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E IG H T  F IG U R E S

In  both the pelecypod and gastropod mollusks there is a 
strong  tendency tow ard p ro tandry , although change of sex 
m ay take place in  either direction and in  one species it  has 
been found th a t p ro tan d ry  o r proterogyny m ay be controlled 
experim entally (Rosenwald, ’26). In  some form s an  a lte r­
nating  sequence of male and  female phases occurs m ore or 
less regu larly  throughout the life of the individual, while in  
o thers the in itia l sexual phase of the young anim al appears 
to depend to some extent on environm ental factors, w ith la te r 
changes of sex tak ing  place in  the in terval between two breed­
ing seasons (Coe, ’34).

In  some groups of gastropods functional herm aphroditism  
is common and self-fertilization sometimes occurs. In  some 
form s an in itia l phase of separate  sexes precedes the h er­
m aphroditic adult condition. Among the gastropods the 
species of C repidula are  of in terest because it  has been 
thought th a t in  one species the development of the male phase 
m ay be dependent upon the presence of la rger individuals 
(Gould, ’17 a ), and th a t in  another species the continuation 
of the male phase requires th a t the individual be associated 
w ith  a  female (O rton, ’09).

The question as to the  ex ten t and generality  of such en­
vironm ental influences can be readily  examined a t the M arine 
Biological L abora to ry  a t W oods Hole, M assachusetts, fo r 
th ree  species of th a t genus (C. fornicata, C. plana, and C. 
convexa) can be obtained in  abundance and individuals of all
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of these will live fo r m onths in  the  aquaria  and live cars 
w ithout special feeding.

The habits and rela tive sizes of the m ale and female phases 
of each of these three species were briefly described by Conklin 
(1897, 1898) m any years ago and evidences of p ro tan d ry  were 
shown. L a te r  Gould ( ’17, ’17 a, ’19) m ade a very  complete 
histological and experim ental study of the sequence of the 
sexual phases of C. p lana  and the influence of the environm ent 
on the control of the sexual condition. These species are  es­
sentially  p ro tand ric  and the initial m ale phase usually  occurs 
while the individual is  very  young an d  before it has atta ined  
m ore th an  a sm all fraction  of its  n o rm al definitive size. In  
each species the functional male phase  is distinguished ex­
te rn a lly  by the developm ent of a coiled seminal vesicle filled 
w ith sperm  and by a slender m uscular penis which m ay be­
come nearly  as long as the body. The young males a re  motile 
and move about freely, while the older m ales are m ore or less 
seden tary  and often rem ain fo r life in  one position unless 
accidentally o r forcibly removed. Conklin (1897) noted cor­
rectly  the differences in  the behavior of individuals of each 
species in  th is respect. In  C. convexa even those in  the female 
phase m ay change the ir position fro m  tim e to time, while in 
C. fo rn ica ta  the  seden tary  males as w ell as the fem ales m ay 
rem ain  im movably fastened together fo r  a  year or more.

Follow ing the  m ale phase is a  tran s itio n  period, often of 
ra p id  growth. A t th is time the residual sperm atic tissue is 
absorbed, the penis atrophies and th e  seminal vesicles dis­
appear. L a te r  p ro lifera tion  of prev iously  inactive ovogonia 
replaces the orig inal sperm atic tissues, and the u terus with 
its  seminal receptacles is  form ed a t th e  base of the genital 
duct. D uring the re s t of its  life the  anim al functions as a 
fem ale. All these stages have been fu lly  and accurately  de­
scribed by Gould ( ’17) fo r C. plana.

Since there a re  some notable differences in the environ­
m ental responses of the three species in  their successive 
aspects of sexuality, they will be briefly discussed separately.
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SEXU AL PH A SES IN  CREPIDULA FORNICATA

In  this species, as previously noted by Conklin (1898), 
O rton ( ’09) and the earlier zoologists, there  is a strong  tend­
ency fo r groups of individuals to pile up, one on top of 
another, in  spiral, pyram idal form , w ith the la rg est a t the 
bottom  and successively sm aller ones above (figs. 1, 2). Com­
monly five to eight individuals are  thus grouped together,

Pig. 1 Crepidula fornicata. A, small group consisting of basal female attached 
to dead shell (D ), w ith two individuals in transition stages and one male above; 
three motile supplementary males are in  m ating positions on the lower transition 
individual. The female has presumably been fertilized previously both by the 
transition animal in an earlier male phase and by one or more motile males. The 
apical male is in position to fertilize the upper transitional individual as soon as 
the female phase is reached. B, same group from  the le ft side. N atural size.

Fig. 2 Crepidula fornicata. A, large group consisting of two females, one 
transition individual and nine m ales; three of the latter are supplementary. B, 
same group from  the right side; D , dead supporting shell.
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but an irreg u la r pyram id m ay co n ta in  m ore than  a  dozen. 
Such pyram ids m ay be attached to stones, shells, or other 
solid objects, o r they m ay lie free u p o n  the pebbly or shelly 
bottom a t a depth of several m eters. In  the la tte r  case the 
bottom shell is  em pty or occupied b y  C. p lana or some other 
mollusk.

