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Abstract 

The gonad index in the deposit-feeding asteroid Cteno- 
discus crispatus (Retzius) in the Gulf of Maine (USA) 
is seasonally less variable than in any other sea star, 
ranging from 2.99 to 4.98% of dry body weight in 
females and from 2.28 to 3.42% in males, and varies 
in concert with, rather than reciprocal to, the pyloric 
caecum index. Biochemical composition and, hence, 
caloric content, of the gonads also show little seasonal 
change, suggesting that reproduction is aseasonal and 
continuous in this population. Oocyte development 
is asynchronous, all females having a full size range 
of oocytes (from less than 30 #m to greater than 400 #m 
diameter) throughout the year. Seasonally determined 
size-frequency distributions of juveniles, oocyte cytol- 
ogy and size-frequency distributions, responsiveness 
of adult females to 1-methyladenine, and oxygen uptake 
rates indicate that variations in reproductive intensity 
are superimposed on continuousreproduction, and 
seem related to changes in phytoplankton production 
rather than to temperature. The rich neutral lipid 
content (ca. 50% of total lipid) and large egg size (> 
400 ~tm) in the ovaries suggest that development is 
direct. The population is extremely variable genetically, 
polymorphism among 13 enzyme-coding genes being 
77% and average heterozygosity being 0.174. The 
reproductive pattern and genetic variation in the eury- 
bathic C crispatus are similar to those in deep-sea 
echinoderms. This may be related to the constancy 
of the population's detrital food source, to small- 
scale heterogeneity of its physical environment, and 
to low individual vagility. 

Introduction 

The sea star Ctenodiscus crispatus (Retzius) is an infaunal 
deposit feeder on clayey silt in the Gulf of Maine 

(Edwards, 1980; Shick et al., in press). Such sedi- 
ments represent an organically rich, complex, and 
stable food source, which should be manifested in the 
reproduction (Boolootian, 1966; Giese and Pearse, 
1974) and perhaps genetics (Valentine, 1976; Ayala 
and Valentine, 1978; Nelson and Hedgecock, 1980) 
of this population. C. crispatus is similar in morphology 
and feeding habits to the Porcellanasteridae, a quantita- 
tively important group of truly deep-sea asteroids 
Odadsen, 1961a, b). Hence, study of the biology of 
this stenothermal, boreo-arctic species may aid in 
understanding that of less-accessible deep-sea forms 
as well. 

Much attention has centered on the size and bio- 
chemical composition of the gonads and pyloric caeca, 
the latter being important nutrient storage organs 
in many asteroids. The frequently observed inverse 
relationship between the size and energy content of 
the gonads and pyloric caeca (reviewed by Lawrence, 
in press) has been interpreted as reflecting the transfer 
of materials and energy from the caeca to support 
gonad development during periods of low food avail- 
ability, an interpretation experimentally verified in 
Patiriella regularis by trump (1971). The lack of reci- 
procal changes in pyloric caecum and gonad size in 
Patiria miniata (Farmanfarmaian et al., 1958; Nimitz, 
1971) and Odontaster validus (Pearse, 1965) has been 
attributed to their omnivorous, scavenging habits and to 
lack of seasonahtyof food availability or feeding activity. 
Body component indices apparently have not been 
determined for deep-sea deposit-feeding sea stars, 
which similarly might be expected to show little seasonal 
variation in these parameters owing to their occupation 
of extremely stable environments. 

Changes in gonad size and composition give a general 
picture of the course of gametogenesis and spawning, 
but more precise information may be obtained using 
histological techniques (Lawrence, 1973; Giese and 
Pearse, 1974). Even then, the presence of "ripe" gametes 
may not necessarily define the spawning season (e.g. 
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Farmanfarmaian et al., 1958; Cognetti and Delavault, 
1960), which can rarely be observed directly. In the 
absence of observations of spawning in the study pop- 
ulation of Ctenodiscus crispatus at a depth of 70 m, 
we have used several lines of evidence to assess its 
seasonal pattern of reproduction. These include gonad 
and pyloric caecum indices and biochemical composi- 
tion, gonad histology, sensitivity to 1-methyladenine 
(an inducer of final oocyte maturation and spawning), 
seasonal rates of aerobic metabolism, and population 
size-frequency distribution. 

