (single
arrowhead) underlies the inner layer, while aﬁéfher fibrous
layer (double arrowhead) is associated with the oocyte. cg: cortical
granules; h: haemal space; 1i: inner layer of ovary; j: jelly layer;
L: lipid drgplet; m: muscle fibres; mv: microvilli; nu: nucleus of
squamous epithelial cell of inner layer of ovary; og: oogonium; ol:
ovarian lumen; st: stalk; Y: yolk granule )
A
o’
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the layer surrounding the ococyte, but otherwise idemtical in appearance.

terized by granular ramﬁggts of haemal fluid and scattered vesicular

bodies. - f .
These light and electron microscopic cbservétiaﬁs demonstrate

that the envelope enclosing each oocyte is a continuation of a fibrous

basal lamina which underlies the squamous epithelium of the inner

L 3
layer of the ovary. That part of the basal lamina associated with

, R
an oocyte will here be called the germinal lamina although it has

been called an external lamina in the feather star Nemaster rubiginosa

(Holland, 1971), and a chorion in the feather star Comanthus japonica

(Holland and Dan, 1975; Holland et al. 1975).

Differentiétian and Growth of Oocytes

The smallest germ cells that could be discerned by light micro-
scopy were oogonia, about 8um in diameter, which occur individually om
the luminal side of the inner layer of the ovary (Fig. 6D). These cells
cantéin a single spheficai nucleus surrounded by a thin shell of cyto-
plasm. The nucleus contains a single hucleolus and scattered granules
of chromatin material. As each oogonium differentiates into an oocyte
and gnfgrs the stage of growth, an outpocketing of the basal lamina
forms apd the ococyte sinks below thenéquamaus gp;thelium of the iﬁﬁgr
layer and bulges into the haemal space (Fig. 7A). Smallér cocytes,
except for the stalk region, are totally contained within the haemal
spacé, but l;?;gr @cgytés bulge partly inte the haemal space aﬁé partly
into the ovarian lumen (Fib. 7E)i Light microscopy suggests that a fold

of the inner layer of e ovary is present in the regionm betwean’ two

large ococytes (Fig. " An examination of this region with TEM



Fig. 7. Florometra serratissima. Stfuﬂtﬁre of the inner layer of

the -ovary. (cont'd) (A) Cross section of part of ovary showing a
small oocyte bulging into haemal space (arrowhead), and a yolk nucleus
in the cortical region of a larger oocyte. (B) Thick Epon cross sec-
tion of ovary showing apparent folds of inner layer of ovary in region
between two large oocytes (arrowheads); also evident is the stalk of

an oocyte (double arrowhead) and spherical m ial in the ovarian /

1 ragion of two large
oocytes (upper left and lower right of mitrograph) showing intervening
fold of inner layer of ovary; the single aXrowheads point to the basal

lamina; the double arrowheads point to the gdrminal lamina associated

with each oocyte. (D) Oocyte in wrinkled cerdition; arrows point to
furrows in plasma membrane. (E) oocyt
g: Genital coelom; h: haemal space; i: inner wall of ovary; j: jelly

in smooth condition.

layer; ol: ovarian lumen; Ooc: ococyte; yn: yolk nucleus
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(Fig. 7C) shows this to be indeed the case. A part of the inner wall
of the ovary is interposed between the éerﬁinal’iaﬂinag of th&gtﬁﬂ
cocytes and is bounded on both sides by a basal lamina and a narrow
haemal channel. Thus, even though only a portion of a large ococyte
may bulge into the available haemal space, the jnner layer becomes
folded in a manner that allows the germinal lamina of the oocyte to be
almost entirely surr@uﬁﬁed by a thin channel of the haemal space. The
relationship between a growing ococyte and both the igner;Zayer and ’
haemal space of an ovary is depicted diagrammatically in Fig. 8.

. Growing oocytes contain a large gEEﬂlﬂal vezicle wlthin which is a
slng;e,spher;cal eecentrlcally located nucleolus. The cortex of the
-nucleclus stains more intensely with haematoxylin than the core, and
the nucleolus sowetimes contains vacuoles in both the core énd zértigal
regians The agplasm is basophilic until the ococyte attains adlameter
f:f about LHJ um; the ooplasm then becomes eosinophilic, and yolk
granules and lipid droplets begin to appear, first at the periphery of-
the oocyte, then spreading inﬁarﬂs, as the oocyte jraus, to completely
fill the ooplasm. A single yolk granule and numerous lipid d§§plets
are vigible in the p;riphgfy of the ococyte of Fig. 6E. Numerous
cortical granules are present in a thin layer ﬂust beneath the oolemma
of cocytes greater théﬂ 120 um ;n diameter, but fhey do not extend inte
the stalk (Fig. 6C). With TEM (Fig. 11D) cortical granules-appgar as
spherical bodies 1 ym to 1,5 um in diameter in close association with
the plasma membrane of the oocyte. Each cortical zragulg_éansists.af a
moderately glgétrﬁnﬁtrangpargﬁt ground substance in which are ambedded
irregular c;umﬁg of electron-opaque material. Oocytes greater than

140 ym in diameter are in either a wrinkled or a smooth state. In the



Fig. 8. Florometra serratissima. A diagrammatic illustration of the
relationship between a growing oocyte and both the inner layer and
haemal space of an ovary. An oogonium is shown at the far left;
successive stages in the growth of aﬁ oocyte proceed from left to
right in the f’ig\:-e,‘ bl: Basal lamina; ep: squamous epithelial cell

of inner layér of ovary; g: genital coelom; gl: germinal lamina;

h: haemal space; j: jelly layer; og: oogonium; ol: ovarian lumen;

st: stalk of cocyte
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former, the plasma membrane has a furrowed appearance (Fig. 7D),
whereas in the latter, the plasma membrane is smooth (Fig. 7E). Both .
smooth and wrinkled ococytes are found t@gethér within the same ovary-.

Near the periphery of many oocytes is a single, deeply basophilic,

crescentic yolk nucleus surr@uﬁded'by a clear patch of ooplasm (Fig. 7A).

from short and thick, and confined to a small part of the ooplasm, to
long and very thiﬂ, and spread over much of the periphery of the oocyte.
Yolk nuclei also vary in staining intensity.

The relationship between the presence r;:f a yalk_nu::leus and the

diameter of an oocyte is shown graphically in Fig. 9. Oocytes less

than 21 um°in diameter do not contain a yolk mucleus. A yolk nucleus v
first appears in oocytes that are between 21 um and 40 um in diameter,
while many éagytes between 41 pm ggd 120 ym in diameter contain a yolk
nucleus. Occytes larger than 121 ym in diameter begin to lose their

yolk nucleus, and by the time the oocytes are large enough to 5;
ovulated, most have lost the yolk nucleus entirely. In cocytes greater
than 161 ym in diameter the yolk nucleus, if present, is very small ﬁnd
‘almost imperceptible. The yolk nucleus is thus present during the

active growth phase of an oocyte, and disappears by the time growth has a

neared completion.

Ovulation and Oocyte ﬁaturgtiah | | ! '
All of the genital pinnules of a female ovulate ococytes simul-

tanaaﬁgiy; Défini ovulation, each of the largest ga:yf:s present iﬁ

the ovary (di;ngfgr greater than 170 um in histological croas s-etién)

becomes markedly deformed as it squeezes through a small circular
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‘ the point where the stalk was located. At the beginning of

/////\\\\\\gzgfation, the protruding tip of the oocyte acquires a characteristic

arrowhead appearance (Fig. 10A). As the process continues, the oocyte

con;s bilobed, with é'const;}Ction at the position of the circular
o?ening in the ovarian inner layer (Fig. 10B). Sacﬁ, the entire
yfe_has passed through the opening and lies free Hlth_l‘D the .ovarian
luwen (Fig. 10C). The germinal lamina is left behind in the. haemal
space in a collapéed state, still attached to the immer @%arign wall.
Oocyte maturation begins either during, or just afte%, the
completion of ovulation. At this time, the germinal vesicle and
nucleolus disappear and the ooplasm becomes h@genm in appearance.
When maturation occurs during ovulatiom, the spindle apparatus of the
first meibtic division always app;ars at the ;Qriphgry of the oocyte
at the former position of the stalk (Fig. 10B). This indicates that
the oocyte has a definite polarity dﬁring growth, with the animal pole
/;bsitioued nearest the ovarian-lumen, and the vegetal pole bulging into
the haemal space. ‘ | 3-
'Once the oocyte has entered the ovarian lumen, it becomes
perfectly spherical, the maturation divisions are completed, and twgi
polar bodies are given off at the animal pole (Fig. 10C). The
‘resulting ova collect in the ovarian lumen prior to spawning. The
ovarian lumen is often éq‘nlrrow,/;specially towards the tip of the .
genital pinnule, that the ovulated oocytes cannot assume a spherical
shape. Such ocecytes mature normelly, becoming spherical as soon as
they ‘are spawned. |
(: A living ococyte, still within its gerninal’iggina, but fragd from

its attachment to the inner layer of the ovary by dissection, is still




Fig. 10. Florometra serratissima. Ovulation. (A) Cross section
through part of an ovary showing an oocyte in an early stage of
ovulation; the tip of the ococyte protrudimg into the ovarian lumen
has a characteristic arrowhead appeagpance (arrow). (B) A section of

an ovulating oocyte in the process of maturation; note the spindle
apparatus at the animal pole. (C) Cross section of a Female genital
pinnule showing ova collecting in ovarian lumen; a pc:;a:' body is
visible on the surface of one of the ova. (D) - (G) Stages in the
ovulation of an isolated oocyte photographed from living material;
the arrowheads point to regions a,f the periphery of the opening of
the germinal lamina where rolling-up of the germinal lamina takes
place. (H) SEM of vegetal pole of an oocyte at ti':e completion of
ovulation showing remains of germinal lamina with distinctly rolled-
\ip edges (arrowheads). g: Genital coelom; gl;r;ggmiﬂal lamina; h:
haemal space; i: inner layer of ovary; ol: ovarian lumen; pb: polar
body; sp: spindle apparatus |







capable of cw:latlm Stages in this process are shown in Figs. 10D
through 10G. The ococyte squeegs th:augh the circular opening in the
germinal lamina just as it would .if still attached to the inner layer
of the ovary. During ovulation the germinal lamina at the rim of the
r::peﬁ;ng ﬁ:lls 1@.1‘:@ form a ring ::f’ crumpled material (Figs. 10D and 10E).
Taﬁg‘d;:thg end of the process the germinal lmﬁa has markedly i

decreased in surface area and is confined to the slightly crinkled ,

vegetal pole of the ococyte (Fig. 105). The oocyte has become spherical, .

and the germinal lamina is reduced to a crumpled mass adhering to the
.vegetal pole, at the completion of ovulation (Fig. 10G). A scanning

electron micrograph of the vegetal pole of an i;alated!@etzyte at this
time (Fig. 10H) reveals a ring-like ridge of rolled-up germinal lamina

and the collapsed remnants of the same within this ring. The germinal

lamina would have been left behind, still attached to the inner layer

of the ovary, if this oocyte had not been isolated from the ovary. An
isolated oocyte takes approximately 15 min to complete ovulation. Such
ab?u:-vatigna were made at high temperatures, hcaevef, siﬂza the
gpgeimrﬁas on the stage of a compound migmécﬁpe; ovulation under
natural circumstances may take considerably lfmge:- i

The preceding observations on ovulation in isolated oocytes,

particularly the formation of a ring of rolled-up germinal lamina at

" the vegetal pole of the oocyte accompanied by a decrease In the total

surface area of the germinal lamina, suggest that the germinal lamina

'is dynamically involved in ovulation. Further consideration of this

problem will follow in the discussion sectiom.

Spawning and Phagocytic Stage :

Sequential removal of genital pinnules from females with ovulated

-
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eggs in the laboratory indicated that ova can be retained in the
genital pinnules for about three das. There are no permanent structures

in the genital pinnules for the exit of ova. If, however, the surface

of a genital pinnule containing ovulated eggs is examined with a
dissecting microscope, anywhere from one to four colourless circular
spots, approximately 0.2 mm in diameter, aﬁd'visibly different from the
adjoining reddish-brown tissue of the genital pinnule, are evident;

these will be called germinal spots. They always occur on the more
heavily pigmented distal side of the genital piﬁnule (the side which

faces the arm flp) and they represent placea in the wall of the ggnita; :

pinnule through which ova can be extruded. Geru;nal spots -are le ess

Evidgnt, though still visible, in females which do not have avvlated

egga. The number of germlnal spots present on the genital plnﬂules is
gariable. A single spot is aluays present near the base of the genital
piﬁhule; as more appear', they are added sequentially in line towards the
tip of the genital pinnule. The germinal spots result from a localized
autﬁard bulging of underly;ng nan-plgmgnted tissue into the’ averly;ng
pignnnted txssua, eausiﬂg the latter to be stretched so thinly that the
underlying tissue shows through.

Garminal apots are also present .on the distal side of male genital
pinnules. nghey are similar in appearance to those of fgmalaa but thgy'
have a smalier diameter (0.1 mm), and are always multiple.

Just prior to spawning, some of the ggﬂiFa; spots and their

‘ -
surrounding tissue bulge outwards to form a protuberance which will be

1led a gepital nipple. Not all of the genital spots present on a
pinXile necessarily form a genital nipple. Female genital nipples are

in Fig. 11A. >~ this case, there is anly_ané genital nipple on



Fig. 11. Florometra serratissima. Spawning and phagocytic sfagég

(A) Part of two female genital pinnules just prior to spawniné

(photographed from living material) showing a single genital nipple

at the base of each; a genital spot is visible at the tip of one of

the genital nipples. (B) Cross section of part of an ovary showing

cytolytic ova (arrowheads) in ovarian lumen forming nuperous spherical o
fragments. (C) Cross section of part of ovary showing colummar, .

phagocytic epithelial cells of inner layer of ovary. (D) TEM of part

of peripheral region of an oocyte (left side of micrograph), and inner

~layer of ovary in phagocytic stage (right side of micrograph); a .
sheetlike extension from an epithelial cell of the inner layer is , .
visible (arrowhead at extreme right); engulfed spheriégl fragments

derived from the cytolysis of ova and oocytes inlthe ovarian lumen ' :
are present within the epithelial cell; coftical granules attached tagfsé ) ' i
the plasma membrane of the oocyte are visible. cg: Cortical granule;

ci: cilium; fr: cellular fragment; gn: genital nipple; gsztéenital

spot; h: haemal space; i: inner layer of ovary; j: jelly layer; |

n: nucleus of epithelial ocell; ol: ovarian lumen
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-6ccur, then the overall average of 54 ova (t 24, n
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each pinnule, although two, sometimes three nipples can be present.

'
Note that the colourless genitai-s?at is present at the tip of each
nipple. Male genital nipples tend to be smaller in size and more
numerous than those shown in Fig. 11A. If gentle pressure is applied
to a genital;pinnu;e when genital nipples are present, the genital
spots rupture and a stream of gametes is emitted from the tip of each

nipple. This process must involve simultaneous rupture of both the

inner and outer gonadal layers, as well as the pinnule wall.

Florometra serratissima was never cbserved in the act of spawning,

either in the laboratory or in the field. A characteristic whipping

.motion of the arms has been observed during spawning in other crinoid

species (K. Dan and J.C. Dam, 1941b; Fishelson, 1968). If this is the

case in F. serratissima as well, then the gametes would presumably be

éjeeted from the distal side of each genital pinnule with some vigour,
perhaps aiding in the initial 21spersal of eggs and sperm.

Caugfs were Eade:af the number of ova present in the genital
pinnules of four females (L greater than 180 mm), two collected on
27 June 1979 and two on 20 August 1979, in order to gain an estimate
of the number of ova that can be disch;rggd during a spawfiing. The
results are presented in Table 2. There is indi?idual variation in the
avgragé number of ova pfesgﬂé in a genital Pinnulg_! If it_ié assumed

that the figures in Table 2 represent the extremes that are likely to

34), can be used

as an estimmte of the average number of ova present in the genital
pinnules of a female jﬁst prior to spawning. Using this estimate in
conjunction with Fig. 1, it is possible to estimate the number of ova

that a female of a given size can emit at a single spawning. Thus, a



Table 2. Flofbmetra serratissima. Counts of ova in

20 August 1979

36

81

18

39



large female (L = 280 mm) with 440 genital pinnules can spawn roughly
23,800 ova. Omn the other hand, 4 small female, (L = 128 mm) with 100
genit.al‘ pinnules can spawn roughly 5,400 ova. Such predictiéns agsume,
first of all, that all ova are spawned; as will be shown below, thia!is
not strictly true. In addition, since the a;eragg figure of 54 ova is
de#ived from fairly large animals, grgdi;tian: of the number of ova :
spawned by smaller animals is likely overestimated because smaller
animals have smaller genital pinnules. Despite such obvious limitations,
it is still possible to estimate theifecundity of a female F. serra-
.tissima during a spawning more acéurétely than for most marine
Invertebrate broadcasters.

In some histological sections of ovaries, both oocytes and ova are
found in various stages of disintegration leading to the formation of
numerous spherical cell fragwents (Figs. 7B and 11B). Such fragments
tend to collect in a thick layer against the inner layer of the ovary.
The ovary then enters a brief phagocytic stage in which_the normally
squamous epithelium of the iﬁger layer becomes cuboidal to low /
columnar (Fig. 11C). TEM of the inner layer at this time shows‘that
the ciliated epithelial cells give gffrlang thin sheetlike extensions
into the ovarian lumen (Fig. 11D). The 1attg;'prgbably help to engulf
the spherical fragments, many of which are present as inclusions in the
cytoplasm of the 3PZthi;ia1 cells. In this manner, nutriment present

in unspawned and defective eggs is reabsorbed by the ovaries.

4o
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DISCUSSION

The light microscopic structure of the genital canal of the arm of

. ] '
Florometra serratissima is comparable to that of other crinoid species

as described in Ludwig and Hamann (1907). There is, however, variation
of a minor pature between species. In some, the genital cord is

attached to the wall of the genital tube, while in others it is

suspended within the genital tube, as is the case in F. serratissima.

Chadwick (1907) indicated that a genital tube in Antedon bifida is
absent, and that the genital cord is suspended directly within tﬁg
genital canal. If this were true, then the éut:r layef of the gonad
in the genital pinnules of this species should be missing, which is
not the case. It isKEarg'like;y that the genital tube closely enwraps
the genital cord thereby giving the impression of a single étrgeture.
The amount of commmnication between the genital canal and the other *
coelomic canals in the arm appears to vary between species. In F.

serratissima the genital canal frequently communicates with the two

subtentacular canals while in other crinoids such commmication is
lacking. | |

The coelomic camals in.the genital pinnules have been described as
separate structures in the past (Luéyig;and Hamann, 1907, Plata‘7!

Fig. 2). In F. serratissima the genital and aboral canals merge in

“the genital pinnule and both interconnect.frequently with the sub-

tentacular canal. Cosmmmication betwsen the three coelomic canals °

also occurs im the pinnules of Nemaster rubiginosa (Holland, 1971).
It is very difficult to trace the genital tubes much bayond the

base of the arms in F. serratissima, and their ultimate place of origin
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1

is unknown. Carpenter (1876), Perrier (1886), and Russo (1902, cited

circumoesophageal plexus that conmnects with the axial organ; this
relationship was more apparent in younger animals than in older ones.
Hyman (1955) rejected this idea. It has also been stated (Ludwig and

Hamann, 1907) that the primgrﬂial germ cells are amoeboid and migrate

occurs. Again, this proposal has yet to be substantiated.
All crinoid species which have been studied to date are dicecious.

F. serratissima is no exception, but anomalous hermaphroditic specimens

are occasionally encountered.' Only a very small part of an individual
may be hermaphroditic, and this part could be easily overlooked during

examination. Hermaphroditism may thus be a fairly ffequgnt

phenomenon in F. serratissima, but difficult to observe. Only one other
anomalous hermaphroditic crinoid has been reported: K. Dan and J.C. Dan

(1941) discoveréd an individual of Comanthus japonica that was mainly

male, but one arm spawned eggs which were infertile. This species
passes through a stage in which the gonads are unsexable and it has
been suggested that a sex reversal is a possibility at th%s time

(Holland et al., 1975). Hermaphroditism could b; a result of an

incomplete sex reversal in C. japonica. Individuglsjgf F. serratissima
reproduce egﬁtinugusly!(ﬁladenﬂv, 1980) so sequential hermaphroditism |
is not a possibility.