Individuals of th is species are  also commonly found attached 
to both dorsal and ven tra l surfaces o f Lim ulus. O thers are 
carried  about by Scycotypus and o th e r  gastropods. In  these 
la tte r  situations they are attached separa te ly  or in  groups 
of two o r three. The size reached a t sexual m atu rity  is corre­
la ted  w ith these diversities of environm ent.

The basal individual in  these g ro u p s  is usually  the oldest 
and hence likely to be found in  the m a tu re  female phase. I t  
is frequently  also am ong the la rg est of the group, fo r large 
individuals a re  norm ally sedentary  a n d  if forcibly separated  
from  the  object to  which they are  a ttach ed  they are  usually 
unable to  attach  themselves to any  o ther object in  tim e to 
avoid destruction  by the ir enemies. The top individual is 
the la tes t a rriv a l and is usually e ith e r  sexually im m ature or 
a  young male. Between these two m a y  be several functional 
m ales or transitional forms or fem ales or one or m ore ind i­
viduals represen ting  each phase of sexuality  (figs. 1, 2).

The following examples will il lu s tra te  a few of the hundreds 
of com binations of sexual phases found  in groups examined 
in early  summer. This will supplem ent a sim ilar lis t given 
by O rton ( ’09) fo r the coast of E ngland. The sequence, 
length  of shell in  m illim eters and sexuality  of each member 
of the group a re  in  the order given, beginning w ith the base. 
F  =  functional female phase ; T  =  transition  stage ; M =  
functional m ale phase ; I  =  sexually im m ature ; F E  =  female 
w ith  egg cluster p resen t when examined.

Group 1. 38 F , 35 M, 38 M, 31 M, 35 M, 27 M, 12 I.
Group 2. 43 F E , 43 F E , 45 F , 42 F , 44 T , 39 M, 24 M, 17 M, 12 I.
Group 3. 37 F , 37 T, 30 M, 26 M, 21 M, 18 M.
Group 4. 35 F , 37 F , 38 T, 37 M, 32 M, 23 M, 17 M.
Group 5. 39 F E , 40 T, 23 M, 18 M.
Group 6. 40 F , 40 T, 20 M, 15 I.
Group 7. 42 F , 21 M, 25 M, 20 M, 18 M.
Group 8. 33 F E , 35 F E , 37 F E , 33 M, 25 M, 14 I.
Group 9. 38 F Ê , 36 F E , 37 F , 30 F , 21 T , 16 M.



SEXUAL PH A SE S IN' CREPIDULA 459

N early  all groups have several supplem entary  males, 15 to 
18 mm. in  length, and im m ature individuals, 7 to  15 mm. in 
length, along the side.

I t  is  obvious th a t the sexual condition of any group will 
change during  the breeding season as additional m ales are 
added and as the sexuality of the component members changes 
w ith the ir advancing age.

Growth is  norm ally rap id ; young hatched in  early  summer 
m ay reach a  length of 16 mm. and become functional males 
la te  in the autumn. O thers m ature m ore slowly and those 
hatch ing  la te r do not reach the male phase until the following 
year. A fte r functioning as m ales m any of these transfo rm  
into  fem ales during the ir first breeding season. O thers re ­
m ain  in  the male phase o r in  tran sitio n  stages until their 
th ird  o r fou rth  sum m er when they  breed as fu lly  m ature 
females.

M ating. I f  the seminal receptacle of the female has become 
fu lly  developed, the male places his body along the an terio r 
d ex tra l surface of the fem ale’s shell and by means of the 
long, slender penis tran sfe rs  the eupyrene sperm atozoa from  
h is seminal vesicle to her seminal receptacle. The m ating 
position m ay be retained  by motile m ales fo r several weeks 
and  by sedentary  males presum ably fo r a  year o r more.

Several young males m ay partic ipa te  in  the insem ination 
of a  single female by placing the ir bodies in  overlapping 
positions (figs. 1, 2), and these motile, supplem entary m ales 
evidently do not in terfere  w ith the corresponding function of 
the  one or more much la rger, sedentary  males w ith which the 
fem ale may be associated. In  small groups only young m ales 
m ay be present.

P rim ary gonad. Sections of very  young individuals alm ost 
invariab ly  show th a t the p rim ary  gonad is bisexual in nature , 
as Gould has described fo r C. plana. The nuclei of both 
sperm atogonia and ovogonia are  situa ted  in a  m ore or less 
continuous layer of cytoplasm  w ithout distinct cell boundaries. 
The m ore rap id  p ro lifera tion  of the sperm atogonia and the ir 
encroachm ent on the lumen soon give the gonad a  distinctly
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male appearance, although some typ ica l ovogonia and ovo­
cytes lie scattered  along the walls in  all or nearly  all ind i­
viduals.

Male phase. All the young anim als are  freely  motile and 
w ith the exception of a  few aberran t individuals, all of them  
reach the functionally m ale phase before the period of active

"Fig. 3 Crepidula fornicata. A, portion of gonad of active male phase, showing 
development of eupyrene (spz) and apyrene (aspz) spermatozoa, with two ovo­
cytes (oe) in  basal syncytium (b s). B, gonad of similar individual in  early 
transition  stage (30 days a fte r isolation), with only a  few spermatozoa rem aining; 
d, disintegrating spermatic tissues; ug, undifferentiated gonia; spg, spermato­
gonia; spc1, spc2, prim ary  and secondary spermatocytes; spt, spermatids.

locomotion has passed. D uring th is first sexual phase the 
slender, highly m uscular and usually black penis grows out 
from  the body wall im m ediately behind the righ t tentacle as 
soon as sperm atogenesis commences. Both eupyrene and 
apyrene sperm atozoa are  form ed and transferred  to the sem­
inal vesicles (fig. 3, A ).
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B y the ir la te r behavior two m ore or less in te rg rad in g  types 
of individuals m ay be distinguished. In  one of these the male 
phase is  com paratively brief, a f te r  which the anim al settles 
down to undergo the transition  to the fem ale phase while 
the body is still relatively small (fig. 7). T he gonads of such 
a  fem inine type of individual show m ore num erous and  la rg e r 
ovocytes th an  do those of the masculine type.

oc oc

oc

-bs

bs-

oc
Fig . 4 Crepidula fornicata. A, portion of gonad of individual in  late tran si­

tion  stage (63 days a fte r  isolation), showing th in  follicular wall w ith scattered 
ovogonia and ovocytes and the remains of disintegrated cells (x) ; no spermatozoa 
rem ain b u t the lumen contains a few disintegrating spermatic cells (d ) . B, 
portion of wall of follicle devoid of ovocytes; C, portion of gonad of individual 
in  early female phase (63 days afte r isolation) showing one large and one smaller 
ovocyte remaining from  previous male phase and smaller ovocytes (oc ') in  early 
growth stages, w ith follicle cells ( f )  scattered in  lumen. Other letters as in 
figure 3.

A fte r  a sim ilar period of m otility  the young males of the 
m asculine type establish themselves in  m ating positions if  
fem ales are available and rem ain sedentary  throughout the 
re s t of the ir lives unless forcibly removed. Sperm atogenesis
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m ay sometimes continue fo r a year o r  more, during which 
tim e the body has atta ined  its  fully  ad u lt size (figs. 5, 6, 7). 
Eventually , however, the tran s itio n  to  the fem ale phase will 
norm ally occur. In  groups in  which no suitable females are 
p resen t or in  which the fem ales are  a lread y  covered by large 
m ales or transition  form s, the young male of th is sedentary 
type m ust take an  available position a t  the top of the group 
of older males to  aw ait the  sexual transfo rm ation  of the 
underlying individuals before actual m ating again becomes 
possible (figs. 1, 2). The tran sfo rm atio n  of such a  sedentary 
individual m ay undoubtedly be hastened  by the death of the 
one to which i t  is attached  (Coe, ’35 a ) . T here is also evi­
dence th a t a fte r  reaching a  certain  stage of m a tu rity  con­
tinued  opportunity  fo r insem ination is  conducive to a p ro ­
longation of the m ale phase.

In  the functional male phase the w all of the gonad consists 
of a  syncytial layer of follicle cells an d  undifferentiated gonia, 
w ith scattered ovogonia and m ore o r less num erous ovocytes 
of various sizes pro jecting  into the  lumen. P ro life ra ting  
sperm atogonia, sperm atocytes, sperm atids and spermatozoa, 
together w ith num erous apyrene sperm atozoa in all phases 
of development, com pletely fill the lum en (fig. 3, A ).

Transition  stages and the female phase. A t the climax of 
the male phase the tubular, b ranch ing  gonads are very  ex­
tensive and occupy m ost of the space between the viscera, 
bu t as the m ale phase w anes and th e  sperm atic follicles are 
em ptied there is  a rap id  increase in  the connective tissues, 
usually associated w ith an  increased ra te  of grow th of the 
whole body. In  a  short tim e the form erly active follicles 
are  reduced to th in  tubules filled w ith  a  fluid containing the 
disin tegrating  residual sperm atic tissues (fig. 3, B ). Sper­
m atozoa often rem ain  in  la rge  num bers. Some of these be­
come cytolysed w ithin  the lumens of follicles and ducts, while 
others are ingested  by the walls o f the ducts and seminal 
vesicle to become assim ilated by the syncytium of follicle cells. 
Only a few scattered  cells along the  walls indicate the  p ro ­
genitors of the  fu tu re  ova (fig. 4, A, B ). Most of these cells
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are  sm all ovogonia, but some have previously  been tra n s ­
form ed in to  ovocytes. The la rg e r ovocytes frequently  dis­
in teg ra te  w ith  the sperm atic tissues.