It has been shown that cogonia originate én the luminal afde of
the. inner layer of the ovary, but as they differentiate into aéaitgs,
they sink below the squamous épitheliﬁm of the inner layer within an

outpocketing of the basal lamina, and bulge into the haemal space.
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Furthermore, as the oocytes outgrow the haemal space and begin to bulge
into the ovarian lumen, the inmer layer becomes folded in a manner that
]

allows narrow haemal channels to protrude into the avarian lumen and nearly
completely surround the germinal laminae of théréévelcping oocytes.

cocytes supports the hypothesis of Walker (1979) and Bickell et al.
(in press) that nutrients are transported to echinoderm germinal cells

via the haemal space.“ In the case of F. serratissima, nutriéﬁts in the

haemal space would only have to pass through the germinal lamina

surrounding each oocyte and enter the jelly layer in order to reach

oocytes. It is unlikely that cocytes absorb nutrients from the ovarian
stalk presents a very

comparison to the area

lumen via the stalk for two reasons: first, the

tiny surface for the absorption of nutrients in
ig in close association with the haemal space;

of the oocyte which

second, the ovarian lumen represents an expansion of the genital eord

is a solid strand of cells, thus making it difficult

which, in the arms,
to see how nutrients could be transported to the ovarian lumen by this

However, the inner

route.
In the testis of F. serratissima (Bickell et al., in press) the

spermatocytes do not bulge into the haemal space.
layer of the testis forms numerous invaginations into the testicular lumen;

each invagination encloses a narrow haemal channel. The germinal cells line

the sides and apices of the invaginations and gr% therefore in close
agsqciati;n‘with the h§2ﬁal Spaca, Thus; for both tﬁg : ’ie§ énd the
‘testes, the stfﬁétura; relationship between the inner génadal layer,
the haemal space, and the germinal cells is c@nsist;nt’iith the hypo-
thesis that nutrients reach the germinal cells via the haemal space. \



Holland and Kubota (1975) found numercus gonadal accessory cells
. with intracellular inclusions in the haemal space of the gonads of

Comanthus j§Peuie;; Fluctuations in the volume of these cells were
inversely correlated with volume fluctuations of the germinal cells,
and the aufhérs concluded that nutrient reserves in the gonadal

accessory cells were being transferred to the germinal cells during

gametogenesis. Gonadal accessory cells were not present at any time

of the year in the gonadal baemal space of F. serratissima; Bickell et

al. (in press) noted that few cells were present in the haemal space

of the testis of this species collected in June. As stated earlier,

individuals of F. ser rratissima breed continuously (Mladenov, 1980).

‘As a result, the germinal cells are likely absorbing nutrients on a

continuous basis, prgsuﬁgbly directly from the haemal fluid, thereby
elimiﬁating the ngégéséty for iﬁtervening storage cells. *

According to Holland (1976) a yolk nucleus is probably present in

oocytes of the feather stars Antedon mediterranea and Leptometra
it S 3 Al

m, in addition to those of Antedon bifida, but is lacking

in Nemaster rubiginosa, g;argggtrg~i§grg;;§§;ﬁ§? and about 10 other

crinoid/ species that have been examined by light microscopy. He thus
concluded that the presence of a yolk nucleus is the exception rather
xthaﬂ the rule in crinoids. This study has shown, however, that cocytes

of F. serratissima from Barkley Sound, British Columbia, possesses @

yolk nuﬂlnus. It is alza knaﬂn that oocytes of fhn-Arctic feather

star Heliometra i;gei§;§3 have a yolk nucleus (personal observation).

Chubb (1906) dgéuEGd from his histological study of dogenesis in

Antedon bifida that the yolk nucleus was an accumulation of "basophile

spherules” di;eh;rzid fra- the nucleclus during ococyte growth. Harvey
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(1930) believed that Chubb's spherules were artifacts caused by
shrinkage of the nucleolus during fixation, and he rejected tﬁe idea
that thgy contributed to the y@lk.ﬁuelgus; Hallanﬂ'si(1976) fine
structural study has shown that the yolk nucleus of A. bifida consists
of hundreds of dense clumps; in gdditign, perinuclear dense granules,
each about the size of such a clump, are present in the coplasm. This
author suggests that the perinuclear dense granules are equivalent to
the basophile spherules of Chubb agd are precursors of the clumps of
the yolk nucleus. Basophile spherules were not evident in the material-

from F: serratissima examined in this study by light micrescopy.

The function of the yolk nucleus is a puzzle. Chubb (1906) vieﬁgd
it as a waste product of cell metabolism. Harvey (1930) implicated it
in yolk formation, but as Holland (19"/5) points out, there ;s little
:vié;n:; ig=gﬁppart of this. Holland believes that the function of the
yolk nucleus ‘is related to the unsettled qug;ticn of the function of i
the perinuclear dense granules. Results from the present stuly suggest
that the yolk nucleus is én gegu:ulafian of a cell product, perhaps
consisting of perinuclear degs: granules, vhich is being produced at a
rate faster than it can be used. The yolk nucleus could thus be -
vigggd as a storage site which provides for the future requirements of
the gﬁaﬁing oocyte. This would explain why the yolk nucleus appears in
small to ﬁedium—;iz;d oocytes and then gradually disgﬁpaars as the
ococyte appraachés its final size. It is conceivable that a population

of F. serratissima from a different geographical lécatian, and there-

- fore exposed to different environmental conditions, uses the
precursor of the yolk nucleus at a rate high enough that it does not

accumulate in the ooplasm as a yolk nucleus. This might account for



the absence of ococyte yolk nuclei in specimens of F. serratissima
examined by Holland (1976).

About a week before the spawning date of the feather star

Comanthus japanica, the surface of the oocytes becomes covered with
hundreds of pits; each pit contains a jelly clump (Holland et al. 1975;
Holland, 1977). The wrinkles observed in the plasma membrahe of some

large oocytes Qf,£: serratissima during this study may be equivalent to

these pits, although jelly clumps were not. demonstrated. Hai;and (1977)
has shown that such jelly clumps are necessary for formation of the

ridged fertilization membrane present in fertilized eggs of C.

Iﬁ the echinoderms, ovulation is presently known for the crinocids

Comanthus japonica (Holland and Dan, 1975) and Florometra serratissima,

while a similar process occurs in the ophiurcid Ophiura lutkeni, and in

the holothuroid P;ragtichapus californicus (personal observations,

Friday Harbor Laboratories). Observations made on ovulation in

isolated oocytes- demonstrates that the mechanism of ovulation Euéf lie
with the oocyte and its surrounding germinal lamina. This rules out -
such possibilities gsé;resguri changes in the ha:gal space, participation
by the epithelial cells of the inrner layer of the ovary, or contraction
of the basal lamina underlying the epithelial cells. If ococyte motility \

is involved, it would be expected that the germinal lamina would main-
tain its overall shape and surface area as the aaéyte squeezed thgéugh
the opening of the germinal lamina to reach the exterior. In reality,
‘howeinr; the germinal lamina rolls up.at the periphery of tﬁﬁ opening N
during ovulation, while simultanecusly decreasing in overall surface
area. This strongly suggests that the germinal lamina forces the a@cyté

througﬁ the ég;ning. Thia force would be mediated via the jelly layer



surrounding the oocyte.

It is possible that the germinal lamina is an elistig structure.
As the oocyte grows, the germinal lamina bééaies greatly stretched
and thus furnished with elastic potential energy. At the appropriate
time, the mechanism holding the ococyte within the germinal lamina,
‘perhaps provided by the :githg;igl cells surra;ndizg the stalk, is re-
iﬂ?%d, and tﬁg germinal lamina f@feeé the oocyte through the opening.
This hypathg;is may explain why large ococytes, when isolated from the

rest. of the ovary, often begin to ovulate automatically.

Interestingly enough, in F. seryatissima, only large oocytes par-
ticipate in ovulation, while small oocytes remain in the haemal space
within their germinal laminae. The stimulus causing ovulation is thus

selective, and likely originates from the ococyte itself, perhaps in °

the ovarian lumen. Hormones are presumably iﬂv@lvgd, but their nature
in crinoids is unkmown. “ s

It is likely that the genital spots in F. serratissima represent

preformed areas of weakness i; the wall of the genital pinnulc; al-
though such rggiéns could not be identified with assurance in histo-
logical sections. The mechanism responsible f@f the formation of the
genital nipples is not known for certain. K. Dan and-J. C. Dan (1941)
observed genital nipples in C. japonica and attributed this to an in-
crease in the internal pressure of the pinnule. This could be brought
abagﬁ by cantraetianAéf iﬂ!éi;S prgsaﬁt in thﬂrgaggdé. Muscle éibers
are known to be present in the outer layer of the ovary of Nemaster
rubiginosa (Holland, 1971), in the inner layer of the ovary of F.

serratissima (this study), and in the outer layer of the testis of




F. serratissima (Bickell et al., in preés)i

This study demonstrates that both unépaﬁﬁgd ova and defective , -
oocytes undergo cytolysis in the ovarian lumen and that Ehg resulting
spherical fragments are actively phagocytized by the epithelial cells
of the inner'layér. If, as postulated, the germinal cells absorb
nutrients from the hfemal space, then it isilikgly tﬁat nutriment in
the epithelial cells traQnrses the basal lamina and enters the h;emai
space where it-can-then be utilized by the germinal cells.

It was estimated in this account that a large female gpecimen.gf’

E. serratissima releases roughly 23,800 ova during a spawning. This is

-considerably less than the approximately 2 million ova Holland et al.
(1975) calculated that a large fefale specimen of the 40-armed c.
japonica %mits gn the day of spawning each year. Information of this

kind for other rinoid spécies is not available.
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ABSTRACT

The breeding pattern of a population of the comatulid crinoid

Florometra serratissima (A.H. Clark) from Barkley Sound, British

Columbia was studied at both the populational and individual levels

using histological techniques. All of the genital pinnules on a male

or female s?ecimgn are in repradﬁctivE'synchrﬁny: The population as

a whole exhibits a continuous breeding pattern, and this is the first

time that continuous reproduction has been demonstrated in a crlné;d.

gives rise to a small number of large aacytes which §ra ovulated and
spauued It is gatimatgd that one-fifth af the female papulatian is
pfgpgring to spawn at an; one time.

An analysis of bread;ng patterns in individual animals ésing
specimens maintained in cages under natural conditions showed that
gametogenesis in most individuals takes place continuously. In some,
a Laugriﬁg of reproductive activity occurs during the winter, but
this phenomenon is not evident at the p@pﬁiatiangl level. A fggalg
spawns at least nine times per year, and it is calculated that a large’
specimen would release about 214,000 ova during this period. The

hypgtﬁes;s that csntlnuaus reproduction in F. serratissima ia a

respimse to a4 low fecundity imposed by body structure, cambln:d wifh

a pa;agie mode of development, iis discussed.

I



INTRODUCTION

&
The reproductive cycle of only one crinoid, the feather star

‘ - .
Comanthus japonica, has been studied in detail (Dan and Dan, 1941;

Dan and Kubota, 1960; Holland et 62., 1975). A pééulation of this
species found in shallow water near Misaki, Japan, has a well-defined
annual reproductive cycle with spawning typicall; occurring on one
afternoon in the first half of October, although spawning occasionally
takes place on éeveral afternoons in October.

Information relating torcrinoi§ breeding seasons has been
reviewed by A.H. Clark (1921), Hyman (1955) and Boolootian (1966).
These summaries sdggest that crinoids geﬁerally have short breeding
'ﬁeriods of one or two months duration that occur at a definite
season of the year. Uﬁfartunatcly, all of the information available
to these reviewers, with the exception of that dealing with C.
japonica, was limited to single or, at best, sporadic observations
concerning spawnings, the presence of large oocytes in ovaries, or.
the discovery of pentacrinoi&s an'the cirri of adults. Definite
conclusions concerning breeding patterns cannot be drawn from these
kinds of data, and itris likely that. the duration of the breeding

season for many crinoid species has been underestimated.

Florometra serratissima (A.H. Clark) is a comatulid crinoid or

feather star. It is the only crinoid species found on the west coast
of North America, where it ranges from lower California northwards

to Alaska; it has been collected from depths of 11 m to 1252 m (Clark
and Clark, 1967). = v

¢n this study, the reproductive activity of a populationzéf‘z,

serratissima from Barkley Sound, British Columbia, was monitored for

54
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over two years using histological techniques. In addition, repro-
duétive‘changes within single animals were followed for periods of 10
months or more under natural conditions.A\Crinoids are admirably
suited to a'st:dy of individual breeding patterns because they have
numerous gonads which can be easily removed and examined at regular
intervals without harming the animal. The study of individual 7
reproductive patterns under natural circumstances im other marine
invertebrate species has been rarely accomplished in the past (Giese
and Pearse, 1974, PP- 12-13). It will be demonstrated that the

popﬁlation of F. serratissima exhibited continuous reproduction, while

individuals in the population also showed continuous breeding, with

L3

only a slight lowering of reproductive activity in some animals for

a brief period during the winter.



MATERIALS AND METHODS

From 15 to 20 large (length of longest arm greater than 180 mm).

specloro.etra serratissima (A.H. Clark) were collected with
S.C.U.BAra&. 4~ to 6-week (rarely B-week) intervals from a population

living at a depth of from 17 m to 34 m at the mouth of Bamfield Inlet,

¥

Barkley Sound, British Columbia (48° 50' 07" N, 125° 08' 09" W).
Several genital pinnules were removed from the basal fourth of
an arm of each female on the day of collection and fixed immediately
in seawater-Bouin's fluid. After fixation for at least 24 h, the .
tissue was dehydrated in isoprop;nol, ;learéd in a mixture of a-
terpineol and toluene (1:3), and embédded in Paraplast (Sherwood
meaical). Serial sections at 7 um over a length §f at least 0.6 mm
were made through the thick basal portion of one genital pinnule from
each female and stained with haematoxylin and eosin. All of the
histological sections of each ovary were closely examined to deter-

. mine if any oocytes were in the process of ovulation, or if the
ovarian lumen contained ova. The size-frequency distribution of the
oocyte population for each female was then analyzed using the
frequency polygon method (Pearse, 1965). ' The diameter of the first
50 oocytes seen in'thg histological,scctions was measured with an
ocular‘picrometer. The oocytes_were measured in nucleelar séctian,
and since they were usually oval in outline, the diameter was taken
as the avma- of msasurements made along both the ]:ong and :5
axis. The diameter of sectioned oocytes was generally 10% less than

"~ that of living ococytes due to shrinkage. These data were grouped

into 20 size classes at 10 um intervals from 0 to 200 um. The data

i
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from all females for each sampling date were poqled, and the percent-
age of oocytes in each size class was plotted. The reproductive state
of the males at each sampling date was evaluated by removing a genital
pinnule from each, and testing for the presence or absence of active
sperm in smears. V _

A histological comparison of repmduétive.\activity in the genital
pinnules from a single female was made to determine if the ovaries
within ‘an individual were in reproductive syncfxrony. Five genital
pin.nules were removed from albng the length of each of'two arms of a
female, fixed in seawater-Bouin's fluid, and their oocyte size-
fréqueucy distribution analyzed using the methods just described. The
testes of a male were checked for r;productive syn\chrony by examining
smears made\ from many genital pinnules taken from along the length of

all 10 arms.

The reproductive activity of in_d_ividual animals was.monitor'ed
over igpg periods of time. Commencing February 1978, five females
and three males were maintained in holding ¢ages placed on the bottom
at the mouth of Bamfield Inlet in the centre of thenatura'z\
occurring population. These animals were exposed to envi ntal
conditions virtually ide:nti&l to uncaged animals, but they could be
identified and collected on a regular basis. "

v Each holding cage consisted of a frame constructed of 2.5 om
diameter PVC tubiag cov.x-od ;i.th nylon netting ;f 2.5 cm mesh size.
The cages measured lm x 1lm x 0.5m and were divided into four labelled
compartments. Entrance was gain'ed to each conlpax'tl;ent through a hole

in the netting which could be closed with a purse-string arrangement.

The PVC tubing was drilled with numerous holes, allowing the frame to
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fill with water, thus allowing the cage to sink; As a
precaution, each cage was held in place with a 4.5 kg weight.

At roughly momthly intervals, the eight animals in the holdipg
cages were retrieved in pre-labelled plastic bags by S.C.U.B.A., and
brougﬂt ?o the laboratory. A few genital pinnules from the basal
fourth of an arﬁ of each feather star were removed ;nd fixed in .
seawater-Bouin's fluid. The animals were returned to the holding

\;ages on the day after retrieval using S.C.U.B.A. If tbe‘qugimens
were handled only by the calyx, and if diving mitts were not used,
this procedure caused the feat;er stars little har;, and they renained
healthy for at least 10 months, hormally longer. Monitoring of an —
individual was terminated as soon as it exhibited excessive daﬁage to
the arms. The genitai pinnuieé were prepared for histology in the
previously described manner. Histolpgical sections of each.owary were
exanined for ovulﬁting oocytes and ova, and the size-frequency
distribution of the ococyte population was determined forvqach female.
A cross section of a testis from each male at each sampling date was
photographed® and variations in the amount of tailed sperm noted
’qﬁglitatively. In additiog; the thickness of the spermatogenic layer
(spermatogonia, spernatdéjf;s, and spermatids), and the diameter of
the spermatozoal layer of sach testis was measured.

| To supplement such long-term monitoring of individual repro-
ductive activity, preproduction in two females was monitored om a
frequent basi; during a one-month period. These females were placed in
a 0.5m x 0.5m x 0.5m cage, similar in construction to the larger

holding cages, which was lowered to the bottom at the study sife on

a line. Every three days the cage was raised to the surface, a genital
: ' ¥



g\
pinnule carefully removed from each animal and fixed in seawatear—
Bouin's fluid, and the females then returhed immediately to the bottom
in the cage.. Histological sections were prepared, examined for
ovu.LaEting oocytes and ova, and the size-frequency structure of the

oocytes W
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RESULTS

hY

The size-frequency striucture of oocytes in each of 10 genital
pinnules removed from along the length of two of the arms bf a female
on 20 Jyly 1979 is shown in Fig. 12; Most of the genital pinnules’
contained numerous oocytes extending over a wide range of sizes; a
few of the smaller, most distal genital.pihnules, however, contained
small and medium-sized oocytes, but lacked larger oocytes. Each
frequency polygon is polymodal, indicating that several génerations
(cohorts) of oocytes were present in each ggnital pinnule; there is no
evident correspondence of the modes from one genital pinnule to the
next. - L

This analysis demonstrates that all of the genital pinnulés of a
female, exéopt for the smaller distal ones, are in repreductive
synchrony. Further support for this conclusion comes from the
observation that ovulated eggs, when discovered in a female, were
present in all of the genitai pinnules with tﬁe exception of those
near the arm tips. These distgl genitgl pinnules,which had been newly
acquired during arm grdwth, had apparently not had time to produce
large oocytes suitable for ovulation and spawnipg. The lack of
correspondence of the modes in the frequency polygons sugéests that
u,nev oocytes are produced frequently but not simultaneously in the
genital'pinnulcs, : e '

Smears made from numerous tesfes taken from a single male on
20 July 1979 showed that all of the genital pinnules contained active
sperm, even the small distal ones. The genital pinnules of a male

are thus in reproductive synchrony as well. Therefore, the exa%ination
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of a single genikal pinnule from the basal portion of an arm of a male

or fgnaleﬁspgcimsn of F. serratissima will give a good indication of

the overall reproductjve activity of the animal. |

The oocyte size-frequency structure for the female p@pélatian
through the two-year sampling Perf@d is given in Fig. 13. 1In additiom,
this figure shéus the percentage of females at each sampling date with
evidence of ovulation (ova in the ovarian lumen or oocytes squeezing
into the ovarian lumen) and which were thus preparing to spawn
(!1ad§ﬂ§v,i;gsﬂ§)_

There is raaarkable_similaﬁity in the frequency polygons from one
sampling date to the next: each is polymodal, with theibu;k of the
ococytes falling into the lawer.sigg classes, but with a few a@eyt;;
always present in the higher classes. The smallest E@;Ytés'ﬁéfé just
under 10 um in diameter, ;hilg the largest Hérg always greater than '
160 um in diamgfer except for 5 April 1979 when the largest ococytes
were between 150°Tm and 160 um in diameter. ’

The frequency polygon for each individual female ;traagh |
.collection HQ; normally congruent with the average polygon. This»isfa
demonstrated for the 3 July 1979 collection in Fig. 14. Some females

collected in the winter, however, lacked‘égéyteg in the higher size
classes as shown for the 9 February 1978 and 26 January 1979 collec-
tions (Fig. 14); note that ti@éfi:ging in the fgrngr collection and
one in the latter eéllietian did not hgv: largifeagyte;! There is
thus some indication of a slight seasonality in reproductive activity
at the individual level. The only hiﬁt of such seasonality in the
average polygons of Fig. 13 i{s the slightly smaller numbers of ococytes

in the higher size clasges (greater than 90 um in diameter) in the



Fig. 13. . Florometra serratissima. The oocyte size-frequency structure
- of the female population over the two-year sampling period (frequency
polygons), and the pe:!cei\tage of females with ovulated oocytes or ova
(dashed line). .Each fﬁquenl;y pa.lygén‘ is an average of the cytometric
data from the number of females, n, indicated within the polygon. The -
sampling date is shown beneath each polygon ‘ ’
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the cocytes of each female collected on 9 February 1978, 26 January
1979, and 3 July 1979. An asterisk above a polygon indicates that
ovulated oocytes or ova were present in the genital pinnules

Fig. 1u. Florometra serratissima. The size-frequency structure of

et e e e







9 Feﬁruary 1978, and 26 January, 1 and 5 April 1979 collections.
For all purposes,then, the breeding season of the female population
can be considered continuous. That is, at all times of the year, the
great majority of females contained some large oocytes which were
capable of being—ovuléted and spawned. '

Fig. 15 gives the average oocyte size-frequency distribution for
all 22 collections made over the :two-year sampling period. Such
pooling of the data is justified since the frequency polygons ;re
so similar from one date to the next (Fig. 13),! Also presented in
Fig. 15 is the ogive ofvthe cumulative freqozzifjdigtribution for

these data. Slightly more than 80% of the ¢ es present in the

 female popuisfion were less than 90 um in diameter, while slightly

more than 50% were below 50 um in diameter. This indicates that the
small numSer’Bf large oocytes present in the population was derived
form a large pool of small.focytes which was maintained throughout
the year.

Returning to Fig. 13, it can be seen that the percentage of
ovulating females fluctuated greatly over the two-year sampling
period (from 0% to a high of.83%). The fluctuations exhibit no-
evidence of seasonality, and when the data from both sampling years

1

are compared, it is evident that some females were preparing to spawn

at any time of the year. Further support for this conclusion is

given in Table 3 which lists the dates on which ova were abserved

in the genital pinnules of li‘ihg'fenales collected and examined for *

the purpose of obtaining fertilizable eggs for developmental studies.