A fter fu r th e r  increase in  the connective tissues groups of 
cells a re  found in  active p ro liferation  in  some of th e  follicles 
and the characteristic  synaptic chromosomes in  the enlarged 
nuclei of th e  young ovocytes fu rn ish  unm istakable evidence 
th a t the fem ale phase is inaugurated  (fig. 4, C). W hen the 
body is  rem oved from  the shell i t  is noticed th a t the slender, 
branching tubules and follicles of the gonad have now become 
m ore deeply orange in  color. The la rg e r size of the body a t 
th is time allows the extension of new ovarian  follicles into 
the  newly form ed tissues.

T here is considerable varia tion  in  the ex tent of regression 
of the m ale characteristics before the ovocytes begin th e ir 
rap id  grow th in  the early  female phase. U sually  the two 
sexual phases are  distinctly  separated  bu t occasionally some 
of the follicles have assum ed unm istakably fem ale pecu liari­
ties while norm al Sperm atozoa rem ain  iñ  o ther p a r ts  of the 
gonad. Correspondingly, the u terus m ay become well de­
veloped and  eggs m ay be laid before the penis has been re ­
duced to h a lf its  form er length.

D uring  the transition  stages the penis, which had previously 
been long and  black, has been gradually  depigm ented and 
absorbed until it  is  represented  by an  orange colored tubercle 
only and even th is m ay eventually d isappear. The condition 
of the gonads is  m ore or less closely correlated  w ith the 
am ount of regression  of the penis, as has been previously 
rep o rted  by O rton ( ’09). A complete description of the 
form ation  and development of the ova of th is species m ay 
be found in  the classical study by Conklin (1897).

E ffec t of environment

The long period  th a t the male phase m ay be reta ined  when 
associated in  g roups w ith females was em phasized by O rton  
( ’09, ’22), who concluded th a t a p roperly  m ated male m ight 
rem ain  in the functional male phase fo r several years. Iso-
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la ted  individuals soon complete the m ale phase and then 
tran sfo rm  to females.

The question arises w hether th is response  is due to the 
rem oval of a specific influence exerted  by the associated ind i­
viduals or w hether the inheren t tendency tow ard  a  change 
to  the female phase is m erely h as ten ed  by an y  considerable 
a lte ra tion  of the physical environm ent.

The problem was tested  by  seg regating  in  an aquarium  
m ore than 200 functional m ales a t  th e  height of the breeding 
season tow ard the end of June. T he m aleness of each ind i­
vidual was determ ined by the  presence of a  norm ally devel­
oped penis, bu t in no case w as an  ind iv idual used unless the 
one next beneath i t  in a  group w as also in  the functional male 
phase. No individual less th an  14 mm. in  length was included, 
because th is is  below the minim um  size a t which norm al indi­
viduals in the population from  which the  samples w ere taken 
begin the sexual transform ation . T he morphological findings 
w ere checked, a t the beginning of, du ring , and a t the end of 
the experiment, by histological s tudy  of the gonads of sam­
ples from  each group.

Such segregated males as w ere ab le to regain  m otility 
tended to form  new groups sim ilar in  form  to those from  
which they had  been taken, w ith  non-m otile individuals a t  the 
base.

A fte r the m ales had been sep ara ted  from  the ir associates 
and  segregated fo r 30 days m any of them  had already entered 
upon the first transition  phase. E xam ination  of the gonads 
showed th a t sperm atogenesis h ad  ceased and th a t cytolysis 
of the sperm atic tissues was well advanced (fig. 3, B ).

A t the end of 63 days (A ugust 27th) 211 individuals were 
carefully  exam ined a fte r rem oval fro m  their shells and  the 
condition of sexuality  of each, toge ther with the size of the 
shell, recorded. I t  was found th a t only tw enty-four, or 11.4 
p e r cent of the  total, had re ta ined  th e  functional penis and 
sem inal vesicles. All the o thers h ad  become transform ed  
m ore or less completely tow ard the fem ale phase, as indicated 
in  table 1. The la rgest of the m ales was about 27 mm. in
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length a t the end of the experim ental period and  the  smallest 
15 mm., the  m ean size being 21.4 mm. The m axim um  grow th 
during  the  experim ent did not exceed 6 mm., since only a  little  
food was available.

In  the first tran sitio n  stage, w ith the penis about as long 
as a  tentacle, w ere twenty-six individuals. The la rgest of 
these m easured 26 mm. and the smallest 17, the m ean being 
21.6 mm.

Of the forty-seven individuals in  the second transition  stage, 
w ith the penis reduced to about half the length of a  tentacle, 
the la rgest was 28 mm. long and the smallest 17, w ith a  m ean 
of 21.8 mm.

T A B L E  1

Change o f sexuality in  segregated males o f C. fornicata

C O N T R O L
S E X U A L IT Y  O F  SEG R EG A TED  M A L E S  A F T E R  6 3  D A Y S, J U N E  2 3  TO A U G U ST  2 o  A N IM A L S

Mean size No. Per cent P E R  C E N T  
( e s t i m a t e d )

Functional male
mm.
21.4 24 11.4 85

F irs t transition stage 21.6 26 12.3 5

Second transition stage 21.8 47 22.4 3
Third transition stage 21.8 83 39.3 4
Functional female 2 1 . 1 31 14.7 3

Total 211

The la rgest num ber, eighty-three, were in the th ird  tra n s i­
tion  stage, w ith the penis reduced to a  mere stub or tubercle, 
usually  somewhat orange in  color. Of these the la rgest ind i­
vidual m easured 29 mm. and the sm allest 15, the m ean being 
21.8 mm. In  th is stage the gonad has become reduced to 
thin-walled tubules w ith large, em pty lumens (fig. 4, A, B ).

Of the th irty-one individuals classed as functional females, 
w ith only a  discolored spot to m ark the position of the form er 
penis the la rg est was 27 mm. long and the smallest 16, w ith 
a  m ean of 21.1 mm. The gonads show pro liferating  ovogonia 
and rap id ly  grow ing ovocytes (fig. 4, C).

Evidently  the size of the individual a fte r reaching the full 
expression of the m ale phase had little  influence on the tim e
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which, would norm ally he the first m em bers of the group to 
begin transform ation  showed th a t some of them  were more 
re frac to ry  to the changed environm ent than  w ere the younger 
individuals. These are thought to rep resen t individuals w ith 
a  somewhat different combination of genetic factors, corre­
sponding, perhaps, to the so-called ‘tru e  m ales’ or to the 
m asculine type of individuals of o ther p ro tand ric  mollusks. 
They have few er and sm aller ovocytes in  the gonads than  do 
the more active males of the fem inine type which respond 
to  the environm ental changes m ore quickly.

i n n .

Fig. 7 D iagram indicating the successive phases of sexuality in  typical indi­
viduals of the feminine and masculine types of C. fornicata as correlated with 
the lengths of the shells. The amount of deviation of the curves above and below 
the base line represents the relative volumes of m ale and female gonads.

A diagram m atic representation  of the sexual phases of 
these two types of individuals is g iven in  figure 7. This 
d iagram  also indicates the effects of isolation on individuals 
of the masculine type and the rela tive volumes of the active 
gonads in  each sexual phase as correlated  with the lengths 
of the shells.

Some individuals, however, appear to he interm ediates be­
tween the feminine and masculine types and an occasional 
anim al is found which approaches a  tru ly  herm aphroditic 
condition in th a t the ovocytes reach a  large size before sper­
m atogenesis is completed.
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A borted  male phase

Im m ature anim als kep t in  a  re frig e ra to r fo r some months 
occasionally transform ed  into the female phase w ithout pass­
ing th rough the functional male phase. In  such cases the 
penis is either not form ed or developed to only a  small frac ­
tion of its  functional size and the usual orange stub is not 
found in  the female phase. Sperm atogenesis is completed 
only to the stage of sperm atids. The sperm ary  then  d isin te­
g ra tes  and the young ovocytes enter upon the synaptic and 
grow th stages. S im ilar exceptional fem ales are  found in  
nature, both in  th is species and in  C. plana, although in the 
vast m a jo rity  of dw arfs the  functional m ale phase occurs as 
usual.

S ta b ility  o f sex in  w inter

The environm ental conditions reported  in  the preceding ex­
perim ents included not only the separation of the males from  
the ir associates hut also a  change in  the tem peratu re  from  
about 15° to an  average of about 22° and  occasionally to 
30°. U nder such conditions the m ajority  of m ales begin the 
transition  stages tow ard the definitive female phase w ithin 
a  few weeks. Changes of tem perature and food supply alone 
w ere shown to be less effective. In  the autum n and w inter, 
when the tem peratu re  of the w ater becomes lower, the sexual 
phase is evidently m ore stable, fo r less than  10 per cent of 
the segregated m ales kep t a t  a fa irly  uniform  tem peratu re  
of about 7° showed any appreciable change in  the ir sexual 
conditions from  the end of October to the first of A pril. 
T ransition  stages prom ptly  appeared  a fte r an  increase in 
tem perature.