Ova were found in all months except October and December when

»

observations on living animals were not made. Fig. 13, however,
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Fig. 15. flgfame;fa ;erfatissimg. The average size-frequency

distribution of oocytes in the .female population (solid line), and
tive frequency distribution for these data
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( (dashed line). The {frequency polygon is an average of the cytometric
data for all females from all 22 collections made dver the two-year

sampling period



Table 3. Florometra serratissima. Dates when ovulated eggs were

6bserved in the genital pinnules of living females

8 November 1377
12
13
24
25
29

14 January 1978
15

20 February 1978

1 April 1978
6
7
19
20

13 June 1978‘

. 16

. i R
Regular observations not .

made from 20 July 1978 to
28 September 1978

30 September 1978

16 November 1978
17

Steady observations not made
from 1 December 1978 to -

*15 May 1979 .

28 May 1979

s

11 June 1979
12
26
27
28

11 July 1979 7 o
20 '

22

1"

31

20 August 1979
21 )
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confirms that ovulating females were present in these months as well.
, : {
The fluctuations in percentage of females ovulating may be partly
- 4 -
attributed to random sampling error, although some of the higher

peaks may represent times when a greater proportion of the female
/

population than usual was preparing to spawn. The average percentage

‘of females showing ovulation over the two-year period was 22% (: 21%,

n = 22) suggesting that, on the whole, roughly one-fifth of the female
population was about to spawn at any one time.

Males could be easily identified by their creamy-white genital
pinnules. Testis smears demonstrated that all males collected at all
times of the year contained active sperm. The breeding season of the
male population, like that of the female population, is thus
esﬁtin;ausi

Changes in the size-frequency structure of the oocytes iﬂ each of
five females over a period of 10 or more months are presented in Figs.
16 and 17. Alsafiﬁeludgd in these figures are the daf;s on which

ovulation was noted in each animal amnd, wherever possible, the course

of growth of oocyte gengfatigﬁsi The results for each female will be
presented in turn.

The first female (Fig. 16A) did not contain large (greater than
100 um in diameter) égcytes when it was first collected on 9 February °
1978, but it did have an abundant supply of smaller oocytes. Over th%:}
next two months large oocytes were produced, and by 19 April ovulated
eggs Were present in”thg genital pinnules and the animal likely
spawned. This female maintained a supply of large oocytes during the

spring, summer and fall. Throughout this period five or six modes
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Fig. 16." Florometra serratissima. Changes in the size-frequency
structure of oocytes in individual females. The sanpling'date is
given below each polygon. An asterisk above a polygon indicates that

ovulated oocytes o ova were present. The dashed lines follow the

likely course of growth of an oocyte generation. (A) First female.
(B) Second female ’
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or six generations of cocytes were present. Evidence of a second

spawning was noted in this female on 19 July 1978, and it is likely

On 24 Jaﬂug-y 1979 only a pool of small oocytes was present, but by
early April ococyte growth was underway once again. . The breeding
season for this female thus extended from mid-April to mid-December,
during which time it spawned at least twice; there was a period of
lower reproductive actiﬁ;ity during the winter of 1978 and 1979.

The second female (Fig. 16B) did not show low reproductive

-activity when it was first collected on 9 February 1978, and it
! si;.awngd on or near that date. Large oocytes were present over the

' remainder of the year, with a second.spawning noted on 19 kpril 1978,

By January 1979, hauiv:r, large oocytes had disappeared, but by early
April they were present once again, showing that large cocytes can be
produced. from the pool of ‘small oocytes in as little as two months.

The third female (Fig. 17A) exhibited high reproductive activity.
from February through to November 1978 during which time ovulation
was noted on six occasians. Starting in December, spawned ococytes
were not replaced from the pc;cl of small a@éytgg s SO t!gt bydanua:y
1979, only small oocytes were present ip the genital pinnules. This
animal was not monitored after January because several arms had becoie
damaged. -

* The %rtﬁ female Q’Pig 1;?!) showed high reproductive activity
throughout the February tp November 1978 period over which it was
f::l_lsvnd, and it spawned at least six times during this interval.

This animal was lost aﬁ:ur the Nﬁﬁﬂg:gr collectiom.

The fifth female (Fig. 17C) showed signs of slightly lowered

L™
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Fig. 17. Florometra serratissima. Changes in the size-frequency
structure of cocytes in individual f;’amglea (cont'd). The sampling
date is given belezw each polygon. An asterisk above a polygon ,
indicates that ovulated cécyites or ova vere present. (A) Third
female. (B) Fourth female. (C) Fifth female
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!Pepmductive activity in Fehruary 1978, b;’\t .La;!ge oocytes were present
fr-m March until September, during which time ovulation was noted once.
In October and November docytes were lacking in the largest size
classes suggesting a lowered level of reproductive activity once
again. Monitoring of this animal?iE%s stopped after November because
it showed arm damage. -. ]

y In summary , all five febaJ;es sgaued prolonged periods of high
irepr@ductive ;ctivity énriﬂg which multiple spawnings could be
inferred for all except the fifth fe;ale in which ovulation was noted
only once. Such variability in spawning frequency may be due, in part,
tg“:aﬁdam sampling error, although it is possible that some females

spaﬁn more fréquéntly than others. All three females that were

' reproductive gctly;ty. This cannot be attributed solely to the
culminative effects of handling since some females (Figs-'lgA.and 17c)
had lowered reproductive sactivity when first cellected in February 1978,

However, Figs. 13 and 14 demonstrate that this pheﬁamenan only

s e s

involved a pa%t'af the undisturbed female population, so under natural .

circumstances, many females must have produced gametes without pause
through the winter months. o N

Two females were monitored on a frequent basis from 14 March .

% b

until 14 April 1979 in order to obtain a better estimate .;f' female

gspavﬁing frequencies. The cocyte size-frequency structurg, and 5%

:dates on which évulitgé‘gggs were present; are shawnqin Fig. 18. As
expected, reproductive activity'was high throughout fhevéampliﬁg
period. .Each animal showed ovulation on one occasion, though on

different days; females can thus spawn at least once in a monthly
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Fig. 18. Florometra serratissima. The size-frequency distribution

of oocytes in two females menitored on a frequent basis. The
sampling date is given below each polygon. An asterisk above a

polygon iﬁdie;tés that ovulated oocytes or ova were present
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period. It is therefore not unreasanable to suggest that a female
spawns at least nine times in a year, taking into account a period of |
low- winter reproductive activity. Those females not showing a winter

pause in reproduction likely spawn at least 12 times in aayggr.

Changes in the amount of sperm in the testes af an ;ndlvidua;
male monitored from February 1978 to Ju;y 1979 are shown photo-
graphically-in Fig. 19. Large quantities of sperm were present in fhe
testicular lumen framﬁfebruéry until ﬁeeember 1978, while in January
and March 1979, sperm wagaexistent, but in small quantities; sperm

.

was again present in laréé quantities starting in April. Changes in

=

the thickness #f{ the spgfmatageniznglayer and in the diametgr of the ig?
spermatoroal layer for this male are presented grgphieali} in ;ig-‘*
420A. Note that the thickness_of the spermatogenic léyér rgméined;
fairly constant, whereas the dmount of éperm\klué%uatéd from one
sampling date to the mext. Such fluﬂtuatlaqg are likely a result

of fréﬁuent partla; spawnings of sperm. The Hlnter decline in spérm
productzqn is clearly evident.

Two pdditicnal males were monivered from February 1978 until
January 1979 (Fig. EQE!aﬁdré). -Again{ the thickness of the spermato-
gepic'layer remained fairly constant, Eut the amount of spcrﬁ,aftgﬁ
fluctuated. In these two males,however, the winter decline in sperm
production was not as drastic compared to the firgt male.

| These cbservatian; iﬂdlcate that lowered reproductive activity
.in the winter is more evident in some mnlgg than in ath;fs but sperm 1
prodnction:docs not usually cease altogether. It was not possible to

estimate spawning frequencies in males since they gave no physical

indication of imcipient spawning equivalent to ovulation in females.
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Fig. 19." Florometra serratissima. Cross sectioms of testes taken ‘
from the same male on a roughly monthly basis from Februﬂry 1978 to ?

Jhl& 1973. The scale line given in the'first phdtbgrdph is the same
for all succeeding photographs v
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Fig. 20. Florometra serratissima. Chaﬂgea in the thickness af the

spgr—*@genlc slayer (spemtagnnla, spermtacy'tes, and spermatlda) )
(dashed lines), and in the diameter of the spermatozoal layer (solid
lines), in three male 1nd;viduals manitared on a roughly monthly

basis. (A) First male (same male as shown photographically in Fig. 19).
(B)\Sgcand male. (C) Third male
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DISCUSSION ' .

This is

comatulid Antedon, mediterranea reproduce} throughout the year, with

reproductive activity highest in Novembet, December, February, and
April, although others have stated that bfgfdiﬁg occurs in the spring

in this iP!Eiia’ﬁm A.H. Clark, ;ggl, p.373). It would be necessary fo

. \ -
study the reproductive cycle of A. mediterranea over the course of a

w
1]
E]
ok
[
ton

year in order to resolve this problem. In all other crinoid s
for which data are available (A.H. Clark, 1921; Hyman, 1955; Boolootian,
1966) t§ e 35, apﬁ%renﬁ;y, an annual rgprédustive cycle with a short °

breeding season, as’exemplified by Comanthus japonica (Holland et al.,
-1, -

’#;975). Most of the information is based on incamplete’ébservatians.

however, and it %s likely that detailed studies will show that other
speties have prolonged or continuous breeding séasén%, Continuous
reproduction is also knowp for several species cfigfhiuraids
(Mladenov, 1976; Hendler, 1979), aste;aids, and echinoids, and may
occur in some héla¥hurian;2(B@;la@tian, 1966); it is not neeessarily,

-

. confined to tropical species. T,

InvGiage and Pearse (1974, p. 14) the term continuous reproduction
is used to déscribg a‘papu;atian in which individuals produce gametes |
cyclically but mot in synchrony with each cthéf with thé fesult.fhat
tHE'éapulatién as a whole appearé.tc repraduee,céﬁtinueusif. They
suggest that the continuous érgdﬁ:tian of gametes throughout the year
is rare in an individual, and that successive é;metaéﬁﬁic éyélés ﬁaég

at least some pause between them. A continuous reproductive pattern

B
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tha wiﬂtgf-; then en

Y

of this kind is found in the sgaémhin‘tghigcmet—;-g mathaei (géarsa

, [ S .
and Phillips, 1968). In contrast, in the population of Florometra
4
serratissima from Barkley Sound, most males and females produce

gametes without pause and sSpawn on many occasions throughout the year.

This, then,is a case where fepfﬁduétim is continuous at the individual
level as well as in the papulatian ax a whole.

K
There is evldeﬁ:e of a slt;ght lowering of reproductiye at:trvlty }

in part of the i serratissima population in January and February,

with some males'showing reduced rates of sperm production, and with

some females failing to produce large ococytes. It is only possible to

speculate on the catse of this phenromenon at pﬂégﬂt; The ‘differgm:e

between Hlﬂt; and smr te@eratures at the bottom of Bamfield Inlet.

,/

is not more than 3°C (persaﬁal observations) so temperature stress is - L J
probably minimal. However, the composition and abundance of s uspended
organic material on which shallow-water comatulid crinoids®feed

(Magnus, 1967; Rutmén and Fishelson, 1969) undoubtedly varief :

seasonally in Barkley Sound. Hladgnr;wi (—i’?EOb) has shown that growth

in E‘; serratissima is slightly slower in ﬁ;nm compared to c:ther timea

¥
of the year. If fac:d amlabllity is marginal f)ar F. serratisama in

for gmte production <ﬁy be at a minimm in

some 1nd1v1dhals ay thip time. Ixntgresting;ygnaugh, the large pool
af small aecyfas in a feig_le, never disappeai‘,r se those females Hith‘
1cw§:ed!vint@‘rgg:ﬁdpgtiﬁ activity are able to respond quickly to
more favorable circumstances by producing large oocytes within two
months. ;

It has been shown elsewhere (Mladenov, 1980a) that a large g

female (length of longest arm = 280 mm) ovulates and spasms about



s )
23,800 ova at one time. This is considerably less than the 2 million

* =

~ova Holland et al. (1975) have calculated that a 1argg femle

specimen of the 40-armed Comanthus iaganlca emlts on a single a-cr:aslan

each year. Fecundity in the 10-armed i serr atlssima is physically

limited by the smaller nunbar of genital pinnules which appear tr:.: be
filled to zapaﬁlty Hhen cantaln;ngjﬂo ova at most. Cgﬁtlnuaua gamete
praductlan in feﬁales of this specles may be necessary, to eﬁsure that

T
ermugh ova are spawned to allc:i-i for adequafe recruitment of young.

This ;s af‘pec;aliy true for a broadcaster like F. serratissima which

%

uauld suffir r;x:ns;derab;g loss of eggs and larvag in the-plankton due
to predatian and t’f'anspart to u:ﬁsu.itable substrates, Cantinunus

'-i- -
gamete prﬁduct;.m in Eales m:u;d then be a necessi’y charaﬁter;stic to

ensure that sperm are always available to fertlllze the ova.
If » 45 suggested, a female spawns at least nine times in a year,

then a i,érge specimen would emit a m;nim of 214,000 ova yearly.

Other 10-arwed feather stars such as Asnt;dan bifida, A. g@;tgrg;ggg,

and A. adriatica are smaller than F.yserratissima (Clark and

- Clark, 1967), have slightly larger eggs (A.H. Clark, 1921, p. 410) and,

Y

as mentioned agrligr, are said to have armual reproductive cycles As

a result, the fecundity of these species must be even lower than that

ef _; @aﬁiasiﬂ‘?‘s{&l‘l three of these Antedon species s “however,
;-ata-i:i the extruded ova on the genital pinnules, and the embryos hatch
as doliolaria, spending only a short time in the plamkton (Thomson, '
1865; Bufy, 1888; Sga;igur, 1892); larval loss due to planktonic
pmﬁnﬁﬁﬁmwmim;emﬁmatmm
minimal. - A

' Continuocus nprﬁﬂuctian in F. Serratissima may therefore be a




re.spo_nse to a low fecundity imposed by body structure combined Hi‘th

a pelagic mode of c'levelopmt‘mt.. This hypothesis could be testedj by =«
studying the reproductive cycle and obtaining fecimciity estimates in

other D -armed c_:omavtulidsb known to have a pela,g’ié egg such as Antedon |
petasus (Mortensen, 1920). It is predicted \\hat such sbecies will have
prolonged or continuous breeding patterns. - 7

In a crinoid species like Comanthus jgpﬁni, » where the entire

adult poﬁulation usually participates in a spawning, gamete dengitles
in the surrounding water v&ud be extremely high, Hlth caﬁsequently
high rates of fertlllzatlon success. Since-individuals of F.

serratissima release only small numbers of gametes on frequent

.Sccasions, gamete densities would be low, and fertilization success

might be a problem. The occurrence of this species in fa;rly dense,

discrete aggregatlons (Hladenov, 1980b) would, hawever. help to create

high gamete densities durmg a spawn;ng, thar‘gby aueﬂatmg t
problem somewhat. A natm’fal spawning was never observed during the
course of this study s'o»it »is not known how a spawning is iﬁitiafed a:-
how many individual; participate. Observations on other species (Dan
‘and Dan, 1941; Fishelson, 1968) indicéte that males spawn first. If

. . e
[ Y

this is the case in F. serratissima as well, then females may spawn

only in response to the presence of sp;rﬁ, or some other substance
released with sperm, thereby ens;xring high rates of fef’tilisatian
success. It is possible that a spawning is a very localized phenom-
qmon involving only a small number of males and nearby females with
ovulated eggs. . )

At present, it is not known if other populations of F. serra-

tissima reproduce continuously. This species is éui‘ybathis:, with a



G

# wide geographic range (Clark and Clark, 1967), and it‘is quite

~ possible that some populations are influenced by factors which alter

the breeding pattern. For ‘instance, pronounced seasonal fluctuations

in the food supply would pfgclude reproduction at certain times of the

ggs:;yearﬁ In addition, such factors as reduced predation pressure on eggs,'

and lirvae, or increased survival after settlement, might lead to a

sh@rtgning'éf the breeding season with allocation of energy thus saved
) ) : i!i N

towards others purposes. A study of a population in deeper water, or

in a different geographical location, would be of great interest.

-,

e
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Devel:;pment and Larval Behaviour in the Feather Staﬁrj

Floromgtra serratissima (Echinodermata: Crinoidea)
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ABSTRACT .

The development of the feather star'fig;aggf:§ serratissima
(A.H. Clark) from fertilizétian to the six-month-old peaﬁaérinaid is
described for the first.time using light and scanning electron
microscopy. Embryonic development takes place within a ridged
fertilization membrane. The first two cleavages begin unilaterally;
. g i i =
subsequent cleavages are uneﬁﬁal with a tendency towards asynchrony.
Gastrulation is by blastular invagination without previous primary
mesenchyme formation. Cilia are swollen terminally during ciliogenesis

Commencing 35 h after fertilization (9.5° to 11.5°C), a ugiférmly
ciliated (UC) larva with an apical tuft of longer cilia hatches fronm
the fertilization membrane; by f@ur days there is a doliolaria with
four ciliated bands and a vestibular invagination. The surfaee‘af the
UC larva and doliolaria is covered with a dglizate.glyggza;yi supported
by ectodermal microvilli. The fully grown cilia have several swellings
along the length of their shafts. Larvae swim in‘a‘VErtiéal sinusoidal
path while rotating about the ﬁgng axis of the body. 7

Settlement of the doliolaria, by means of a‘EéEEﬂt secreted from

’
in antero-ventral adhesive pit, begins;as early as 4.6 days, but can
be 2elayed for up to nine more day;, at the end of which time ;bnargal
pelagic.mbtanorﬁhdsis takes place. Settlement occurs gregariously iﬁ
culture. The ﬁoasiblé significance of gregarious settlement following
a period of pelagic dispersal in tﬁe fgrﬁatign of adult ;ggrggatiané 

of ¥. serratissima 1s discussed.

There is a rapid metamorphosis fallgﬁing settlement characterized
~ by: the loss of external cilia; a widening of the space beneath the

Bl
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glycocalyx; the closure of the vestiﬁ;lafr'! 7invagin§tim' to form a
hollow vestibule; and the rotation of the vestibule to the former
posterior, now oral, end of the settled form. The result is a stalked
cysfidean.. Tube feet develop within the vestibule which, at this ti_,i,;;,
is roofed by five oral plates. Sixteen days after settlement, tl'ﬁ
oral plates open and 15 papillate tube :Fa;gt, which are used in
food capture, are extended into the surrounding water. This marks the
beginning of the pentacrinoid stage us_;ng the terminology adgpted in
this report. Previous usage of the term pentacrinoid is discussed.
Rudiments of all 10 arms of the adult as;aeivd, are present in the
four-month-old pentacrinoid. By six mﬁihs, pentacrinoids have an arm

span of 6.5 mm, but cirri and pinnules are not yet evident.

.
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/
INTRODUCTION ,
o )
The study of crinoid development was initiated by J.V. Thcqzs:m
o

(1827, cited by Carpenter, 1866, p. 685) with his description of a new

species of stalkéd crinoid, Pentacrinus europaeus, which he had

discovered in the Cove of Cork, Ireland. Subsequent work by Thompson
€1836) showed that this small sea lily was, in reality, a stage in the

~developmehf of the feather star, Antedon bifida, which was then knm

as Comatula rosacea. Busch, (1849, cited by Ca’nter, 1866, p. 690),

IR

whi}e studying this species in Scotland, discovered the existence of
a free-swimming larval stage, but was unable to trace its development
further. Wyville Thomson (1865) published ‘a more complete account of

the development of Antedon bifida (which he called Antedon rosaceus)

from the fertilized egg through to the early pentacrinoid stage, and
Carpenter (1886 1876) described the late pentacrmoid stage of this

v

species
The work of these pioneeps stimulated further ‘"invegtigatiﬁﬂs, all

dealing with closely related species of Antedon from the Mediterranean
. . T —— .

Sea, known collectively at that time as Antedon rosacea.. Perrier

(1886) described the dmldp.ant of Antedon biﬁqf‘ff'ol: north Africa;

Bury (1868) and Barrois (1888) studied the development of Antedon

mediterr&nea v the former at Neples, Italy, the latter on material
*

from Toulon and Villefranche, France; Seeliger (1892) published an

account of the devalopnent of Antedon adriatica from Trieste; and

Chadvick (1907) described denlopnent in a feather star, Dsteﬂsi.bly

Antedon bifida, but which, according to A.H. Clark, (1921, p. 526)

and Clark and Clark (}967, p. 258), is actually based upon material



of Antedon mediterranea sent to him from Naples. Of these works,

' Seglgger‘s_uanagraph on A. adriatica is considered the classic older

study, and forms the basis of Ludwig and Hamann's (1907), Clark's
(1921) and Hyman's (1955) reviews of the development of eri:ﬁaid;. &
%he;dar Mortensen (1920a) was the first to study the devglaﬁﬁ;nt
of other genera of crinoids in accordance with his eamparatlve
m&h to echinoderm development. He gave a good account of devel-

opment in the West Indian feather star, Tropiometra carinata (= T.

E;gt;); a less complete description qf development in the Japanese

feather star, Compsometra serrata; and, most notably, he contributed gr*‘:>

information on the devglgpnent,af‘tgg Antarctic feather stars, Isometra

vivipara, §§t§g;inu§7vifi;ié and Thaumatometra nutrix, all of which .

ossess marsupia and show varying degrees of brood protection. In

e

addition, in the same report (pp. 54-55, and Plate 27), Mortensen gave

brief mention of some pentacrinoids of Florometra serratissima féuﬁd

on the cirri of adults dredged during a visit to the Biological Station
at Nanaimo, British Columbia, in June and July, 1915. This is the only
mention of development in this species prior to the present study.