In  the ir n a tu ra l h ab ita t sperm atogenesis is  g reatly  re ta rd ed  
during  the w inter, although the seminal vesicles of the m ales 
rem ain distended w ith sperm . Following a  m ating period  in. 
early  spring, there  is a  strong  tendency fo r the gonads to 
rem ain  inactive, term inating  the male phase and leading to 
the transition  stages.
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S E X U A L  P H A S E S  IN  C R E P ID U L A  C O N V EX A

This species commonly occurs a ttach ed  to  L itto rina  and 
other shells inhabited by the small h e rm it crab, but it  is also 
found on a  v arie ty  of solid objects. T he early  bisexual gonad 
has been described by Gould ( ’17).

The successive sexual phases are  sim ilar to those reported  
on the foregoing pages fo r C. fo rn ica ta , but in  C. convexa 
the p rim ary  male phase is reached w hen the young anim al 
is only 2 to 4 mm. in length (fig. 8). These m ales are  like­
wise very  active when young and move about on the fem ale’s 
shell and  m igrate  from  one female to  ano ther when both sexes 
are  kep t in  the same aquarium .

10 mm-

Fig . 8 A, Crepidula convexa; female with one m ated (sedentary) and one 
supplementary (m otile) male. B, C. p lana; female with two of the four males 
in m ating positions.

T ransition  stages from  prim ary  m ales to females m ay be 
found in  anim als only 4 to 6 mm. in  length. In  these there  is 
a  much stronger tendency tow ard herm aphroditism  than 
occurs in  C. forn icata, the ovocytes often beginning the ir 
grow th long before sperm atogenesis has been completed. 
E ggs m ay be la id  before the penis has entirely disappeared. 
A  2-mm. functional male m ay be m ated  w ith a  6- to 7-mm. 
rip e  female or the p rim ary  male m ay be attached to a  seden­
ta ry  male which is m ated w ith a la rg e r female.

In  th is species also one o r two seden tary  males m ay find 
a secure attachm ent on the fem ale’s shell until they become 
much la rg e r th an  the motile p rim ary  males, often reaching 
6 to 8 mm. in  length. F u rth e r  grow th occurs d u ring  the 
transition  stages, the female often reaching  a length of 10 to 
13 mm. (figs. 5, 6, 8).
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This species is less favorable fo r an experim ental study 
of the environm ental influences on sex change, since the male 
phase is norm ally so brief.

SEXUAL PH A SE S IN  CREPIDULA PLANA

C areful study of the development of the p rim ary  bisexual 
gonad and the changes which take place both in  the gonad and 
in  the copulatory ap p ara tu s  during the successive phases of 
sexuality confirms in  all im portan t respects the adm irable 
descriptions published by Gould ( ’17, ’17 a, ’19) and verifies 
the accuracy of his num erous illustrations. G ould’s conclu­
sions, however, th a t the im m ature anim al m ust necessarily 
be associated with an  individual of la rger size, preferab ly  
a  female, in  order to realize the functional male phase is not 
supported  by the evidence recently obtained. I t  is tru e  th a t 
youngs males usually have such associations (fig. 8) when 
grow ing w ithin the shells of large univalves, where colonies 
containing several to fifty  or m ore individuals may be found. 
But the functional m ale phase is also realized when the young 
anim al attaches itself as the only occupant of a  dead shell 
of any other mollusk. Such isolated males a re  sim ilar in 
all respects to those found in  association w ith females, 
although the m ale phase is g reatly  abbreviated (fig. 6).

Gould has em phasized the g rea t varia tion  in  the size which 
the young animal m ay a tta in  before the functional male phase 
appears. Since these sizes seem to be grouped about two 
means (fig. 6) it  is perhaps not unreasonable to surm ise th a t 
two different com binations of hered ita ry  facto rs m ay be in ­
volved, as is m ore fully  discussed in  the preceding account 
of C. fornicata. Gould has also correctly in terp reted  the long 
period of rap id  grow th which m ay take place between the 
two sexual phases, and has suggested tha t in an exceptional 
individual the male phase m ay be aborted, in  which case the 
only functional phase would be female.

A ll these aspects of sexuality have been verified, bu t since 
they are indicated diagram m atically  in figures 5 and 6 it  
seems unnecessary to  add a  fu rth e r  explanation.
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I t  is sometimes difficult or im possible to determ ine in the 
living anim al of medium size w hether it  is a sexually im m a­
tu re  individual which has reached an  unusual size before 
developing the male characteristics o r  w hether it  represen ts 
an anim al which completed the m ale phase very  early  and  
is now in  a  la te transition  stage. B u t the response of the 
two will be very  different if both a re  subjected to the same 
experim ental procedure, such as changing the environm ent 
or placing them  in contact w ith o ther individuals, fo r the one 
will soon enter the male phase of sexuality  while the other 
will reveal its  tru e  sta tus as a  tran s itio n  female.

I t  seems th a t any phase of the progressive cycle—im m a­
tu rity , m ale phase, transition  phase, female phase (figs. 5, 6) 
—can be abbreviated  or prolonged b y  either genetic or en­
vironm ental influences but there is no conclusive evidence 
th a t any p a r t  of the cycle can be reversed. Nevertheless, 
some of Gould’s experim ents were thought by him to ind i­
cate th a t the sperm ary  m ay occasionally resum e activity  fo l­
lowing a  change of environm ent a f te r  a certain  degree of 
d isin tegration  of the sperm atic tissue  has occurred. The 
isolation of fully  functional males usually  resu lts in the rap id  
absorption of the penis ; if such individuals, before the tra n s ­
form ation of the gonads begins, are  replaced upon or beside 
large individuals of e ither sex the penis m ay sometimes be 
restored. Such association is not alw ays necessary, however, 
fo r the developm ent of the penis in th e  early  male phase.

DISCUSSION

The th ree  species of gastropods belonging to  the fam ily  
C alyptraeidae discussed in  th is re p o rt exhibit a  series of 
sexual phases which closely parallel those of the pelecypods 
previously reported . In  Crepidula, as in  the viviparous and 
oviparous oysters and  Teredo the p rim ary  gonad is essen­
tially  bisexual, bo th  ovogonia and sperm atogonia being d if­
feren tia ted  a t a  very  early  period (O rton, ’09, ’2 6 -’27; Coe, 
’33, ’34, ’3 4 a ; Gould, ’17). The m ore rap id  p ro lifera tion  of 
the sperm atogonia soon gives the gonad a characteristic male
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appearance, with sperm atogonia and sperm atocytes filling the 
lum ina of the follicles, bu t nearly  always w ith some or m any 
ovocytes in  the cortical layer next the basem ent membrane.

In  the pro tandric  species, both of gastropods and  pelecy- 
pods, the functional m ale phase usually  occurs while the 
individual is very  young and  before i t  has become m ore than  
a  small fraction  of its  definitive size.

Follow ing the discharge of the sperm atozoa is  a  transition  
stage, during  which the residual sperm atic tissues a re  cyto- 
lysed and  the ir substances utilized fo r the general metabolism 
of the  body. Such differentiations of the genital ducts as are  
peculiar to  the male phase, including copulatory organs, if 
p resent, are  likewise absorbed. This is usually  a period of 
rap id  growth.

The length of the transition  period  m ay be very  brief, the 
p ro lifera tion  and grow th of such ovocytes as will be produced 
a t  the first ovulation in  the fem ale phase having been in 
progress during  p a r t or all of the m ale phase. In  other cases, 
as in  the oviparous oysters, a  fu ll year in tervenes between 
the m ale phase and the next succeeding functional phase, 
which m ay be either male o r female.

In  the viviparous oysters there is an alternating  sequence 
of male and female phases throughout the life of the ind i­
vidual. In  the w arm er regions three functional phases (male, 
female, m ale) m ay be completed during  the first y ear of the 
an im al’s life, while in colder w aters but a single phase is 
experienced each year and in  some years the tem peratu re  of 
the  w ater m ay rem ain so low th a t spawning does not take 
place a t  all. In  w arm  areas there is a  tendency fo r the norm ­
ally succeeding sexual phases to overlap, producing a  condi­
tion  of true  herm aphroditism . Self-fertilization is then 
possible if  a  portion of the  gam etes of one phase are  reta ined  
un til the discharge of those of the  succeeding phase. A 
corresponding sexual rhy thm  occurs in  Teredo, bu t the much 
sh o rter span of life usually  lim its the number of sexual phases 
to  two, three or four (Coe, ’34 a).



474 W . E . COE

Sim ilar conditions are  found in th e  gastropods, but only 
a  single change of sex occurs. I n  C repidula convexa the 
transition  phase is sometimes so b rie f th a t there  is  a distinct 
overlapping of male and female phases but not to such an 
extent as to render self-fertilization possible.

In  none of the form s in which p ro tan d ry  is  dom inant does 
the in itia l male phase invariably  become functional; critical 
exam ination of the gonads of large num bers of the population 
always reveals some individuals in which th is phase is abor­
tive, so tha t the first breeding phase is actually female.

F urtherm ore there  a re  always some young males in  which 
few, if  any, ovogonial cells are form ed, and which conse­
quently do not experience the changes in  sexuality character­
istic  of the re s t of the group. These so-called tru e  males, 
which m ay thus re ta in  the male phase indefinitely, commonly 
com prise about 5 to 10 per cent of the young population in 
viviparous oysters (Coe, ’34) and Teredo (Coe, ’33, ’34 a), 
and perhaps 35 per cent in  P a te lla  (O rton, ’28). In  C repidula 
there is a small p roportion  of the la rg e  old m ales which re ­
sist longer the environm ental influences which change the sex 
of the other males.

In  all these form s, however, the  term  maleness is p re ­
sumably relative and not absolute, since the ‘tru e  m ale’ evi­
dently represen ts m erely an intensification of the p ro tandric  
phase, with a corresponding postponem ent of the definitive 
female phase.