7

Mortensen also gave an incomplete description of development in the

Scandinavian feather star, Antedon égt;sus (1920b), and in the Red Sea

feather stars, Tropiometra audouini, Lamprometra klunzingeri and

Heterometra savignyi (1937, 1938).

All of the recent work on crinoid development has been concerned

with the Japanese feather stgr, Cainnthu; japanica. Dan and Dan (1941)

x first published a description af dgvelaanﬁt in this species, followed
by Dan (1968) and Kubota (1969, 1970). Latgly, scanning and trans-

mission electron microscopic. techniques have been used to study the



structure and formation of the fertilization wembrane (Holland and

Jespersen, 1973; Holland, 1977), embryonic development (Holland, 1976;

1978), and larval development (Holland and Kubota, 1975) in c.
japonica. i
In summary, present understanding of dgvglaﬁigntil pattm in

crinoids is derived entirely from feather stars, for which good infor-

‘mation is available for three closelygrelated species of Auntedom, for -

' Tropiometra carinata, and for-Comanthus japonica. In addition, there

is scattered information on perhaps eight other species. Knowledge
thus extepds to about 2% of the approximately 615 species of living
detailed information on the development of additional species from a -
variety of geographical locations is necessary before crinoid devel-
6pment can be viewed on a truly comparative basis.

In this paper, the development of Florometra gg?fatiggiyg (A.H.

Clark) fron.;S! fertilized egg to thé six-month-o0ld pentacrinoid is
described for the first t}mg and compared with other crinoid species
for which development is known. In addition, new iﬁfcfmatian is .
presented ‘on larval swimming and settlement behaviour and om penta-
crinoid feediﬂé behavidur..

The different stages in the life cycle of a typical feather star
are depicted diagrqnnatieally in Fig. 21. Note that the term penta-
~crinoid, as adop&ed throughout this report, applies to the period of
development from the time the cystidean puts tube feet into the
surrounding water, until the moment the developing juvenile breaks

free of the stalk. This usage differs from that of previous students

 J
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Fig. 21. A diagrammatic illustration of the life cycle of a typical
criﬁoid. The different stages are not ﬁééessarilj in proportion to
one another. Ad: Adult; Cy: cystidean; Do: doliolaria; ' Em: em-
bryonic develo'pment-; fm: fertilization membrane; Ju: juvenile; .§

Pe: pentacrinoid; Se: settled form; st: stalk; UC: uniformly cilj-

ated larva
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paper, however, that there is considerable confusion in the literature
concerning the word pentacrinoid. Justification for the present usage

of the term will then be given.
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MATERIALS AND METHODS
| |

Specimens of F;érﬁietrgrserratissing (A.H. Clark) were collected

by S.C.U.B.A. at depths of from 17 m to 34 m at the mouth of Bamfield
Inlet in Barkley Sound, British Columbia. The ovaries of this species
contain primary oocytes which cannot be successfully fertilized until -

after they hite'avulated{iﬁta the ovarian lumen and matured into ova

(Hlaﬂeﬁa?, 1980a). tunately, a female is rarely encountered ﬁﬁésg
ovaries contain ova, and it is not yet possible to indueercfu;atian
artifigially; in addition, natural spawnings in the laboratory éfg

- very rare. As a resulr, t;g following method was devised to obtain
fertilizable eggs; this iethad allowed small cultures to be started on
a faifiy frequent basis throughout the yeiri During éiQ.U.E;AE dives,

~ a search was made for females with dark orange, swollen ggaitél’

pinnules. With practice, such individuals could be gaéily recognized,
[ 9 <

wrist. These females were collected in plastic bags and returned to
therlabﬁraféry whgr; several ggﬁitaizpinnules frﬁm each female were
removed, carefully dissected open Hith fine‘fgrﬂeps, and their contents
examined with a dissecting liég%léﬁpi for ova. Ova ein;beygasily dis-
tinguished from large cocytes; they lack the capsular germinal lamina
and QEfminal gisislezaf bocytes; they;ara perfectly spherical; aﬁd they
do not stick, together in :lumps‘as do ococytes. Thé same females Heré f5%
gxamined for several days in succession until, eventually, a female was
found whose ovaries gantéi?ed ova. | |
The ova from many Qf-thé ovaries of this female were then amassed,

rinsed several times with millepore-filtered (0.45 um pore size)
o 3

i

seawater, and inseéminated with one or two drops of concentrated sperm

-t
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solution obtained by dissection of a genital pimnule of é male. The
genital pinnules of all large males contained active sperm at all times

of the year (Mladenov, 1980b). The fertilized eggs vWere rinsed several
times with seawater and then transfaﬁ*ed to c:::vgred polystyrene dishes .
and cultured in iiﬂepafg—fllfemd seawater. The t:u;t’u:-e water was -
changed daily during embryonic -and early larval development and every
other day after attachment had taken place. The culture dishes were

kept partially submerged in a water table where tﬁe water temperature

fluctuated seasonally between 9.5° and 11.5°C. The cu;tures were

Devglcpmg embryos and larvae were removed from the »:ul,{‘\;bes at " —
frequent intervals for abse:vétian_ Measurements were made with an
‘ocular micrametgr,rahd PPQtagraﬁhS:HEFE taken with a Zeiss compound "y
photomicroscope. Skeletal elements were examined with polarized light

(Fell,-1941). : ' ;:)

Larval swimming behaviour, larval pre-settling emploratory

behaviour, the distribution of settled larvae, and the feeding

behaviour of pentacrinoids was observed in vitro with a dissecting

miefasggpei On one occasion, 200 doliolaria were added to a culture

dish in which a grid of 36 1 cm? quadrats had been previously drawn

on the bottom away from the sides. After the majority of the larvae

had settled, the number of animgis in each qugdraf was recorded. To

test for non-random s;ttlsﬁgnt, the f?iqueﬁey distributian of settled
forms was caﬂparad to a Poisson distribution using chi—squ;rc (Crisp,
1961; Young and Praithwaite, 1980).° ) |

Specimens at various stages of devélapment were fixed in seawater-

Bouin's fluid, dghydrateé in isopropanol, cleared in a mixture of



of 15 min each). The dehydrated specimens were run through a 1:3, 1:1,

101

a- terpineol and toluene (1:3), and embedded in Paraplast (Sherwood
medical). -The tissue was then sectioned at 5 ym to 7 um and stained
3

with haematoxylin and eosih.

A range of developmental stages was also fixed for scanning

fixed without prior relaxation.

by a 15 min rinse in 1.25% bicarbonate buffer. In the second
procedure, fi;atign was for 1 h in 2;55 glutaraldehyde buffered in
Seawater fa;;cﬁeé by a 15 min rinse in seawater. Postfixation was for
2 h at room te!piragqri,%n 2% 0s0, in seawater followed by a 15 min
rinse in distilled water.k‘After either fixation procedure, the (
specimens were dehydrated iw’30% and 50% ethanél (15 min in, each) and

stored in 70% ethanol in the refrigerator for up to two months until

‘they could be transferred to Edmonton or Victoria where a critical

e

point dryer was avaiiéblgi .Here, dehydration was completed in 85% -
ethanol (15 -min), 95% ethanol (15 min) and 100% ethanol (two’ changes
3:1 amyl acetate-ethanol series (15 min in each), transferred to 100%

amyl acetate for 15 min, and then critical-point dried. On occasion,

" the specimens weréﬁefiticalépaint dried directly from 100% ethanol.

El

After drying,!the specimens were mounted on stubs with Scotch double-

stick tape, sputter coated with a mixture of gold and palladiﬁm (90:10)



is;ape.' The au;tures were then returned to the rearing tray by div1ng

102

#

“
and.viewed in a Cambridge S150 or Jeol JSM-35-searfiing electron
microscope. Optimm results were abtained'ﬁsiﬂg Seawater as a buffgz

during fixation and postfixation,and by critical point drying directly

from 100% ethanol. This procedure gave excellent preservation of the —

. thin glycocalyx which was otherwise badly torn. o

An attempt was made to feed pentacrinoids in ‘the laboratory. The

. : e , ) v
diatom, Phaeodactylum bicornutum, @and the micro-flagellate, Isochrysis

galbana, were cultured in'enfiéhed seawater (Provasoli et al., 1957) .

for this purpose. Although pentacrinoids could be sustained for
several months on this diet, little, if aniy, growth @ezu?rgd. It was
decided that more natural conditions must be providad if older.penta-

=

crinoid stagés were to be reared. Culture dishes with attached

pentacrinoids were thus placed Gﬁ:fﬁetbﬁttéﬁ of Bamfield Inlet, at a
depth of 25 m, in the centre of the naturally occurring adult populatfon.
The dishes were set in holes of the aﬁprﬁpriata'éi;ggtgr cut in a
plastic tray. This tray was secured to two concrete blééks, and the
cultures protected by a cage gana'j,:?ed of PVC tuﬁing and nylon

netting of Qis'cmlmgsh size. The cuiture dishes were retrieved from

the ragring tray by diving thrgg months later. The peﬁtacfin@idg ﬂerﬁa
draﬁﬁ, phatagraphed, and measured with the aid of a dissegflﬂg micro- .

?

This retrieval procedure was repeated two months Latar,
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RESULTS

Fertilization

Mature unfertilized eggs of Florometra serratissima are perfectly

spherical, pale P%ﬁk in célégr, and oligolecithal. They are slightly
denser thiﬁ'seawéter and tend to settle slowly to the bottom éf a
culture dish.

Fig. 22A shows the surface of an egg fixedvuc’seg after
insemination. The spread of the ‘cortical reaction across the surface
of the egg is clearly visible. The membranous material adhering to
one pole of the egg is a remnant of the germinal lamina which surrounds
the growing ococytes in the h, but which is normally left behimd
during ovulation (Mladenov, 1980;), An emerging polar body is present
beneath the rising fertilization membrane (Fig. 22B), indicating that
the polar body was still attached to the egg surface at the timesaf

fertilization. This suggests that the egg of F. serratissima can be

fertilized shortly after the first meiotic metaphase which occurs
dufing, or ﬂqst after, ovulation. The egg shaﬁﬂ}iﬁ Figs. 22A, B, and C,
wvas, however, artificially freed from the ovarian lumen and arti- |
fieially fertilized; under natural circumstances, sperm penet®ation
does not take place until after.spaﬂniﬂg, when both meiotic divisions
are completed. The surface of the egg not yet abscured by the rising .
fertilization membrane (Fig. 22C) is covered with numerous microvilli
and»scattergd spherical bodies.

The fgrtili;atigﬂ membrane is fully formed 3 to 4 min after the
;dditicn of sperm. It has a rgfyrbgautiful ornamented appagégﬂaei

When viewed with the light microscope, the fertilization membrane looks

o s e




ig. 22. Florometra serratissima. Fertilization and cleavage. (A)

[ ¥y ry

EM of the surface of an egg fixed 40 sec after insemination; the spread

*]
Hy

the cortical reaction in the direction of the arrows is clearly
visible; the arrowhead points to remnants of the germinal lamina.

(B) Higher magnification SEM of surface of same egg showinig a polar
body (arrowhead) beneath the rising fertilization membrane: the arrow
indicates the direction of spread of the cortical reaction. (C) High
magnifiéaticn SEM of leading edge of cortical reaction spreading in

the direction of the arrow; numerocus microvilli and scattered spherical
bodies (arrowheads) ‘are visible on the part of the egg surface not yet
covered by the rising fertilization membrane (left side of micro-
graph). (D) A living egg 5 min after insemination; the fertilization
membrane appears spiny. (E) SEM of egg 5 min after insemination demon-
strating that the fertilization membrane is ridged. (F) Living zygote
2 h after fertilization showing unilateral division furrow of first
cleavage. (G) Livimg eightfﬂéll stage 5 h’afterffertilizatian.

(H) Living 16-cell stage 6 h after fertilization; the arrowhead points
to a lateral pore. (I) View of vegetal pole of living 16-cell stage
showing vegetal pore (arrowhead)

-







spiny (Fig. 22D), but scanning electron microscopy shows that it is

actually folded into a series of thin ri A which interconnect with-

one another in an irregular manner; Bs of the ridges, and the

flat areas between the bases of the ridges, are wrinkled (Fig. 22E).

106

Measurements made on fresh material show that the average diameter

of the uncleaved fertilized egg is 207 um (£ 6 um, n = 24), while the

averagé diameter of the fertilization membrane to the base of the

Jo , i

ridges is 241 um (+ 8 um, n = 25); this leaves a perivitelline space
.. ™~ . )
averaging 17 um in width. The overall diameter of the fertilization
membnane, including the ridges, averages 320 um (* 19 um, n = 25); the
ridges thus average just under 40 um in height (Fig. 23).
F

Cleavage, Blastulation and Gastrulation

A schedule af early development for Flaremgfra serratlssima at

9. S° to 11.5°C is presented graphically jin Fig. 24, It is based on
vobservations of 25 broods rgared in the labcratary, and it shows the
duration of each develépﬁgntal stage and the amount of overlap between
successive develapmgntal stages. The timstable giv:n in the following
descrlptlon of development is based on the avarage of dbservations from
V,all 25 broods

A unzlateral division furruw appears about 2 h after fertilizatiem,
giving the embryo a heart-shaped appearance in side view (Fig. 22F).
It is assumed that fh&jfﬁffﬂﬁ commences at the animal pole, but this is

not known for certain since polar bodies, which nafﬁi;;y serve to mark

the animal pole, are not persistent in F. serra
‘furrow has progressed to a position approximately halfway across the.

zygote, a second ‘furrow appears at the opposite pole andApﬁéceeds

B R ‘“
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Average dimensions of the

Florometra serratissima.

23.

Fig.

fertilized e
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across to meet (the first at a point about two-thirds of éhe way across
the zygote. In this manner a two-cell stage is produced about 2.25 h
, after fertilizationm.

The second cleavage is meridional and at right angles to the first,
and it too is u,ﬁ;lateril, beginning first ét the assumed animal pole,
It produces a four-cell stage- about 3.5 h after fertilizafian! Thg:
third cleavage is equatarial, radial and slightly wnequal, giving rise,
at about 4.75 h, to an dight-cell stage with two tiers of four celi;
each; the faur vegetal cells are larger than the four animal cells
(Fig. 226G).

The fourth ciaavag; produces an unusual 16-cell stage at about 6 h.
Each of the four larger vegetal cells divides with an equal meridional _
cleavage, producing a tier afseightbeells lying in a plane; each of
the four smaller animals cells, however, divides with an equal but
slightly oblique cleavage, giving rise t; eight cells in the form of a
hemisphere (Fig. 22H). Three pores are present in the embryo at this
time: a large pore surrounded by the eight,vegetéliblgstameres (Fig.
22I), and designated the vegetal éare; and two small pores positioned
opposite one another on tEn lateral s;rfaces of the embryo. One of
these lateral pores is visible in Fig. 22H:. The embryo is thus
bilaterally symmetrital at this time.

It should be noted that-therg is some tendency towards both

inequality and asynchrony of cleavage in F. serratissima &uriﬁg the
first four cleavage stages. As early as fhe two-cell stage, therefore,
' one blastomere can be slightly largéﬁ than the other, and embryos with Y

an irregular cell number are sometimes observed. This is not an

abnormal feature of development, and healthy larvae result from such



embryos. Cleavage as?nghrany becomes very pronounced after the 16-cell

 stage.

!

There is a spherical embryo with about 60 cells at 9 h (Fig. 25A).
By this time, the two lateral pores have disappeared, but the vegetal
pore remains, still surrounded by eight blastomeres. By 12.5 h there

is a coeloblastula with about 200 cells; the vegetal pare has -

- disappeared, and the embryo has expsnded so that the perivitelline

| (Fig. 25E).

space is very narrow or non-existent (Fig. 25B). The cells at this
time have distinctly flattened suﬁfaées uhererthey abut with neigh-
bouring cells. The onset of gastrulation is;marked by tﬁgéﬁar?atiaﬂ
of a distinctlﬁ flattened végatal plate at about 19 ﬁ (Fig. ESC).'
The embryo consists of over 1000 cells at this time. The central

part of the vegetal plate soon begins to invaginate! (Fig. 25D)

" &

accompanied by the opening of a small pore, fauﬂded or oval in

outline, at the bottom of this deepening depression. Primary mesen-.

chyme is not produced prior to gastrulation, as can be seen in Fig. 25D.

Light microscopic observations show that cilia appear first at the

 animal pole at approximately 27 h. They have not yet attained their

full length, but they are motile, and they will form an apical tuft N
cilia. SEM shows that ciliogenesis has just begun elsewhere on the

surface of the embryo at this time (Fig. 25E). There is one dgiaigpiﬂg

cilium per ectodermal cell, each with a terminal swalling. Each ecto-

dermal cell also gives off numerous filopodia and scattered spherical
bpdias; especially at the boundary regions between adjacent cells
The embryo is uniformly ciliated at 35 h, with a longer tuft of

apical cilia at the animal pole. It is now barrel-shaped and twirls

=



Fig. 25. Florometra serratissima. Blastula, gastrula, and uniformly
ciliated (UC) stages. (A) A living embryo at 9 h with approximately
60 cells. (B) SEM of fractured coeloblastula H;:Eh about 200 cells

at 12.5 h after fertilization. (C) Living early gastrula at 19 h
with flattened vegetal plate. (D) Section of a gastrula at 22 h show-
ing invaginating vegetal plate (arrowhead). - (E) SEM of ectoderw of
27 h gastrula showing developing cilia, each witl; a terminal swelling’
(arrow); numerous filopodia and scattered sph;rical bodies (arrowhead)
are als® visible. (F) Light micrograph of a living UC embryc at

40 h in process of hatching; the apical tuft is emerging first.

(G) SEM of UC larva 2.5 days after fertilization showing body cilia
and longer cilia of apical tuft. (H) SEM of blastopore of 2. S—da&
old UC larva. (I) SEM of surface of 3. .0-day-old UC larva showing a
pore in the glycocalyx (arrowhead) and numerous spheric:al bodies
dat“tiﬂg the surface of the glycocalyx. a: Animal pole; ap: apiecal
tuft bl: blastocdel; fe: fert;l;zatlt:m membrane; v: vegetal pole

\
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rapidly about its longitudinal axis while still within the fertil-

ization membrane. The embryo then hatches thf@ugh a small hnl§=§%

the fertilization membrane and becomes a free-living larva; hatching

commences at 35 h, with the last egggya emerging at about 47 h. The
i

hole in the fertilization membrane is formed at a point where the

apical tuft of the twirling embryo makes contact with the inside of

.the fertilization membrane, and the embryo emerges with tne apical

tuft preceding (Fig. 25F). It appears, then, that mechanical action

produces the hole. Dan and Dan (1941) ‘and Holland and Kubota (1975)

. have suggested that the embryo of Comanthus Japonica releases an enzyme

which dissolves away the fertilization membréne and facilitates

hatching. If a hatching enzyme is present in Florometra serratissima,

it works in conjunction with the mechanical action of the twirling

4

embryo.

Uniformly Ciliated Lai?a and Doliolaria .

The apical-tuft cilia at the anterior end of the uniformly

- ciliated (UC) larva (Fig. 25G) measure just over 100 um in length,

while the body cilia are about 19 um long. The UC larvae are active
swimmers and collect near the water surface shortly after hatching.
This bqqif;aur occurs in the dark as well as in the light, sugggsting
that a geonegative response is invnlved During suinudni, the body
cilia beat vigorously, but the agizgl—tgft cilia gfgghgld erect with

the tips curling outwards slightly, 4nd they move as a unit in lateral

rotates about the longitudinal axis in a clockwise direction when the -

anteriar and faees the abserver: The llf?!e swim in a vertical
] _



siﬂusaiéaltpath just below the water surface.