Between the extrem es of the abortive and persisten t males 
a re  m any in term ediate conditions. T h a t these are  to a  con­
siderable extent under environm ental control is shown by the 
A m erican oyster, in which the percentage of abortive young 
m ales m ay be as low as 3 per cent in  one locality and m ore 
than  30 per cent in  other situations which are more favorable 
fo r rap id  grow th during  the an im al’s first year (Coe, ’34). 
In  older individuals, however, there is a close approach to 
equality in the sex ra tio  in all localities, indicating th a t such 
changes in  sexuality  as m ay occur a re  more directly  influ­
enced by the in te rn a l than  by the external environment.
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T hat some individuals have an inherent tendency tow ard 
one sex and  others tow ard the opposite sex seem s highly prob­
able in  all the form s studied, fo r not only do they  differ 
m ateria lly  as regards the proportion  of m ale and  fem ale cells 
in  the im m ature and male gonads bu t they also  v a ry  in their 
response to apparen tly  identical environm ental influences. In  
all these respects the observations recorded in  th is p aper fo r 
the th ree  species of C repidula a re  in  harm ony.

T here is no doubt but th a t in  each of these species of 
C repidula stable environm ental conditions tend  to prolong 
the  m ale phase of those individuals th a t a re  su itably  m ated 
and  sedentary . Forcibly rem oving such functional males 
from  the ir n a tu ra l associations causes m ost of them  to under­
go tran s itio n  to the female phase several weeks or months 
earlie r th a n  sim ilar males in  the ir norm al relations. Remov­
ing  the  anim al from  its  sedentary  position compels it  to 
resum e active m otility  fo r a t least some hours and  in  m any 
cases fo r  several days. This unusual activ ity  m ay be one of 
the fac to rs  which brings about some change in  the an im al’s 
m etabolism  sufficient to in itia te  the first of the  series of in te r­
dependent events which lead to a  change of sexuality. E ven 
slight changes in the metabolic conditions m ay conceivably 
tend  to favor the p ro liferation  of the resting  ovogonia a t the 
expense of the cells which have been partic ip a tin g  in  the male 
phase or m ay release other stim uli in  the body. The anim al 
is p rem atu rely  aged in  the sense th a t the sexual phase norm ­
ally characteristic  of an older age appears long before the 
usual tim e and when the body m ay be only half as large as 
i t  would otherw ise have been a t  the beginning of the fem ale 
phase. Change of sex under these conditions is m erely the 
p rem atu re  realization  of the an im al’s definitive genetic ch ar­
acteristics.

O ther environm ental changes, such as abnorm al tem pera­
tu re  o r the accum ulation of w aste or toxic substances are also 
conducive to the term ination of the male phase. The influence 
of associated individuals is m anifest in  all th ree  species. 
The death  of an  underlying individual of C. fo rn icata  o r its
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rem oval from  its  shell often induces a  p rom pt response by 
the superim posed male (Coe, ’35 a ) .  Sexual transform ation  
in  Crepidula, like m etam orphosis in  other anim als, can be 
hastened or re ta rd ed  experim entally  bu t it  cannot be reversed.

SUMMARY

1. In  three species of the p ro tan d ric  gastropod Crepidula 
the in itia l male phase norm ally, b u t not invariably, becomes 
functional before the tran s itio n  to th e  definitive female phase. 
In  exceptional cases the m ale phase is  aborted.

2. Preceding the m ale phase, association w ith females or 
other individuals is usual bu t is n o t necessary fo r the full 
development of the m ale characteristics in any  of the three 
species.

3. Two in terg rad ing  types of m ales occur: predom inantly 
feminine individuals which com plete the m ale phase rapidly, 
and sedentary, m asculine ind iv iduals which rem ain associated 
w ith or m ated w ith females and w hich re ta in  the male phase 
much longer.

4. Isolation or segregation of seden tary  m ales causes m ost 
of them  to tran sfo rm  to the fem ale phase a t a  much younger 
age than  th a t of sim ilar individuals which are  allowed to  
re ta in  their norm al associations. T h is response to a  changed 
environm ent does no t take place, a t  least in  C. fornicata, in 
the autum n and w in ter a t low tem peratu res. Rem oval of an 
underlying anim al from  its  shell is equally efficacious in 
inaugurating  the  change of sexuality  in  a superim posed male.

5. I t  is suggested th a t the differences in  the behavior of 
the two types of m ales m ay be due to  differing genetic factors 
as well as to the  d iversity  of environm ental conditions, fo r 
these differences appear to  be correlated  with the rela tive 
abundance and size of the ovocytes present in  the gonads 
during  the functional m ale phase.

6. The change of sex which individuals in the m ale phase 
undergo upon isolation is no t s tric tly  ‘sex reversa l’ b u t only 
a p rem ature realization  of the  definitive (female) phase of 
sexuality which would otherw ise have occurred a t an  older 
age.
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