‘When larvae are observed under a coverslip with fhe light micro-
scope, spherical swellings are seen along the length of each.cilium,
Each apical-tuft cilium has four or more swellings, whereas the
shorter body cilia have two or three swellings. Such gtruetﬁfgs are
not as evident on the cilia Iwhen the larva is not beneath a coverslip,

suggesting that the pressure of the caversl;p is flatten;ng soft |
distensible regians along each ciliumi

A c;ﬁ:ular blastopore is pf‘esant at the p-aster:u:r end of the UC
;arva at the time of hatching (Fig. 25H), but soon Elﬂges over. The
larval surface is covered with a smooth coat, the glycacalyx (after
Holland and Kubota, lS?S)irthrﬁugh which the cilia project (Fig. 25I).
The g;yaae;ljx is dotted with numgraug spherical bodies; in additisn,
there are scattered par:s with a dlameter af ahaut 3 um in the glyfe-

calyx, one of which can be seen in Flg 251, Fig. 26A shows part af

the larval surface where the glycacalyx has been disrupted during

preparation. Note that the glycocalyx is not in direct contac

the underlying ectoderm but is supported by numerous eétaﬂéryal'mier@i
-;i;;i approximately 0.5 um in length whose tips protrude through the
glycocalyx. The spherical bodies on the surface of the glycocalyx are
- thus microvillar tips. The space beneath the glycocalyx communicates
~ with the external environment via the pores iaathe gly;acaiy:_

A croas section midway through the UC larva (Fig. 26B) shows the
columar aet§d§rﬁg;\and entodermal cells, the gfchgnterﬁﬁi.iaé B
scattered mesenchyme cells in the blastocoel. A cross section near
the anterior end (Fig. 26C) shows a mass of masgmchym? cells at the

tip of the archemteron; thus,ajiégnehyme cells, which were absent at



—
, Fig. 26. ?lagagetg;rsérratissiﬁai Uniformly ciliated (UC) larva
" and doliclaria. (A) SEM of surface of 3.0-day-old UC larva showing
the basal portions of several cilia, remnants of the glycocalyx, and
numerous ectodermal microvilli (arrowhead) whose tips penetrate the
glycocalyx. (B) Cross section through middle of 3.0-day-old uc
larva; scattered mesenchyme cells are present in blastocoel. (C)

*

Cross section through anterior tip of 3.0-day-old UC larva showing
mass of spherical mesenchyme celis. (D) SEM of fractured anterior
tip of 3.0-day-old UC larva showing a few filopodia stretching from
the ectodermal layer to the mesenehyme layer (arrowheads), and the
remains of scattered filopodia on the mesenéhyme iayeri (E) SEM of
dorsal side of a doliolaria 4.0 days after fertilization showing
four ciliated bands, (F) SEM of 4.6-day-old doliolaria showing the
vestibular invagination on ventral surface, and the antero-ventral
adhesive pit. (G) SEM of part of a ciliated band of the déii@laria'
revealing several spherical swgllings along the length of each ciljium.
ad: Adhgsive”pit; ap: apical tuft; ar: archenteral space; bl:
blastocoel; ec: ectoderm; en: entoderm; m: mesenchyme; ve: vesti-

bular invagination ~
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the.start of ga;trulati@n; have proliferated from the tip of the
archenteron during the later stages‘af gastrulation. SEM of the
fractured anterior tip of the larva (Fig. 26D) shows the colummar
ectodermal cells and the mare rounded tightly packed mesenchyme cells.
Filopodia can be seen stretching from the bas§l tip of certain
ectoderm cells to the mesenchyme layer; in addition, the remains of
filgpodia cover the mesenchyme layer-.@It is possible that such
filopodia, through contraction, assisted in the elongation of the
archenteron in the laterigéages of gastrulation.

By 3.0 days after fertilization, although the larva is still

uniformly ciliated, four mﬁre=densgly ciliated bands, which encircle

the larva transversely, are evident. By 4.0 days the béégwcgiia

between these bands have lafgely dis;ppeared, and the larva is now a
doliolaria (Fig. 26E). The ciliated bands of the doliolaria are here
numbered one through four from anterior to posterior. A deep depression,
called the vestibular invagination, is evident on thé ventral surface

of the doliolaria (Fig. 26F). It is deep and wide anteriorly, becoming

o

narrower and shallower at its p

sterior end. A small rounded depression
appears on the antero-ventral surface of the doliolaria late on the
fourth day of development (Fig. 26F). This strugturéihas been called,
among other things, the praeoral pit (Bury, 1888), the suctorial disc
(Mortensen, lQEOa),ﬁajd the adhesive pit (Chadwick, 1907; Holland and
Kubota, 1975); the latter term will be used here. Ventrally, the first

)

"y

ciliated band curves forward of the vestibular invagination (Fig. 26F
where it is interrupted in the region between the vestibular invagin-
ation and the adhesive pit. The second ciliated band curves behind the

vestibular invagination and merges with the third band ventrally ; 1
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(Fig. 26F). \\‘
The body and apical-tuft cilia of the doliolaria, like those of

" the UC stage, héve several spherical swellings along their lengths
(Figs. 26G and 27A). Higher magnification (Fig. 27B) shows that the
sweliinés, which are about 1 um in diameter, are creased in a manner
~suggesting that they can exist in either a collapsed or distended
condition. Short cilia with sub-terminal swellings are ﬁresent near
the apical tuft (Fig. 27A). Such cilia may be.in the ppbciss of N
lengthening, to eventually add to the numbers of the ;g}cal-tuft cilia;
a;ternatively, they may be fully developed cili;.

| The doliolaria, like tt;e UC larva, swims in a vertical sinusoidal
path just below the water surface while rotating‘about the longitudinal
.-axis in a clockwise direction when viewed anteriorly. In addition,
some of the doli;lariae were obsgrved to swing back and fo;th about a _ /
., point near the posterior énd. The swimming behaviour of the doliolaria ///
is summarized in Fig. 28.

" It is known from light microscopic observations of living material
that the ectoderm of the doliolaria, especially in the regions between
the ciliated bands, contains numero&s yellow dbts, each about 4 um in
diameter. These dots, called oll-gells or yellow cells (the. latter
term will be used here), hav§ beén observed in the doliolari;e of other
species by a variety of workers (Thomson, 1865; Bury, 1888; Mortensen,
1920a). | »

The -wﬁco.c:f the doliolaria, like that of the UC larva, is

covered with a smooth glycocalyx supported by ectodermal microvilli

about 0.5 um long. The microvilli are branched and have spherical tips;

a cluster of microvilli is as iated with the base of.each cilium

. ettt e i . i 11



Fig. 27. Florometra serratissima. Do
- (A) SEM of cilia forming the apical\
numerous swellxngs alang the length éf each cilium are evident;
several shorter cilia with subterminal swellings are visible at the '
edge of the apical tuft (arrowheads). (B) Higher magnification SEM
of cilia from a ciliated bgga of a 4.0-day-old doliolaria showing

creases (arrowheads) on the surface of each spherical swelling.

iolaria and settled form.

~of a 4.0-day-old doliolaria;

(C) Ectodermal surface of a doliolaria with glycocalyx removed; note
the branched microvilli with spherical tips (%rfguhead), and the
cluster of microvilli associated with the base of a cilium (dcuble
arrowhead). (D) A living 4.5-day-old doliolaria photographed with
polarized light showing skeletal elements. (E) SEM of a recently
settled doliolaria; the vestibular invagination has closed over, a
glycocalyx is present, and the adhesive pit has expanded into an
attachment disc. (F) A living settled form in the process of rota-
tion photographed with polarized light; the direction of rotation
is indicated by the sets éf double arrows. ant: Anterior; at d:
attachment disc;  at p: attachment plate;i ca: calyx; dor: dorsal;
post: posterior; sk: skeletal plate; st: stalk; veat: ventral -

=4
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Fig. 27C). _ * o -

Polarized light (Fig. 27D) reveals‘a well-developed larval
skeleton. There are 10 giéletal plates (several of which can be seen
in Fig. 27D) in the posterior regiéﬁ;Athesg afe pfiﬁé%dia of the oral
aéd basal plates of the fﬁturg cystidean. A stalk primordium is
positioned anterodorsally,’and there is a developing attachment p;ate

at the anterior end of this structure.

Settlement

Doliolariae begin to collect near the bottom of the culture éish
midway Eafopgh the fourth day of devglapmenf. This behaviour takes
place both in the dark and in the light, suggesting that a geopositive
response is involved. Each dolieléri; follows a siﬁﬁsgidal path over
the bottom. When near the bottom, the apical tuft and adhésive pit
region are rubbed along the substrate for a short distance.. The dolio-

laria makes one complete rotation about the léfgitudinal axis in the

bt

-

interval between successive contacts with the bottom. The overall path,

as viewed from above, consists of many randamuturﬂsi: Such swimming
behaviour, which always precedes seétlement, will ge called pre-
settling exploratory>behaviour.

Just before attachment, the doliolaria rapidly twirls about a
particular spot on the bottom; it then attaches by means of a Cement
‘'secreted from the adhegiva pit: Dalia;;riae Bégin to sgttle as esarly
as 4.6 days after fertilization, but many delay settlement for several

days. In some instances, is-day old doliolariae were cbserved to attach

days. Attachment is temporary at first, and the settled forms can be
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detached from the bottomrwith a jet of Qater from a Pasteur pipette;
attachngnt becomes permanent after a few hours. At this time, the
doliolaria is in a horizontal position with the ventral surface lying
alnoﬁt parallel to the substrate. |
Doliolariae formed dense discrete aggregations during settlement
in clean polystyrene culture dishes; the doliolariae within an ag-
'grééatiiﬂ were normally so close togéther that they touched one
another. Such aggregations were obvious, even during a cursory
examination of a culture+dish containing settled larvae. A com-
parison of th§ distribution of settled- forws on the bottom of a
culture dish with the expected ranagm'(Poisson) distribution veri-
fied that settlement was non-random (Fig. 29),\\ . : -

The number of individuals per aggregation, the size of the

C o
o

aggregation (area within which ali of the attachﬁent discs of the
resulting cystidean wen§ situated), and its posi&ion in the culture
dish, were noted for nine different cultures, and the results are
suqnﬁrized in Table 4; aggregations with Aess than five individuals
. were not included in this table. The maximum number observed in an
azgfegation was 81. The average oix;~of an aggregation was 22
individuals (* 18). Not all of the larvae settled gqeggriéuglj:
scattered individuals and aégragations with less than five animals
were always noted. .Thgwéreat majority of the aggregations (79%)
formed on the bottom of the culture dish; some (14%) formed just
below the waterline; the rgpaipdepv(7\) forp@d on the sides of the

dish well below the wﬁterline.
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Fig. 29. Florometra serratissima. Distribution of settled doliolaria

. in & culture dish. The histogram is the actual frequency distribution
and the dashed line is the calculdted Poisson distribution. The actual
frequency distribution departs significantly from random (P < 0.005)
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Table 4.

Florometra serratissima.

Observations on

larval aggregations -

e No. of larvae Size of Position of
Culture ST T . ) L:_a T Co,
per aggregation aggregation® aggregation in
(mm2) culture dish

Feb 20/78

* April 20/78 (A)

April 20/78 (B)

i

April 6/78 (A)

6/78 (B)

7/78 (A)

April 7/78 (B)
Nov 16/78 (A)

Nov 17/78

O O om0 Um

7 bottom
8 bottom
~bettom

bottom

[}

LR 7 s O

- bottom
bottom
bottom
bottom
bottom -

2“

waterline

waterline

W W o

el el
NrR R R

~ W W

Lo ]
-
Lo,

.8 : bottom
side
gide

bottom
bottom
bottom

waterline
bottom
bottom
bottom
bottom_

adge

edge

edge
edge

bottom idga

.8 waterline

Qo
L
-]

bottom
bottom
bottom
bottom
. bottom

8 Area within which all attachment discs found.

b Aborted cystideans noted among healthy pent;crincids.



Metamorphosis

A number of ;hanges occur ;i-ultineauslj within an hour Ef
permanent attachment: the adhesive pit gxgands into a»large, circular,
slightly concave attachment aigei'al of the cilia detach from the
surface of the doliolaria; the vestibular invagination closes over to
form the vestibule; the glycocalyx becomes aAdistiﬁct sheet-like
co#ering (?ig. 27E). The actual clasing of thé) vestibular invagination
was not observed in this study, but previous work with different
species (Barrois, 1888; Seelifgr, 1892; Mortensen, lQZGa)(shﬂwg tgat
a fold of epidermis spreads posteriorly to anteriorly over the
vestibular invagination; this is probably the case in Florometra

serratissima as well.

The glycocalyx of the doliolaria, as described earlier, is
separated from the ectoderm by a space 0.5 um wide. Light microscopic
observations show that shortly after attachment the width of the space
beneath the glyeocalyx increases several fold, and scattered yellow
cells bccon§ appatent in this space.

Over the next 24 h an amazing series of fransfgfnatians takes

Place. The settled form first straightens into an uprigﬁt pasitign:sa

that the posterior end, which was formerly lying close to the substrate,

now points away from the substrate. Next, the vestibule, along with
the 10 skeletal plates at the postero-ventral region, rotate (Fig. 27F)
to the former posterior end of the settled form. Sisultane@usly, the
ectodermal region lying between the attachment disc and the v;gt%sxlgs,
elongates and is stretcEGd over the side of the lengthening stalk,
which is now assuming a straight upright position. At the completion

of this process, a globular calyx containing the 10 skeletal platas

¥



and the vestibule at its oral-most end sits on top of an upright stalk
secured to the substrate by an attachment plate (Fig. 30A). This is
the cystidean staézl ‘Hetanorphosis is now completed, and subsequent
morphological changes occur much more gradually.

Doliolariae older than 14 days, which have not yet attached, begin
to metamorphose pelagically. The rotation of the 10 skeletal plates
commences,'along with considerable elongation of the stalk, but the
cilia are retained, and the glycocalyx remains unchanged. The
resulting deformed doliclariae are feeble swimmers and sink EQ the
bottom. Attachment does not occur, aﬁd the larvae ;ooﬂ diggr

Another kind of Abnorgal metamorphosis occasionally takes pléeg,
this time after the doliolariae have successfully attached. In this
case, the elongation of the ectodermal region between the attachment
.disc and the vestibule does not continue to completion, so the rotation
process is hindered, and the calyx remains attached to the lengthening
stalk by a fold of tissue (Fig. 30C). Many of these aberrant cystideans
survive to becoms deforwed pemtacrinoids. This kind of abnormal meta-

morphosis has also been described for Antedon mediterranea (Barrois,

1888), A. adriatica (Seeliger, 1892), and Tropiometra carinata

(Mortensen, 1920a).

Cyttidegn and Early Poﬁtacrinoid

‘ The:cyatidean measures 0.3 mm in height at the completion of meta-
norphéais; It is covered by thq 8lycocalyx (Figs. 30A and_EOE), which
‘is now separeted from the skeleton by a aﬁace’ﬁ'un to 8 um in width.
~ Scattered yellow cells are locA&ed within this space (Fig. 30A). The

major portion of each yellow cell is spread over the outer surface of

. %



Fig. 30. Florometra serratissiga Cystidean. (A) leing cystidean
two days after settlement; the glycocalyx and undgflylng yellow

cells are evident. (B) Living cystidean two days after settlement
photographed with polarized light revealing the various skeletal

elements. (C) Living,cystidean following abnormal metamorphosis; the

calyx is attached to the stalk by a fold of tissue (arrowhead).
(D) Part of the stalk of a living cystidean showing glycocalyx and
underlying yellow cells. (E) SEM of a cystidean fixed seven days

after settlement; the five oral plates of the calyx and the sl;ghtly

torn glycacalyx are evident. (F) Median longitudinal section through
the calyx of a cystidean seven days after settlement showing intermnal
anatomy. (G) Sllz‘ht_l}r more lateral lmg;t’ud;nai section through

the same cystidean; note cells lining the vestibule (double arrowheads),
and particles in mouth. (H) Longitudinal section through the periphery

of the calyx of the same cystidean; the circum-oesophageal hydrocoel
ring is visible. at p: Attachment plate; ba p: basal plate; ca:
c;alyx, €0: columnar ossicle; gl: glycocalyx; h: hydrocoel ring;
mo: mouth; oe: ocesophagus; or p: oral plate; st: stalk; sto:

stomach; str: strand; tf: tube foot; ves: vestibule; vf: vestibul;r

floor; vi: visceral cavity; y: yellow cell
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the skeleton, but}ang end turns upwards and supports the glycocalyx
(Fig. 30D). Skeletal elements, as»revégled by p@lafized light (Fig.
30B), ;cﬁsist of an attaehmeﬂt-rp;a;t%»a ‘series of columnar ossicles
which support the stalk, a row of five basal plates (= basalia)-
enclosing the laﬁar portion of the ealyx, and a row of five afal
plates (= oral v‘alves = gralia dalta;ds) at the top of the ealy'x
Each cral plate lies directly above a basal p;atji

Figs. agr, 30G, and 30H show longitudinal sections through the
calyx and upper part of the stalk of a cystidean fixed seven days after
settlement. A horizontal layer of ﬁ%ssug. the vestibular fl@%r (Figi -
30F), divides the calyx into an upper and a iawgr chamber, called the .
vest;bulg and the visceral cavity, respectively. The vestlbula is
r@afed over by the five oral plates, as is evident in Fig. 30E. The
mouth, a ciljated opening eccentrically plaégd in the vestibular floor,
commmicates with the roughly spherical thiek—ﬁéllgd gtaﬂ;zh,thragéh
a short oesophagus which is patent at this time (Fig. 30G). The
stomach is filled with small orange cells which are probably nutritive

in function. Sucﬁ Cells also line the vestibule, being especially

' prominent just beneath the oral plates. The circum-ocesophageal

hydrocoel ring is positioned just beneath the vestibular floor and

just vithin‘the walls of the calyx (Fig. 30H), and it gives off tube
feet which projegt into the vestibule. Transverse sections through the
vestibule show that there are 15 tube feet arranged into five grﬂugz of

three each. The tubc feet may diaslodge the aringg cealls from b-a-;th

" the oral platag and push them to the mnuth and hinae inta the atamaeh

iwhgrn they are utilized; such cells can be seen in tha mouth in some -

sections (Fig. 30G). Fig. 30F shows a strand af_ealla that originates
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near the aescphagﬁi traverses the length of the stomach, and crosses

the gap between the stomach and bottom of the calyx to enter the stalk.
This strand continues down the length of the stalk to terminate in the
attachment plate. That part of the strand associated with the stgﬁaéh

is the primordium of the axial organ, while the part associated with

the stalk is the chambered organ. These terms were used by Mortensen

(1920a, p.17, and Plate 6, Fig. 7) in his description of development in 7
)

the feather star Tropiometra cg-—inata- (= T. picta).

The height of the cystidean increases linearly over the twcaweeék
-period following settlement (Fig. 31). 'I'hisérgults from a lengthening
of the stalk dugk to elongation c:f‘the existing columnar sfgieles and \_
the addition of new ossicles. '

The oral plates of the cystidean begin to opén about 16 days after

B

settlement. The animal is thus between 21 days (if it;attge’hed at the
earliest possible time) and 30 days (if it delayed attachment f;r* the
maximum period of time) of age. It is 1.8 mm in height at this time,
and has 12 ossicles in the stalk. The opening of the oral plates is
first indicated by a small perforation at the oral-most tip of the
cystidean which soon expands into five cracks which extend aborally
between each of the five oral plates. In the early stages of the
process, tl@ube feet can only be extended ﬁrti'ag_l;y thraugh the
paﬁ:ial opening at’ the top of the calyx. After a day, however, the
arﬁl plates can be opened fully, and the tube feet can be extended
into a horizontal position. This marks the beginning of the pant"gﬁ
a-maii ,st;éa, and for the first tilla food can be obtained from an
- external source. |

. Fig. 32A shows a pentacringid fixed 27 days after attachment and
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now measuring 2.7 mm in heiéht. | The attachmem_: plate, the stalk, and
the calyx are evident; the oral piates of the calyx are partially
opened, and several of the tube feet are partiaily extended. The
peﬁtaérinoid is capable of withdrawing the é;be feet into the véstibule '
and closing: the oral plates (Fig. 32B). The. attachment plate (fig. 32¢C)
consists of a skeletal plate, the upper surface of which is covered with
‘a glycocalyx, thle thé'underside, which is normally in contact wifh |
" the substrate, consists of an exposed skeletal meshwofk covered with-
remnants of the attachment cément. The lohg robust stalk comprises
fla colmnar ossicles. The superficial stmctm of the ossicles is
visible beneath the glycocalyx (Figs. 32A and 32D) Each is longi-
tudinally rlbbed, wi;h a ring of knobs narkingrthe midpoint. The
ribs are gonnected to one anothe;'by sliort cross-branches. A slight"
constriction, and ; discontinuity in the ribbing, indicates the point
lof junction of adjacent ossicles. Thggp ossicles sear the midpoint
of the stalk are the longest, with the 6nes towards each end being
the shortest. The fenestrated structuwre of the basal and deliéate
oral plates of the calyx is visible beneath the glycocalyx (Fig. 32A).
Each oral plate is slightly concave with out-turned edges. ’
Fig. 32E shows a tear inAthe"glycocalyx;at the junction of the
calyx and stalk. A mat of fibrous strands underlies the glycocalyx at
‘this point. A tear in the glycocal}x oveilying part of ‘one of the oral
plates exposes the fenestrated skeletal plate below (Fig. 32F).
Scattergd’fibres and- a few sPhéricgl bodies heasuring about 4 um in
diameter are associated with the skeletal plate. At higher magni-

fication (Fig. 32G), it is evident that the fibres penetrate the ¢

interstices of the skeleton. In addition, it can be seen that each



Fig. 32. . Florometra serratissima. Pentacrinoid. (A) SEM montage of
a pentacrinoid fixed 27 days after attachment.- (B) Oral view of the
calyx of a pentacrincid using SEM; the tube feet are withdrawn, and

the oral plates are in a nearly closed position; the glycocalyx is
torn. (C) SEM of the attachment plate; remnants of cement (arrowhead)
are visible on the undersurface. (D) SEM of part of the stalk; the
ring of knobs at the midpoint of a colummar ossicle is indicated by
double arrowheads; the single arrowhead points to the constriction
marking the ju%étian of two ossicles. (E) SEM of a tear in the
glycocalyx at the junction betwesen the stalk and calyx; note that
fibrous strands underlie the glycocalyx (afrcﬁhggﬂ)_ (F) SEM of a
tear in the glycocalyx overlying Part of an oral plate; scattered
fibres overlie the skeletal plate along with a few spherical bodies
(arrowheads). (G) Higher magnification SEM of surface of skeletal
plate showing fibres and a single spherical body with a thin process
(arrovhead). at p: Attachment plate; ca: calyx; gl: gljcaegljx;’
or p: oral plate; sk: skaletal plate; st: stalk; - tf: tube foot;
ves: vestibule






spherical body gives rise to a thin process. -These spherical bodies
may correspond to tﬁe yellow cells observed in the doliolaria and
cystideAn stages with light microscopy.

Fig. 33A shows the v§$tibule ofea pentacrinoid fixed 27 days after
- attachment. This specimen was relaxed before fixation so that ‘the oral
plates are in an open position with the tube feet nearly fully extended.
At the botton of the vestibule is a large circular mouth in a living
unreiaxed pentacrinoid the mouth is a crescentic slit. Higher magni-
fica:tion (Fig. 33B) shows that the mouth opening is s_tn*rc:;tmded by a
prominent ring of tissue. Mucus strands are present at the edge of
the mouth and crisscross the opening itself. Numerous spherical bodies,
probably associat;d with hucus~production, are present just inside the
mouth. The hydrocoel ring is positiomed slightly above the 1ev:&;of
the wouth and just within the walls of th; vestibule as formed by the
oral plates (Fig. 33A). This ring gives off 25 tube feet. Fifteen
of these originate from the outer edge of the hydrocoel ring and they
are quite long when extended. They are arranged into five groups of
three tube feet each and because each group extends in a radial
_position between two adjacent oral plates, they will be called the
radial tube feet. The middle tube foot of each group is the primary
(= azygous) tube foot, and it is flanked on either S1d;/by a slightly
longer secondary tubevfoot. There are five pairs of much shorter tube
feet within the vestibule (Fig 33A). These arise from the oral surfaga
of the hydrocoel ring in an interradial position and each pair is
adjacent to. the vestibulgr surface of an oral plate. These will be
called the interradial tube feet. The tube feet of each interradial

‘pair are counected by a bridge of tissue (Fig. .33C). That part of the



Fig. 33. Florometra serratissima. Pentacrinoid (cont'd). (A) SEM

of the vestibule of a pentacrinoid fixed 27 days after attachment;

the single blagk arrowhead points to a primary radial -tube foot,

while the double black arrowheads show a secondary radial tube foot;

the white arrowhead indicates an interradial tube foot. (B) Higher
magnification SEM of the mouth showing numerous strands and spheri-

cal bodies, likelyassociated with mucus production, just inside the
mouth. (C) SEM of a pair of interradial tube feet; note the bridge

af tissue (double arrowheads) connecting the two tube feet; the possible

discontinuity in the hydrocoel ring is indicated by an asterisk;

4 mucus strand extending from a papilla is Shown by a single arrowhead.
(D) SEM of several radial tube feet showing numerous papillae.

(E) Higher magnification SEM of a single papilla showing filaments
(arrowhead) extending from its tip. (F) Transverse section tﬁ%ﬁughn
.the calyx of a pentacrinoid at a level just below the vestibular'flacrgr
this specimen was fixed 30 days after settlement. (G) Transverse E
- section through the calyx of the same pentacrinoid at a slightly more
aboral level. (H) Nearly median longitudinal séctieﬁ through the
visceral cavity of a pentacrinoid fixed 40 days after settlement;

note the strand of tissue between the stomach and floor of the calyx.
(I) Slightly more lateral longitudinal section through the visceral
cavity of the same pentacrinoid showing the axial organ attached to

the stomach and the intestine in cross section. ax: Axial organ;

h: hydrocoel ring; in: intestine; mo: mouth; oe: oesophagus;

or p: oral plate; pa: papilla; sto: stomach; str: strand; ves:
vestibule; vf; vestibular floor; vi: visceral cavity
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hydrocoel ring between the tube feet of each interradial pair is less
prominent’ than the rest of the ring and may be discontinuous. ,If this
is‘indeed the case, then tbe interradial tube feet and their connecting
tidsue bridges serve as part of the hydrecoel ring.

~ Each rediel tube foot bears 12 to 15 long thin precesses or
papillae (Fig. 33D). Each papilla (Fig. ;32£) is 10 um to 20 um long
and just under 2 um in diameter; four or fiﬁe filaments with slightly
bulbous tips, as well as several rounded profuberances, project from
the tip of each papilla. The interradial tube feet are also papillate.
Each beers four or five small rounded paﬁillae on its sides, a pair of
long papillae at its tip, and a single long papilla on its interradial
surface; all terminate in filaments. Mucus strands are often seen
extending fro; the tips of these papillae (Fig. 33C).

Transverse sectioms through the calyx of a pentacrinoid unrelaxed
prior to fixation show thetithe mouth is a crescentic slit piacéd
eccentrically in the vestibular floor (Fig. 33F). The mouth is joined
to the crescent-shaped stomach by a short oesophagus; the stomach is
largely situated on one siée of the visceral cavity (Fig. 33C). The o
tip of thewstonach gi?es off a long thin intestine which curves around |
the visceral cavity in a clockwise direction (Fig. 33G) and, near its
“end, turns upwards abruptly to terminate blindiy Just beneath the
vestibular floor (Fig. 333). fhe stomach is secured to the wall and -
floor of the calyx by a horizontal and vertical mesentery. The axJ.a.l ‘
organ .. fivet noted ia the eyetideen (Fig. 30!’), is poeitiouﬁ verti-
cally between the stomach and the intestine and is attached to the
outer wall of the stomach (Fig..32I).‘ It gives off a strand of tissue,

which bridges the gap between the bottom of the stomach and the floor
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of the calyx (Fig. 33H) and which then continues down the length of
the stalk.

. : . . e ad
The living undisturbed pentacrinoid\holds the 15 fully extended
radial tube feet in a plane perpendicular to the oral-aboral axis
(Fig. 34A). In this posture, the tube feet span a diameter of just
over 1 mm. Feeding responses can be elicited and ocbserved with the
dissecting microscope if a suspension of mixed algal cells in seawater

(Isochrysis ga3lbana and Phaeodactylum bidornutuﬁ) is trickled past the

pentacrinoid with a Pasteur pipette. The first noticeable response is
a slow sweepiné movement of the tube feet in a horizontal plane .
combined with rapid and successive flexion and extension of the tips
of the tube feet (Fig. 34B). Then, one or more of the tube feet
quickly flick into the vnstiyule bringing their tips near the mouth
(Fig. 34C). This is foliqwod by a slower re-extension into the
horizontal position once again. In addition to such movements, the
radial tube feet are often folded into the vestibulé in a manner that
brings the middle part of each tube foot near the mouth, while the
distal portion extendsvupuards out of the vestibule (Fig. 34D). ' Each
set of three radial tube feet is folded into the vestibule togethir;
several sets can be brought in together; occasionally, all fiye sets.
are folded into the vestibule simultaneously, ;nd the oral plates close’
partially. The short interradial tube feet are very active during
feeding:'thcy quickly wipé along the surface of the folded radial tube
feet and bend into the mouth; they are likely transférring food ‘
particles from the radial tube feet to the mouth.: -

If the calyx of a §entacrinoid is touched with a needle, fall of

v’

the tube feet quickly fold into the vestibule, and the oral plates

-
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Fig. 34. Florometra serratissima. Diagrammatic illustrations showing
feeding movements of the tube feet of a pentacrinQ}d. ‘(A) Oral view
of the calyx of an undisturbed pentacrinoid with oral plates open and
15 radial tube feet in a fully extended position. (B) Flexion of

+ the tip of a tube foot. (C) A tube foot flicking into the vestibule
bringing its tip near the mouth. (D) A tube foot folded into the

vestibule
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Fig. 35. Florometra serratissima. Sketch of an
.pentacrinoids 30 days after settlement )

°a

- aggregation of o ;
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close, thereby protecting the vestibular contents. Recovery is rapid,
and the oral plates are opened and the tube feet re-extended within 1§
sec. If the sta;k'gf a pentacrinoid is touched gently with a needle,
thg-éalyx'dées not react. The stalk itself is capable of a limited
amount of mavan;nt; it can shift from a vertical position to a leaning
position; in addition, the part near the calyx shnus a certain amount
of flexibility such that the calyx can be held in either an upright
positfon, or be allowed to droop to one side. Such movements Qecur-

imperceptibly over a period of minutes. Even in much older penta-

- crinoids, the stalk catmot be moved freely or twisted into a spiral

as claimed by Thompson (1836) and Chadwick (1907, p. 37) for penta-
crinoids of Antedon. ’

As described ear%}er, doliolariae settle in aggregations. After
metamorphosis, the attachment discs of the resulting eyétid:aﬂs and
pentacrinoids become fused together to form a common attachment

L

structure. Crowding in the aggregation is alleviated by the vertical
'
elongation of the stalk. Some ef the calyxes of aggregated penta- _

crinoids are oriented ypwards, while others droop to the sides (Fig. 35).
Some of the cystideans in an aggregation do not survive to reach the
pentacrinoid stage (Table 4). Mortality of this kind was noted in

E 3

solitary inéividuals as well and is probably not related to the

gregariﬁus habit.

Older Pentacrinoids

Pentacrinoids cultured in the underwater rearing tray showed

variability in their rate of deve ent, with individuals of the same

age diffaring in size and stage of development. Fig. 36 shows the moet ’



Fig. 36. Florometra serratissima. Drawing of a four-month-old
pentacrinoid cultured in the underwater rearing tray. at p: Attach-
ment-plate; ba p: basal plate; Br;: first ossicle of the undivided
arm; co: columnar ossicle; gl: glycocalyx; IBr;: first post-radial
ossicle (= costal); IBr,: second post-radial ossicle (= axillary); -
or p: oral plate; prtf: primary radial tube foot; ra p: radial
plate; srtf: secondary radial tube foot; teg: tegmen
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advanced four-month-old pentacrinoid examined. It measures just over
8 mm in height and has five smail arms which span a distance of 2.4 mm.
The stalk comsists of 19 ossicles. The six uppermost ossicles are
short and dise-like, but the ossicle_s becane progressively longer . /
proceeding towards the base of the staik; those ossicles near the
attachment disc, however, are quite short. This arrangement suggests
that the stalk increases in length through the addition and subsequent
elongation of new ossicles ‘just beneath the calyx, as proposed by

Thomson (1865, p. 528) for the pentacrinoid(of Antedon bifida. A

glycocalyx is evident over the stalk and aboral part of the ealyx.
Another series of five heart-shaped skeletal plates, the radial
plates, have appeared in the calyx in a radial position just above
the basal plates. Each radial plate glves off a costal ossicle or ,
IBr; followed by an axillary or IBr,, using the terminology of
Mortensen (1920a) and A.H. Clark (in A.M. Clark, 1970, pp. 10-12), L
reSpectively. In turn, each 'IBrz gives off two brachial osveiq:les (the
Brl's) which give the arm tips a forked appearance. A narrow gap {s
apparent betweeu each basal plate; that part of the plate adjacent to
the gap is translucent, and lacks the fenestrated appearance typlcal
of the remaindﬂ‘ of the plate.- The five oral plates, which in the
early pentacrino;d were positioned directly above the basal piates,
are now located at the top of the calyx, separated from the radlal
platee by the developing tegmen
| The primary ray:lial tube feet have "been mcorporated into the
developing arms to become the radial canals of the water vascular
System; the tip of each primary radial ¢ube foot is still visible

in the fork at the arm tips, and cdrresponds to the terminal tentacle



of asteroids and echinoids. .The five pairs of secondary radial tube
feet have remained in close proximity to the mouth. These are quite
long, with the tips typically curled, and they are probably retained

~ as the oral tube feet which surround the mouth of adult crinocids. The

?ﬁ short interradial tube feet have disappeared. New tube feet have
§b;gn added in git-rn:tigg fashion along the length of each arm. All
<z¢§f the tube feet are pgéillatei i
ﬂa\zzye most advanced stagé reaéhed was a six-month-old pentacrinoid
with axﬁé}g,ht of 12 mm and with an arm span of 6.5 mm. This individual
is shown in Fjg) 37 along with two smaller pentacrinoids of the same

age; the attachmeNt discs of all three pentacrinoids arf touching.

Each of the 10 armis of the largest individual conmsists of 15 brachial
ossicles (Br] t Bris). The Epimary radial tube!feet have disappeared,
but many additfonal tube feet have been added along the length of each
8 are normally held in a plane perpendicular to the
axis, with the tube feet projecting orally. There are at

feet, each about 1 mm in length when fully extended and - -



Fig. 37. Fiorometra serratissima. A cluster of three six-month-old
pentacrinoids. -Many orally projecting tube feet are visible along

the length of the arms. (x 13.5) i
. ; .> . \
. )






DISCUSSION

There is considerable discrepancy in the literature over the usage
of the term ﬁent;zrinaidg‘ In its original sense, as used by Wyville
‘Thomson (1865), it referred to the entire stalked phase of development

from just after attachment and metamorphosis to the time when the

young feather star broke away from the stalk. Mortensen (1920a, 1937, -~
1938) adopted this usage of the term in all of his work with crinoids.
Perrier (}886) introduced the term cystid, which referred to the stalked

form from immediately after metamorphosis to the time when it developed

arms and cirri, afte; it was called a phytacfigaid Bury (1888)

advocated this term;nal-gy but suggested that the term pentacrinoid be
kept to denote any stalked farm, either cystid or phytacf;naid In
recent years (Hyman, 1955 Dan, 1968; Holland and Kubota, 1975), the
term cystidean has been used to designate the stalked form prior to the
development of arms, after which it is called a pentacrinoid.

In this report the terms cystidean and pentacrinoid have been
rétaiged, but they have been used in a manner that reflects an obvious
functional change in the life-style of the stalked form, namely the
tranéitian from ; ngaéfigdiﬂglta.a feeding existence, rather than
simply a gradual marphalﬁgi;gl change. The term cystidean has thus
been used to denote the stalked form from just after metamarphasis>té
the time when the oral plates apen allowing the tube-feet to emerge

from the Vestibule the stalked form has then been called a penta-

crinoid until the time when the yaung feather star breakg free of the ::

atalk to become a freeiliving juvgnile. The cystidean is therefore a
non-feeding stage which survives through the use of stored

resources, whereas the pentacrinoid is a feeding stage which is capable

i

[ ont
=
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-of captﬁring food with the extended tube feet.

Florometra serratissima is not the only echinoderm with an

ornamented fertilization membrane.  Such a feature is known for six
other crinoids and for three ophiuroids (Table 5); all have pelagic
eggs. The fertilization membrane of these species appears spiny with

the light microscope; however, SEM obsemtiods on F. surafis’siu in

this study,"and on Comanthus japonica (Holland and Jespersen, 1973),

show that the fertilization membrane is ridged. . Such is probably the
case for the other eight species in Table 5. Hortensgn (1920a) and
Holland and Jespersen (1973) suggested that a ridged fértilization
membrane is an adaptation for egg‘dispersal. There'is; however, the
possibility that dispersal is a fqrtuitous by-product of another
advant;ge conferred on the pelagic egg by this feature. ?erhaps an
ornamented fertilization membrane, by increasing the egg diameter
congiderably, reduces loss due to predation in the water columm.

The ridged fertilization membrane of F. serratissima is not

identical to that of C. japonica as studied by Holland and Jespersen
(1973). Although the diameter of ‘the zygote of bot‘: species is
virtually identical, the overall diameter of the fertilized egg of

F. serratissima is much larger than that of C. japonica (320 um

coinpared to 260 um). This is due largely ‘to a4 difference in the height

of the ridges of the fertilization membranes: ridge height is 40 um in

F. serratissima and only J4 um in g japonica. In addition to this

difference, the ridges in F. serratissima do not outline precise

hexagonal facets as they do in C. Japonica (compare Fig. 22F from this
study with Fig. 2 from Holland and Jespersen, 1973). The material

‘composing the fertilization membrane is thus distributed differently .
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in each species; in C. ‘japonica there are many short ridges, while

in F. serratissima the ridges are fewer but ta;lgt.: The ultimate

cause of such differences is not known, but may be related to differing

dispersal mechanisms or predation pressures on the pelagic eggs.

The first and second cleavages are unilateral in F. serratissima.

This is also the case for Comanthus japonica (Dan and Dan, 1941; Holland,

1978), while in the crinoids Antedon adriatica (Seeliger, 1892) and A.

bifida,(Thomson, 1865, plate 23, Fig. 10) at least the first cleavage

is unilateral. The 16-cell stage of F. serratissima is unusual-in

having the eight animal cells arranged in a hemisphere, and in having
X _ 5 5° . ey = off _ _ . T 5 EE - e _ - o N f ~ . L ] e B =
a veggt.,al pore and twd ],gtera; pores. The l6-cell stage of C. Japonica
has a vegetal pore, but the eight animal cells are in a plane and the

two lateral pores are absent (Holland, 1978). Cleavage asynchrony is

common in F. serratissima, especially after the 16-cell stage, while

Holland (1978) noted cleavage asynchrony in C. jag onica, . especially

'aft-er- the 32-cell stage; the result in both cases is normal larvae.
!
Throughout cleavage -in F. serratissima, the cells are tightly pressed

against one another along flattened surfaces. This has been called
blastomere compaction by Holland (1978), who suggested that it is a
general’ feature of cleavage in crinoid emkryos.

In F. serratissima a coeloblastula with about 1000 cells.is formed,

followed by gastrulation by invagination Hith@r\rt previous primary

mesenchyme formation. Gastrulation proceeds in this manner in Antedon

adriatica (Seeliger, 1892) and A. m&diterrangg (Bury, 1888), but other

crinoids show @i@lE:fHMBS at gastrulation. In

carinata (= T. E;:ta)and Heterometra sav1§§yl (Mortensen 1920a, 1938)

there is multi-polar ingrﬁssian of cells into the blastoccel followed

i



s H
by iﬂﬁgiﬂatian; the iﬁ?"essed cells join, apparently, with the
invaginated endodermal cells prior to ﬁesgﬂchyﬁé proliferation.

Mortensen (1920b) indicates that in Antedon petasus the blastocoel

first fills with cells, and then multiple invagination takes place.

In Isometra vivipara, superficial cleavage results in a stereoblastula,

and gastrulation is by delamination. In Lamprometra }d,.mitlgmi, there

is multipolar ingressiom but no invagination occurs, the gastral cavity
being farmed instead by schizocoely (Mortensen, 1920a, 1937). Holland

(1976, 1978) studied gastrulation in Comanthus japonica in detail. He

found that a well-defined blastula was lacking and that gastrulation
occurs at an early stage in development (embryo with 50 to 100 cells)
through a modified procass of inﬁagina%ifn referred to as "holoblastic

involution". Gastrulation by blastular iﬂvaginé!iaﬂ, as shown by F.

:serratissima, may be the most widespread and primitive kind of echino-

derm gastrulation (Pbllanq, 1978).
The cilia are swollen terminally during growth in the gastrula

of Flamm sgr-ratisam Each cilim, once it attains its f;LnaJ.

length, possesses saml swellings alcmg the length 4&f itg shaft;

this is true for the body and apical-tuft cilia of bot the UC larva

and doliolaria. Regular swellings of this Q(ind along the of
Pully g'a\k cilia have not been pl}nvimly rapgrted_ H::l . 978)

noted aubtaminal swellings during einagenasig in the gasty

Caﬁanthus jspgnica but found that longer cilia had a r:cfngfant

diameter from bﬁg to tip. Holland poatulated that fhé sub‘!igminal

swellings, since they occur during ciliary growth, contain accumulations
of cytoplasm, particularly precursors of microtubules. The sig'xif’j:cancg
of the swellings in the fully grown cilia of F. sgﬁatissing is not '

5



known. It is conceivable that each swe:u.;ng flattens into a Sﬁ.ll
paddle durlng the effective strﬁke and collapses during the recovery
stroke, thereby mmasing the effit:igﬁﬁy of the ciliary beat;

however, the apical-tuft cili’, which do not participate in swimming,

have swellings as well. It 4s possible, then, that the ml_lings have

smm-y function or, aAlternatively, that they are sforage regions
for cytoplasmic components essential to the operation and maintainance
of the cilia. A future ultrastructural study of the ciliary swellings
might provide a definite answer. |

The doliolaria of F. serratissima h\.;:s four ciliated bands. There

are either four or five ciliated bands in the doliolaria of other
species, the anterior-most band sometimes being absent or incomplete

(Table 6).

Ectodermal surface features of F; serratissima before and after
metamorphosis are of interest. The glycocalyx of the UC larva and
doliolaria is supported by numerous microvilli arising from the apical
tips of the ectodermal cells. There is a 0.5 um )spaf;g between the
glycocalyx and the underlying gct@é'em, and numerous pores in the
glycocalyx connect this space with the exterior. The ectodermal

features of corresponding stages of Comanthus jggaieg are essentially

identical (Holland and Kubota 1975), but pores in the glycocalyx .were
not noted. Yellow cells are a distinctive feature of the ectoderm of -

the doliolaria of F. serratissima in the regions between tlie ciliated

bands. During ﬁetamarphasis the space benaath the glycaﬁglﬁ iaeﬂa;u ‘

in width dramatically (from 0. 5 um to at least 6 um), but the yellow
cells remain in this space and sg become situated between the skeleton

and the glycocalyx. Seeliger (1892) noted that in the late doliolaria
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of Antedon adriatica the ectoderm was clearly delineated from under-

lying mesenchyme, but shortly after settlement the ectodermal cells
withdrew from the surface to iutmg;g with tbe -smehyne Cellular

movements of this kind may accoumt for the increased spa quhth the

glyc:oga,‘l.yx in F. smtissm afeer metamorphosis. The glyem:;lyz and

associated yellow ce:ng rgiﬂ tlng the development of th: cys- .

tidean and pentacrinocid in F. serratissimg. Interestinglv enough,
% i ) ) p 7\,;&,,&

f; L 5 whe:-e *hey are

especially visible in the arm laﬁg:ts;g' '

S

aignjff&eef of the yellow
cellk is not known, but they may be invoived in the support and
secretion of the glycocalyx. _

Rotation agou‘k\t’h: longitudinal axis while fal;guing a ainmida;
path is a basic feature of swimming bebaviour in the UC larva and |

doliolaria of F. serratissima. .The reason for such elabarate motions

is not understood, but it may be an orientation mechanism allowing .
the larva to survey and m impinging mvimta_l cues. Through-

out the UC and sa:t'ly daliaInria stages the larvae swim just beneath
the water surface; prior to settling, the doliolaria sink tc: the =~
bottom. This ia cm behaviour for invertebrgte larvae from coastal
lﬁt!ﬂ (Thorson, 1964) and it may be a mechanism that at first enhancses
disperggl by means of s@faWt;, and then places the lar-rae
close to the bottom in pr—gpiﬁﬁan for settlement. The apical-tuft
cilia make contact with the bottom dt.whaz 'pri-n*t;:tliag exploratory
behaviour which suggests that one of the functions of the apical tuft
is substrate selection.

The doliclariae of F. serratissima have the capacity to delay .

settlement for up ta nine days and still attach successfully. This



gives the larvae an ertandgdgéppart@ity to choose a settlement site
and increases the dispersal capabilities of the species. Delay of
settlement is known or implied for the following additiopal crinoid e

species: Antedon adriatica (Seeliger, 1882); Tropiometra carinata

(Mortensen, 1920a); Hetercmetra g@yi (Mortensen, 1938); and

Comanthus japonica (Dan, 1957; Holland and Xubota, 1975). In the case °

of F. serratissima, a portion-of all broods reared in the laboratory

showed delay of settlement for a variable length of time in clear
polystyrene dishes. This suggests that there is a genetic component

gavéf-ning the time at which the larva is likely to settle; otherwise,
it would be expected that all of the larvae should settle at about

the same f:LIIIE under the conditions of an equally favorable substrate
foeredgy thre culture dieh. A possible advantage §f such an ié@s’&d
variability in length of pelagic period is inm;séd spread of sibling
larvae (Strathmann, 197u). A

The d@lialx”gf F. serratissima settle gregariously in culture.

Pentacrinoids were never observed in the field during S.C.U.B.A. dives,

.
so it is not possible to support the in vitro evidence with field obser-

B

vatioms. Carpenter (1866, p. 726), however, found 7Q pentacrinoids of

Antedon bifida .in nearly the same stage of development attached very

close together on a patch of Membranipora encrusting a frond of Lamin-

aria. It is possible that gregarious larval settlement in crinoids is

n, but not previously looked for. Another form of gregarious

settlement, in which larvae settle on adults, has been reported for
at least 12 species of crinoids found in d;-:dpi .H. Clark, 1921,
pp. 513-576). In most instances, pentacrinoids are found associated

with the cirri of adults, and it is assumed that the pentacrinoids are




of the same species as the adult on which thgy are found. Mortensen

(1920a, p. 54) found a few adult Florometra serratissima with penta-

crinoids attached to the cirri (10 penta&inaids were found on the
more than 200 specimens he examined). At least 500 adult F.

¥

se:@atissgg were examined over the period of this study (November,

1977 to December, 1979); but pentacrinoids were never found. Penta-
recruitl;ﬁt to the area was very lowm.
At this time, it is only possible to speculate on the significance

of gregarious settlement in F. serratissima. The occurrence of adult

F. serratissima in discrete aggregations in Barkley Sound, British

Columbia, and the general tendency for many crinoid species to be
found in aggregations is discussed in Mladenov (1980c). Hyman (1955)

attributed the formation of such aggregati ns. to the poor dispe:'ial

capabilities of crinoid larvae which reg"" 5 in larvae mevitably

settling close to the parents. Althaugh this is probably true fsr
certain antedonids and some other species which show varying dggm;s
of brood protection and which consequently release larvae at a léte
stage arf development (Seeliger, 1892; Bury, 1888; Mortensen, 1920a),
it cannot explain the formation of adult aggregations in F. serra-
tissima whose eggs and larvae have good dispersal capabjlities. It 'is
proposed that gregarious settlement Qafd@liclaﬁiae following a period
of pelagic dispersal, either among themselves or on ctl;er adults, is
an important factor in b-r:th the creation and iiﬂtgnaj;ée of adult

aggregations of F. serratissima since the resulting juveniles and

adults have only limited swimming capabilities and camnot move far

-

from their place of settlement. F. serratissima would thus have
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combined the adiint;ges of dispersal with the ability to form adult
aggregations. It can be postulated that the ultimate reason for

aggregation in F. gg;?gtiggiqg, and in crinoids in general, is to

allow many individuals to take advantage of a preferred 1ccali==dj_
habitat. Among other things, type of substrate, salinity fluctuations,
local current regime, and the presence of potential predators

(Mladenov, 1980c) could conceivably make aﬁe localized habitat more _—
suitable than another.

T

When the oral plates open in the cystidean of F. serratissima, 15
~ 2

long tube feet areie;tendad into the surrounding water. This is also
the case for other crinoid species (Thomson, 1865; Seeliger, 1892;

ponica where only 10

Hsrt&nsgﬂ; 1920a) with the exception of C.
'tuhe feet, the secondary radial tube feet, are extended at this time;

the primary radial tube feet appear several weeks later in this species
(Dan, 1968; Kubota, 1969). It appears, then, that in C. japond hath

- gastrulation and the ﬁpﬁﬁiﬁg'éf the oral plates occur precociously.

The papillae on t%g pentacrinoid tube feet of F. serratissima are
ldenti:al in external appearance to fhose of C. js EEE a (Holland and
quetai 1975). Pentagrin@iahpagillae have not been studied w?th TEM,
but ‘Holland (1968) cites some af.his unpublished TEM observations afj

papillae of adult F. serratissima which show that the filaments

.extending from the tip of each papilla araucilia whose basal bodies
are in close association with ﬁ-rvn cell processes. Tha acticn of the
papillae during food capture in both pentacrinoids and adult crinoids

is not understood.
In the pﬁii!ét study, the early development of the radial plates

and ‘of the IBr, and IBr, arm ossicles of the pentacrinoid of Flérometra




serratissima was‘not observed. By good fortune, Mortensen's (1920a)
brief observations on the development of this species were made on
pentacrinoids in the eérly stages of arm formation, and two of his
figures are reproduced here (Figs. 38A and 38B) in order to provide

an uninterrupted account of development. In Fig. 38A the radial plates
~have just appeared while the IBr,'s are prasént as small plates midway
on the pfiuary radial tube feet. Mortensen also noted a single anal
plate.in a radial position beside one of the developing radial plates.
The IBr;'s soon appear on the primary tubé feet just below the IBr,'s.
In the oldest stage observed by Mortensen (Fig. 38B), the radial
plates are quite large and separate the basal plates from the oral
plapes, while the IBr,'s and IBr,'s have enlarged and énelesad the
primary tube:-feet to create five small arms. The anal plate has been
displaced by the growing ial plates and now ¢t lies in an interradial
position between an oralt;n basa plate'(nét shown in Fig. 38B). An
‘anal plate was not seen in the four- and six-month old §1!‘aérinaids
observed during this study, which suggests that it is resorbed during
development.

The transitiop from a stalked sesaiie pentacrinoid to a free-

living juvﬁnile was not obsqrved in this stuﬂyi éhaervatiaﬂs on older
pentacrinoids of a variety of species by Carpenter (1855), Morte

?

(1920a) and Dan (1957) show that pinnules and cirri are present on the

pentacninoid before it becomes free-living. The cirri are a necessity
since they would allow the juvenile'ta attach to the éubstrat;.

Carpenter's~ (1866, p: 736) observations on the pentacrinoid of Antedon
bifida show that the juvenile detaches from the distal tip of the stalk

and leaves the stalk behjpd. The time of separation from the stalk is

=
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varigble, with some juveniles detaching at ak’) [Mer stage of

developmené than others.
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Aggregation, Growth, Regeneration and Predation
in the Feather Star

Florometra sqm;tissima (Echinodermata: Crinoidea)
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ABSTRACT T

It was determined, using S.C.U.B.A., that a population of the

feather star Florometra serratissima (A.H. Clark) at tbe mouth of

Bamfield Inlet, Barkley Sound, British Columbia (48° 50' 07" N,

125° 08' 09 W) covers an area of the bottom of raughly 2000 w2 at a
mean densgity of 1;E/ng This localized é&pulatiaa, better termed an
aggregation, is characterized by a lack of small specimens. The dis-
ttr;butian of individuals within thi§ aggregation is contagious.

The growth rate of F. serratissima increases exponentially €Eraﬁgh

the pentacrinoid, juvenile, and young adult stages of development, and
then decreases considerably in adults. An individual reaches maximum
size in about eight years; it is quite likely that growth is determinate
in Ehisjtpgciaa. Individuals become sexually mature at about four
years of age. |

Just under 80% of the feather stars in the aggregation have at
least one regenerating arm, while 18% have five or more regenerating
arms. Observations made in the field and on specimens maintained in
aquaria suggest that arm loss followed by regeneration in F. serra-
tissima could be due largely to non-fatal attacks by the sea star

Sy

Pycnopodia helianthoides and the crab Dreg@q%grgfagilia; There is some

evidence that the rate of regeneration per arm inizf serratissima de-

creases slightly as the total number of regenerating arms on an indivi-
dual increases. This is éaﬂf;iiy to an iérlier Prépesa; concerning

o) .
rate of crinoid arm regeneration.



Observations made by numerous collectors have shown that in soma
areas of the world crinoids are found in localized, sametimes ‘very
dense, populatimns (A.H. Clark, 1937; Hyman, 1955; Fell, 1966). 'fha
'disﬁibutiég of the lD—ari;éd comatulid crinoid Floromwetra serratissima

(A.H. Clark) in the Barkley Sound region of British Columbia a follows

siuch a pattern. In the first part of this paper, the structure of a’
localized population of this species is described.

Accurate information on rate of ,g:mrth,r age at sexual gatm*;t‘y,
and life span of crinoids is not available. These topics were not
treated by Hyman (1955), and both Fell (1966) and Swan (1966) emphasized
our lack ::f knowledge concerning them. The following account presents
quantitative data on the growth of F. agt'ratlssi:; from the pigtls:rimid
stage to the full-grown adult; in addit;m, age at sexual n;turlty is
determined.

—Both stalked and unstalked crinoids have the a.bilify to regenerate
lost body parts including pinnules, arms, ::;rrl, the tegmen, and the
visceral mass (Perriér; 1873; Dendy, 1886; Przibram, 1901, Minckert,
1905). Extant crinoids with regenerating arms are frequently collected,
‘while arm regeneration is mt;asimally noted in,fossil stalked crinoids
(Strimple and Beane, 1966). Observations by Minckert (1905) and
Reiehansperﬁgr (1912) indicate that most regenerating arms result from
breakage at a syzygy which is a rigid naﬁ-insc:\gg uniory between certain
of the arm oesicles (Hyman, 1955). The cause of arm loss in nature is
not pt:einly understood. - It might redult from wave action, entangle-

ment, or dist\g'hln;:a by other animals (Perrier, 1873), in which case
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arm loss may involve simple breakage at points of weakness and not true’
autotomy; however, arm loss can also occur during exposure to intense
sunlight, high tqu'aﬁn’;ag, or lack of oxygen (Hyman,  1955),
ind.ic;rting that mechanical action is not always necessary. A.H. Clark
(1921, pp. 119 and 411) suggested that in multibrachiate cFinoids -
(wpecies showing repested forking of the arms) the original 10 arms
are shed at their bases as a result natural mh changes, ﬂ‘!ﬂ‘!by
leading to the pmlifﬁ‘itiéﬂ of two new arms from each stump; if such

is the case, then this would be an anqle of true autotomy.

The histology of crinoid arm nm;ratim was daacribnd hy both
Perrier (1873) and Reichensperger, (1912). Very Mittle information is A

‘available on the rate of arm regeneration in crinoids. C'.nsual

obsemticns by Pmi%(lﬂ‘la) od Antedon bifida lad him to sguggest

that a complete amm could be ﬁm;ttd in 8 to 10 weeks. Raieh:n!
l

sperger (1912) believed that the rate of arm regeneration in

individuals of A. mditarraggiﬁ was directly proportional to the extent

of the injury. ‘A regenerating arm with a short sﬁq; thus grew mord K

rapidly than one with a long stump; similarly, tha BOT'S ATY

the faster the rate of regeneration per arm. During this study, the .2
: proportion of individuals in the papulitimaf F. lﬂ'!}fiﬂi_ with
regenerating arms was quantified. Furthermore, the relationship

between the rate of arm regeneration and the extent of arm damage in

individual F. serretissima was examined. -

Adult crinoids are generally considered to be immmne to predation
by fishes or invertebrates (A.H. Clark, 1921, p. 687; Mortensen, 1927).
This account presents cbservations suggesting that arm loss fallowed by
regeneration in F. serretissime may be largely attributed to attacks by



) y _ .o 173

MATERIALS AND-METHODS -

Area of Investigation ,
This study was carried out on a population of Florometra .

serratissima (A.H. Clark) located at the mouth of Bamfield Inlet in

Ba:’ckleSr Sound, British Columbia (u48° 50° }7" N, 125° 08' 09" ?3 in

waters adjacent to the Bamfield Marine Station. The boundaries of the
population were est;blished through several surveys conducted with ;
S.C.U.B.A. ‘During such dives, floats were released to the surface from
variqus points along the periphery of the population;.the areal extent

of the ;Bpulation could then be determined af the surface using the floats
along with landmarks present on the shores of Bamfield Inlet. |

" The density of F. serratissima was estimated by divers in July

1979 in the following mammer. At four separ&%e locations within tHe -
population a rope transect ;as laid along the bottom perpendicular to
shpre fromrthe middle 3f Bamfilld Inlet into shailow water. The number
of feather stars visible to é.di;ef within each of a sefies of 2 m x

2 m contiguous Qu$4rats placed along the length of each transect was

then counted.

A

Growth _ ) ) =

The post-cystidean development of F. serratissima was divided into
pentacrinoid, juvenile, young adult and adult stages, and the growth
rate within each stage was eg:iﬁited-by monitdring zhangéa in the
length of the longest aﬁm, L, in ind;vidual apimals over a périad‘af
months. L is a measure of the maximum size of the feather star ‘
provided that it Shows ga/;igns of regeneration. Other measures of

; _
body size such as arm spam;’total length of all 10 arms, or wet weight
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are inconsistent due to variation .in the number of regenerating arms
betweep indi;iduals. The diameter of the calyx acr;ss the' tegmen is
also unsuitable as a measure of body size>beca;se the calyx fapiély,
changes size and shape due to muscular contractions and Arm movements.
‘Péntaciinoids we;e reared in a tray which was placed on the bottom
of Bamfield Inlet at a depth of 25 m. Information on larval culturing
methods and on the construction of the rearing tray is presented in

Mladenov (1980a). Four juvenlle specim®ns of F. serratissima were(

maintained in a galvanized steel minnow trap secured to the bottom by

a 10 kg weight; each juvenile could be distinguished on the basis of

size and minor colour variations. One young adult and four adult

specimens were held in separate compartments in cages constructed of
PVC‘tubihg and coveredbwith nylon netting of 2.5 cm mesh size. Details

of the construction of these cages are found in Mladenov (lQBQa). The !
rearing tray, the minnow trap, and the holding.caggs were all placed' ‘ }

in the centre of the aggregation of F. serratissima. The pentacrinoids

and caged individuals were thus expoéed to environmental conditions
equivalent to that of ﬁncaged specimens.

The caged individuals were carefully collec;ed with S.C.U.B.A. at
intervals of several months and returned to the laboratory in plastic
bags. Each speciman was placed, in turn, in a large, ehallow (60 cm
x SO cm x 12 cm) tray filled with about 5 cm of seawater. The bottom
of thls tray was marked with a series of contentric Cchles radiating
from the centre point cutwards at 5 mm mterval: The specimen was ‘
posztioned with the centro-do;;al plate of the calyx at the centre |
point of‘%he tray; the shallowness of the water forced all 10 arms of

the feather star to be held in a horizontal position. The length of



the longest arm, Li‘.’ from the centre of the centr-c=6ar-sal plate to the arm

tip, could then be measured quickly and accurately (+ 3 mm) when the spe-
% : | .

cimen was viewed from above. The specimens were returned to their cages

using §.C.U.B.A. on the dayf@ll@wing retrieval. The measurements of an

individual ceased when the longest arm became badly damaged. The arms

k4

on an individual were distinguished using a modified version of the
crinoid orientation proposed by c;ripgﬁtgr' ilBEu, p- 89). With the
ventral surface of the specimen upﬁfds, and tlde anal cone nearest the

observer, the laft arm of the arm pair @?p@site the anal cone was de-
signated "A", and the right axi this pair; designated, "a"; proceeding

[}

in a clockwise 'dire;tiﬁ. each' arm of the rgma;n;ng four arm pa,irs was
designated vaii} "’b"‘ iiiﬁi "i:"g "D"g 4" and iiEﬁ’ Tigtt (Eig. 39); In

this way, the particular arm that was being measuyred on an individual °

could be identiffed with confidence from_ one collection date to the next.

. : e {
Regeneration : s . .

. Y
About 20 large (L greater than 180 mm) specimens of F.,serratissima-

were collected on a roughly monthly basis féf" 15 manthé?‘ and the number
of regenerating ‘arﬁa on each animal noted. An arm was caﬁéidered to be
regenerating even if the break had occurred close to the arm tip. |
‘ ﬁro_kéﬂ arms lacking any evidence of a new arm rudiment were not céﬁtid
as mgenergting‘sineg these were likely broken during callétztiétr;
Eighteen gégcimens with an L of 200 mm (+ 10 mm) were collected

for '_thg purpose of estimating arm regeneration rate§. Pm each of .
eight of the specimens, one ;:- was :iput;tcé near its base leaving a
Ast“tnnp about 10 mm 1@3; sim:{larly,:fﬁéﬁmg vere amputait'ecl fmm each af

't'vo speeimans, three arms from each of two specimens, and five arms

175
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L4

. Fig. '39. Florometra serratissima. Diagml--t‘;lc illustration of the
tegmen an‘ the basal portion of all 10 arms showix;g the method of arm
designation. am: Ambulacral groove; an: anal cone; _mo:'muthi
(Modified from Carpenter, 188%.) o,



from one specimen; finally, one arm was amputated midway along its
length from each of five specimens. These feather stars were put in

‘ , &£
cages Placed on the bottom of Bamfield Inlet within the aggregation

and they were retrieved using S.C.U.B.A. at roughly bimonthly intem.lgl |

In the laboratory, %he Pength of thg r‘ggengrated portion cf each m
was detemned in the u}a)urlng tray, sometimes with the aid of calipers.
In those specimens in ﬁhlch more than one arm was amputated, each

oy~

vegenerating arm was distinguished using the previously escr;bed

=
%

Y

* A few observations of predation on F. serratissima were made during

the course of S.C.U.B.A. dives carried out in the :Eu&y area. -In

addition, ;ntgrac:tiﬁns between F. g;rgaﬂ:gj-m; and possible predators
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RESULTS

Density and Overall sze of Population

The boundaries of the F. serTut1331ma populatlan at the mouth g{

Bamfield Inlet are shown in Fig. 40, Scattered feather stars can be

found just outsigé of these boundaries at very low den51tles but as ome
. ¢ ]
proceeds a short distance further the feather stars ‘disappear altogether.

Individuals of £. serratissima first become abundant at a depth of l?lﬂ
(all depths reduced to Lower Normal Tide which is 2.2 m below MWL at

Bamffeld) and they continue in abundgnce‘to tée‘deepggt part of the inle;
which iz 34 m and which is situated roughly in the centre of the popula-
tion. e bottom of aamfield I‘letf within the poundaries shown in Fig.

40, is mud throughout, and it slopes gently {10°) to the deepest point.

The feather stars are found attached by means of the cirri to any avail-

able solig ubstrate in the area ihcluding worm tubes (Phj;;pchaetppterus
Erélifica), eupty bivalve shells, detached algal fronds, pébbl?s, and a
30 cm diametefvintaké'pipe for the Bamfield Marine Station which runs
along the bottom through the area. ihc overall extent of the pﬂpul:tiaﬁ
does not aﬁpear té be limitedvby the preseﬁce_of suitable solid substrate
since such substrgte:i; abundant both within and out;ide the boundaries
of the population as shown in Fig. u40. | ;; h

The locatio; of the transects is shown in Fig. 40, while th;érgsultsg
of the quadrat counts are presented in Table 7A. The mean density of

F. serratissiina within the boundar;os of the population is 6.4/4 ﬁ% .

.,Obscrvatibns made while S.C.U.B,A. di?ing suggesf‘that the density of the
population is not limited by solid substrate. It can be estimated from

Fig. 40, using a planimeter, that the F. serratissima population covers

rg
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Fig. 40. Florometra serratisi!:;. ‘Agriai photograph (BC7707:056
from Surveys and Mapping Branch, Ministry of Environment, British -
Columbia) of the mouth of Bamfield Inlet and adjacent areas showing

the outer boundaries (white polygon) of the population and the
locatign of the transects (numbered lines)

{

Fad
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Table 74, Florometra serra;iss

‘contiguoud quadrats.

water. See Fig..40 for locatio

Number of individuals per um
Counts are llsted in sequence from deep to shallow
of transects.

.

2

.

X = 6.37, s2 = 7.91, n=68.

Transect #1:

7, 9, 4, 6, 9, 7.

Transect #2:
' 9.

Transect #3: 4, 10, 7, 4, 4, 2, 2. 3, 4, 7, 3, 9, 7, 9, 9.

Transect #u4:

10, 4, 4, 3, 2, 5, 10, 9.

9, 8, 8, 10, 10, 4, 89 7, 9, 5, 8, 7, 7, 6, 3, 3, 10, 4, 8,

11, 8, 7, 3, 3, 8, 3, 8, 4, 2, 4, ll 1, 10, 3 S, u, 7 11,

Tl;& 7B.

Poisson distribution: to data presented in Table 7A. The total x?
The actual frequency distribution departs significantly from

= 29,39,
random (P <0.00S5).

Tt

.

prratissima.

3

zf test for goodness-of-fit of a

value

x Obs. Exp. Obs . -Exp. { :
0 -2 3 3.22 1.78 0.98
3 9 5.02 3.98 3.16
M 12 7.99 4,01 2.01
5. 2 10.18 -8.18 6.57
6 2 10.80 -8..80 - 7.17
7 10 9.83 0.17 0.00
8 8 7.82 ; 0.18 0.00
9 10 5.53. b7 3.61
10 7 3.52 3.48 3.u4
11 . 3 2.04 0.96 0.45
12 or nore 0 2.00 -2.00 2.00
Total 68 67.95 29.39

| X4

t
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an area of the bottom of raughiy 8000 m . Thé total number of feather

As shaun in Table 7A, the variance of the quadrat counts is greater
than the mean.* A contagious d;str;butlcn of the feather stars was thus

suspected (Elliott, 1977). A X? test for gaadhess;afafit of a Poisson

=

distribution to the 53mple data (Table 7B) :anflrus that the actual fre-

queney distribution depaffs signifigantly frﬂn random (P <0.00S). This

is strong 1nd1catlan that the dispersion of thg feather star pﬂpﬂiﬂ?lcﬁ

is indeed contagious. T s

.. .An accurate estimate of the gize aistfibufian of the pﬂpﬁlatigﬂ was
.not accamplished‘durlﬁg thls study. On a single occasion however aJulg
15, 1979?’ the : 1§ngthiaf all individuals found within twelve uﬁz
quadraté placed haphazardly on the bottom was measured with a meter stick

' (FLgi 41), Thase data indicate that the great majority G£ feather stars
have a longest arm greater than Lic'ﬁﬁ in length gnd that small indiv éj
duals are notably few. Qualitative observations made thfaughaut the year ’
while S.C.U.B.A. diving suggest that small individuals.were scarce at all
‘times of the year. Only two very small séecimeﬁs were encountered over .
.the entire course of this study (November 1977 to Dgééﬂber 1979), &nd
they both had a longest arm measuring 35 mmlin length. ;
Growth _

Growth data for one pantacrinoid, four juveniles, one young adult,
and four agults are presented in Fig: 42.. The growth of the pgnfgerinaid

" wa_slow, bue growth beoase more repid in the juvenilas and reached a

wmaximm in the young adult; the growth of adults was egmpargtivaly slow.

There wasa 1ittl:, if any, indication éf a seasonal change in the growth
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T

rates of the two %uﬁshileé (J1 and J:O measured on several aﬁcasiaﬁs_' -

- . ' .
during the period fr;m Har%h 1973 té Auguét 1979. rfhere was, however,
some evidEﬁﬂé of faster growth in the spring, summer and fall in the
young adult (Y) a;g in three af’the adults (Air Aaraﬁd Au)* The average
.of the available growth data for each aevelaﬁmenfal stage-is given in .
Table 8. Since,the growth of most individuals was followed fnr ‘a consi-

rable p@ﬁfi@n of a year, and in some cases fo¥ over a year, it "is be-

eved that the growth rates listed in Table 8 rgprgsan% averages which

#

. # * 2o .
_ take into account possible seasorial variations in growth. Also given

in Table 8 is the a:signgd range lof the longest arm;'L, for each Ef@ﬁfh=

stages For the sake of aant;nulty between stages,' the lower llmlt of

=

thg?juvenllg stage Has gxfrapélated to L = 31 mm, althaugh the lﬁlflél

size of the smallest eagéﬂjuveniie was L = 35 mm. S;milarly, the lower
lim;t of the young adult stage was put at L = 146 mm'although thé gnitial
size éf’thé éaged young adult was L = 165 mm. Spla;mgns Hlth L between
2 6. mm and 30 mm cauié“sgt be cultured, and were not fcund in the field
during §.C.U.B.A. dives. For these reasons, growth data on this stage,
termed, the late pentaéfinéid,arelazkingl Since the available data

(Fig. 42 and Table 8) show that growth increased steadily frou. the early i
égﬂtaérinaid through the juvenile and young adult s%ggesi the growth

rate of the late pgﬁygepinaid gtage can be raaégnébiy estimated as the
averiggééfjthe:grawth rates of the preceding and following sfaggg

(Table 8). A gr@éth curve for [, serratiggimgrffam’the éarly pent;er;—

noid stag! to the larga adult can then be :anafructed using all the data

(Fig. 33). This curve has a typ;ca; si gmeld shapg charaet:ri:ad by'ngl

ponential growth during the péntazrinéid, juvenile, and young adult*
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stages and by a slouing of growth in the adult stage. "The relationship

' between L and the age of g,specinen, M, in months can be approximated
' \
OSM

by L = 9.8u4e° for the expormential growth phase. According to Fig. 42,

an individual woyld reach L = 300 mm, the mize of the largest specimens
-*
encountered, 8.25 years from the beginning of the pentacrinoid stage.

As shown in Hl?deqov (1980a). the pentacrinoid stage is reached between

L : ,
21 days and 30 days after fertilization.

The foregoing analysis of growth .in F. serfatissima can be better

evaluated if the avallable growth data of Fig. 42 are used in an alter-

native method described by Yamaguchi (1977). - During the exponential
growth phase of an animal, the time span between any two points on a
regression of growth increments on initial sizes can be calculated

usidg the following equation:

+ C/A

where t is the time span, So and Stfare the size‘at time 0 and tine t
respectively, and C and A are the yeiﬂterceptiaﬂd the slope, respect-
ively, of the regression line. Initial size and grﬂwthilncrgment data
for the pentacrinoid, juveniles and young adults were iztrgct-; from
Fig. 42 and plet\ d in Fig. 4u4 along with the linear reggessian;

Using the above equati he time span from L 8 0 mm to L = 165 mm

is 53.4 months, which is in close agreement with a time span of 55
months for the same size difference predicted ﬁsing the growth curve of

Fig. u3. This suggests thet the divieian of gﬁgﬂth in F. serratissima

into the five stages listed 1n Table 8 is a realist assesament Qf the

growth pattern of this species.

-
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Genital pinnules were u’el.l\ developed on two caged jumilgs (Ji
observations of the pinnules of uncaged juveniles collected ’Hith_
S.C.U.B.A. indicate that germinal cells first appear at an L of
approximately 80 mm, and that by an L of 130 mm taiigd sperm and ococytes ‘

with a diameter greater than 180 jm .are present in the genital pinnules.

Tndividuals of F. serrutissima thus bectme sexually mature d\i; the

exponential growth phase at ms:t four years of age.

Regenhgpation , -

tf'a serratissima is not a paf-tic:uiafly fragile animal, and

the arms will remain intact if a specimen is handled gently; if -an arm’

is grasped, however, it immediately breaks off near the base. Speci-

mens kept in 'y tank with running seawater for periods of longer than a

month began jradually to lose their arms until eventually only the

e
calyx and 10 arm stumps remained. «

A regenerating arm of F. serratissima can be éasily disting:!.iishgd
ﬁﬂ the arm stump mﬂigdjgcmt normal arms because it is lighter in
colour and more delicate in structure. Individu,al; with rég&nerat-ingi
arms were commonly aﬂga@teﬁ&: just under 80% of the 261 specimens
examined had at least one regenerating arm, the number of individuals
with numerous regenerating arms was ;;surgf-ilingly high, with 18% hgviné
five or more regenerating arms (Fig. 45). The point of breakage of the
regenerating arms was not assessed qéntitatiﬁly; but casual observa-
tions showsd thltin:t ATRS h-iéblm broken at a syzygy-

The relationship between the average length of the regenerated arm
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portion and the time afte; amputation for individuals with one, two,
three, and five arms amput;téd‘nea; their bases is shown in Figs. 46 and - :
47. 1In all cases, after a short recovery period following amputation,
the a;erage length of regenerating arm increased at a constant rate, thus
allowing a linear regression to be fitted to each set of data. Note that
the slope of each regression line, yhich is equivalent to the r;te of
-régeneration per arm in mm'pef ddy, deérgases'siigﬁfly as additional arms
are removed. This suggests that the rate of regeneration per arm de-
creases slightly as the neémber of regenerating arms bn ?an;individﬁal in-
creases. This trend uas'tésted-by plotting a  regression of rataééf arm
regeneration on numSer of arms amputated (Fiéﬁrka)g The regression line
is signific;nt (P <0.05 ) suggesting that some correlation is present. |
In addition, the 95% confidence interval for the slope, 8 , of the regres-
sion line is -.068 < B <-.006 (Walpole, 1974, é;iua); which gives some
indication that the slope{!L indeéd negativei Thére is.tﬁus some evi-
dence that the rate of ‘arm regeneration daereagés slightly as the numﬁigﬁ\;
of regenerating arms per individual increases. This trend should be
yalidated by the collection, if possible, of additional data.

The relationship between the average length of regenerated arm and
the time after amputgtion for individuals with one arm amputated midway
1s shown iﬁ.Pig.qu. fhe average rate of regeneration of such arms is
roughly equivalent tb the average rate of reggnarat%an of a 3iﬁ§;g arm
amputated at the base (upp§r graph of Fig. 46). The difference between
the regression élopes of P;g. 49 and upper graph afszgg 46 is not signi-
ficant (p >0.05) as tested with an F—fast (Sokal and Rohlf, 1973, p.251). |

This suggests that the rate of arm reg&narit}ﬂﬂ'ix hot greatly atfeeted



Fig. 46. Florometra serratissima. Relationship between length of

regenerated arm and time after amputétiah for indivjglals with one

and two arms removed. Vertical bars show one S.D. on each side of

the means; the number of specimens measured is shown above each point.

The regression lihes are significant (P <0.01)

-~
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Pig; 47. Flgrﬂngtr;‘sefggtiggigai Relationship between length of
regenerated arm and time after amputation for individﬂals!with three
and five arms removed. Vertical bars show one S.D. on each side of
the means; the number of specimens measured is shown above each point.

The regression lines are significant (P <0.05)
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regeneration and number of arms amputated. The regression line is
signific\int (P<0.05). The 95% confidence interval.for the slope,
8, of the regression line is -.068 < B <-.006
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Fig. 49, Florometra serratissima. Relationship b;twcen length of re-
generated arm and time after amputation for individuals with one arm

. amputated - midway. Vertical bars show one S.D. on each side of the

means; the number of specimens measured is shown above each point.
The regression line is non-significant (P > 0.05)
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by the extent of arm amputation. Again, this hypothesis should be tested

by the collection, if possible, of additional data.
Genital pinnules containing either t ;‘;,, sperm or larg! (diameter
greater than 130 pm) c@eﬁes first appsr on regenerating arms an;n.rta*i:gd

at the base Himn the arms reach a total length (including a 10 mm stu:p)

base, and thgnr appear séqugﬁti;lly towards’ thg aﬂ tip. A rgggnéﬂtigg
arm aq%"uf!aegd at the base becowes difficult to distinguish from normal
arms when it reaches a length, including the stump, of about 140 mm. DueA
to breakage during handling, it was not possible to follow the cgurse of
a r-egeneratirg arm to the point where ,it equalled the length of thei nor-
mal arms; thus, ii:> is ﬂ«;t! known when, exactly, the constant rate of arm

regeneration begins to slow and then stops,

»
Predation
An. instance of direct predation on F. serratissima was never ob- <

served in the field. Indirect evidence suggestsf§however, that tle most

likely prédatér 1s the sea star Pycnopodia helianthoides, which was ‘.

comaﬁly m:ted in tha .deeper parts of Bamflield Inlet within the feather

star P@pllatlgn. F. sgmtiss:.ma, which is narm;ly ses sil dis pl ys

a charaétgristic escape response when contacted by a wandering P.

mligpghégéggz after about a 5 sec delay, the feather star lifts itself

from the bottom through repid lashing movements of the arms (see Fell,
5 &

pp. 56 and 57 for a review.of swimming'in comatulids) and swims to a _

point 1 or 2 m diotant from the sea star. This escape response can also N

be induced if a P. helianthoided is manually brought. into contact with

a seasile feather star.




200

P. helianthoides will eventually eat F. serratissima if both are

kept together in an aquarium. The actual capture of a feather star was

not observed, but the egested skeletal remains of feather stars were

- -

noted. It is likely that the feather stars became exhausted after re-
peated escape attempts within the confined space of the aquarium, and
this led to their eventual capture. Under natural circumstances, in-

stances of successful capture of a feather star by P. helianthoides are
I8

probably rare, although the sea star may succeed in retaining an arm

of the feather star as a result of the initial ébptact.

The decorator crab, Oreg‘ .Iggcilis, iz a second potential preda-
R 'f .
tor of F. serratissima. On a single occasion during a S.C.U.B.A. dive

decorator crab was observed holding on to the arm of a feather star with
one of its chelae. Unfortunately, the crab became disturﬁed, released
the feather staf, and moved off, so the extent of damage that can be
inflicted by this crab in a natural situatiom is nét known. In an
aquabium,‘gf gracilis was unable to capture and kill a'feather‘star.

Under these circumstances, however, some F. serratissima were noted to

be missing several arms near the base and this can be attributed, in
part at least, to attacks by 0. gracilis. It appears, then, that F.

serratissima may be subject to attack by P. helianthoides and 0. gracilis.

It is thought that such encounters would rarely be fatal for the feather
star,vbut there is the possibility that the feather star may losé an arm

during escape from the predator.

T 4



DISCUSSION

The population of F. serratissima described in this report consists

qf a discrete colleetiaﬂ of individuals at moderately high dea;ities
within a small, well-defined area, and it can thergfere‘best be termed
an aggregation. Observations made during several trawling expeditioms,
‘along with anecdotal information from S.C.U.®.A. divers and other collec-
tors, suggest that similar aggregatiﬁns are scattered throughout Barkley
meters. )
The occurrence of erinéids in aggrggatiang igrnat an unusual I

phenomenon. Lacaze-Duthiers (1872, cited by Pell, 1966) gave an account

of a very dense @ollection of Antedon bifida at Rgscoff in northerm

France, while Marr (1963) published a photograph taken by A.S. Laughton

of an aggregafion of an unidentified feather gtar found at 650 m off

northern Spain with densities of ES/mE; in the eastern Arctic, Heliometra

glacialis occurs in dense aggregations (personal observations). Addi-
tional descriptions of crinoid aggregations can be found in Hyman (1955)
and Fell (1966). : -

-+

The density of F. serratissima observed in this study is not nearly

as high as densities reported or implied for other crinoid species such

as Antedon bifida and the unknown species in Laughton's photograph.

These species are very small, however, compared to F. serratissima. For

instance, maximum arm length for A. bifida is about 100 mm (Clark and

Clark, 1967, p.199), while the arm length for the unknown species as
determined from Laughton's photograph, is only 50 té 60 mm. [F. serra-

b ] . - . . )
tissima, on the other hand, reaches a maximum arm length of about 300 mm



> 02
in Earkleyrséund, so the density reported here represents a faif-degrgg

of aggregation. The possible role of gregarious larval Settlement

following a period of pelagic dispersal in %he creation and maintenance

of adult aggrggatiagg of F. serratissima is discussed in Mladenov (1980a).

, R . A
As shown in this report, individual feather stars are distributed

contagiously within the aggregation. In other words, microaggregations

are present within the main agﬂregaticni It is unlikely that the

of gregarious larval settlement since juvenile and adult feather stars
are quite capable of shifting their pasi%iang within the main aggregation
by means of swimming. Furthermore, it is unlikely that it is related to
the distribution of hard substrates because such substrates appear not
to be limiting. At present, thglmgde of formation and maintenance af‘
the mlzreaggregatians is not known. |

It is possible, howeaver, to advance an explanation for the func-
tional significance of the microaggregations. As shown in Mladenov

(1980b), individual F. serratissims release only small quantities of

gametes on frequent occasions throughout the year; low rate of fertili-
zation success is thys a potential problem. The presence of this spgéiis |
in large aggregations would ensure higher rates of fertilization success
than would be possible if in&ividuals were widely scattered. Furthermore,
the contagious distribution of feather starsjg:fhin the main aggregation
could serve to further increase the rate af fertilisatian success. It is
quite possible that spawning is g’very localized phenomenon which in-
volves only a small number of males and females within a micf@gggrg§a§

tion or within several adjacent microaggregations. Direct observations



of spawning behavior are necessary to fully substantiate this latter

hypothesis. . l
The F. serratissima aggregation in@eld Inlet is characterized

by a lack of small individuals. As noted in this account, ,};hg smallest

35 mm, which means

speci&ons encountered were two individuals with L
_they were over two years of age. Mladenov (1980a) did not find penta-
crinoids in the aggregation over the period from Navembe‘ﬁ{§77 to
Decémber 1979. These observations suggest that there was a vEEf'lgﬁ
level of larval recruitment to the aggregation over the study period.

It is possible that the'rite of latval recruitmerit is very low but stﬂﬂdj

throughout the year (trickle recruitment) and that pentacrinoids and

young juveniles were present in such low m@gfg that they were simply
L .

overlooked. On the other hand, the rate of larval recruitment may indeed
_be very low and infrequent; An accurate assessment of the si;aé'ﬁ-gqueney
distribm:ion of the aggregation over a period of several years is
required to distinguish between Eh;se two alternatives.

Growth in F. serratissima increases exponentially over the first

. five years of its life, and then the growth rate decreases considerably.

It is quite likely that F. sqg?atissgga ééﬁtinueg to live and reproduce

gftér ittaining its maximum size of L = 300 mm at about eight years of
age (determinate érowth). In this case, regenerative §~mﬂ:h to replace
lost am and other body parts would occur, but overall size w;uld
increase very slowly or not at all, Determinate growth has been
roportod for ocu.noi.ds (Mcore and Lopex, 1966; Ebart, 1968; Birkeland
and Chia,'19715, and has been proposed for an asteroid (Yamaguchi, 197u),

-

a



The endoskeleton of large specimens of F. serratissima was examined for

growth zones in an attempt to défeﬂhing,thg absolute age of individuals.
Arm ossicleﬁ, basal plates, and cirral ossicles were sfudigd.ugiﬁg
techniques Qutiined in Pearse and Pearse (1975) whith have ﬁr@v:d
successful for elucidating growtﬁ zones in the ;Ehinaid endoskeleton.

Unfortunately, growth zones were not apparent in F. serratissima. The

ultimate life span of this species is thus unknown, but it may be very

| long. The apparent immunity of F. serratiggima to mortal attack by

predators is supportive of this suggestiom.

The number of specimcns of F. sg?ratisging with rgggﬂgrating ares

has been sﬁoun to be very highw, Since F. serratissima is rarely found
above a dﬁgth of 17 m, wave Qétion cannot be a factor ;antributiﬂg to
arm damage; seaweeds, or other objects with which feather stars could
become entangled, with resultant arm loss, are not préseat in that part

of Bamfield Inlet occupied by F. serratissima; furthermore, it is net

1ikely_that feather stars become entangled amongst themselves because
‘the population dcnaity is not high enough. It ;ppiarsi then, that

attacks by the sea star Pycnopodia helianthoides and the crab Oregon onia

ggacilis may be the major cause of arm loss in F. serratissima and thus

account,for the high proportion of specimens with regenerating arms.
Similarly, arm regeneration in amphiurid brittle stars is generally
thought to be the result of arm loss due to crapping by bottom faading
fish, sea stars and crabs (Huot, 1925; Buch;nan, 1964 ; Faﬂehnl 1965;

Iy

Salzwedel, 1974).



: | .
Since the arms of F. gerrdtiss;gg bear both the feeding and

reproductive structures, prompt replacement of lost arms is important

to the survival of zf,sgrrgtiggigé. Some gvidgﬂce is presented in this

report suggesting that the rate of regeneration per arm decreases
Sligﬁtly as the number of regeﬁEfating arms on an individéal increases.
%rasu@ably, this reflects the sffect of the partitioning of an |
individﬁal's available energy resources for regeneration between an
increasing number of regeneration sites. These findings are not in
agreement with Reichensperger's (1912) beliefs that the rgte of arm
regeneration in crinoids following extensive éfm damage was more rapid
than that following minor damage.

Information on arm regeneration in ophiuroids is considerably more

abundant than for crinoids, and it affaré some insight into the problems

addressed in this paper. Zeleny (1903), Harkiﬂg with Ophiura texturata

(= Ophioglypha lacertosa) presepted quantitative data demonstrating that

the greater the number of arms fremoved from a specimen, the greater the
rate of regeneration per arm. This relationship has sometimes been

referred to as Zeleny's rule. In a subsequent paper, Zeleny (1905)

postulated thtt this affect was due to an interaction éﬁgng the arms on
‘an .individual such that the presence of unremoved arms somehow retarded

the rate at wiiheh the amputated arms regenerated. Observations by

pumila, is cut off at the tip, it regenerates more slowly than an arm
cut off hear the base; the rete of regeneretion of an arm cut off at the

middle, however, is similar to that of an arm cut off near the base.

& =8



Additional experiments performed by Morgulis did not conform to Zeleny's
rule. He Tound that the rate of arm regeneration on specimens with one
to three arms removed is about the same as on specimefd with four to
five arms rewoved. Finally, Salzwedel (1974), working with Amphiura

filiformis, has demonstrated that as more arms are removed, the total

length and total weight of regemerating arm parts becomes greater, but
the rate of regeneration per arm slows slightly. These results do not
conform to Zelemjfs rule, and they are similar to results r’%pﬁé‘ted here

for F. serratissima. In view of such findings, it is proposed that,

contrary to Zeleny's hypothesis, the rate of arm regeneration in

crinoids and ophiuroids slows slightly as more arms are amputated.
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