Finally, data on the population genetics of Cteno- 
discus crispatus are presented. These are discussed 
in conjunction with those available for 8 species of 
deep-sea asteroids and in relation to several factors 
purportedly affecting genetic variability in deep-sea 
invertebrates, as part of a larger study of the physio- 
logical ecology of this species (Shicketal., in press). 

Materials and Methods 

Specimen Collection 

Specimens of Ctenodiscus crispatus (Retzius) were 
collected off Damariscove Island and The Cuckolds, 
Maine, USA (43~ 69~ at water depths 
of 60 to 76 m, from June 1976 through March 1979. 
Seasonal data were obtained from collections made 
from February to November 1977. Mud stars were 
taken by trawling, using an otter trawl with 0.75 in. 
(1.9 cm) mesh through 1977, and a Blake trawl con- 
taining a 0.1 in. (0.3 cm) bag liner thereafter. Juveniles 
were obtained by sieving the sediment retained in the 
Blake trawl through a 1 mm mesh screen. Bottom 
(seabed) temperatures were taken in coincident sedi- 
ment samples obtained with a Shipek grab (Edwards, 
1980; Shick et al., in press). The mud stars were main- 
tained at the field temperature and salinity in recirculat- 
ing seawater in the laboratory for a maximum of 60 h 
before being processed. 

Body Component Indices 

The distances from the center of the mouth to the 
tip of the longest arm (R) and from the mouth to 
the madreporite interradius (r) were measured, and 
only specimens having R ~> 2.6 cm were used in the 
component index determinations. The gonads and 
pyloric caeca were removed, the sex of each individual 
recorded, and the organs and eviscerated body dried 
at 60 ~ to 65 ~ for 4 to 7 d. Gonad and pyloric caecum 
indices are expressed as the percentage of total body 
dry weight accounted for by each organ (Giese, 1966). 

Biochemical Analyses 

Subsequent to component index determination, tissues 
were stored at - 20~  until being ground to a homo- 

geneous powder (or paste, in the case of ovaries). Pooled 
samples were prepared by combining equal weight 
aliquots of tissues from each individual in a collection 
(Pearse, 1965). 

Tissue extraction and analysis of levels of protein, 
total and neutral lipid, free reducing sugars, and total 
carbohydrate were performed after Holland and Gabbott 
(1971) and Holland and Hannant (1973), with the 
following modifications: Owing to the high lipid content 
of the tissues, extraction was done by homogenizing 
10 mg of tissue in 500 pl of methanol:chloroform 
(2:1). To 200 pl of the homogenate were added 550 pl 
of methanol-chloroform and 200 pl of water, after 
which the procedure of Holland and co-workers was 
again followed. Protein was determined by the micro- 
biuret method (Itzhaki and Gill, 1964). 

Caloric composition of the tissues was estimated 
by using the values 5.7, 9.5 and 4.1 cal nag -1 dry 
weight for protein, total lipid, and total carbohydrate, 
respectively (Brody, 1945). 

Histological Procedures 

Separate groups of individuals were used for histological 
analysis of the gonads in each collection because of the 
small size of the organs. Gonads were fixed in Bouin's 
solution, and subsequently washed and stored in 70% 
ethanol. They were embedded in paraffin at 61 ~ 
after dehydration with ethanol and clearing with xylene, 
and sectioned at 10 gm (females) or 3 gm (males). 
Sections were stained in phosphotungstic acid hema- 
toxylin (PTAH) (Luna, 1968) or in aqueous periodic 
acid Schiff (PAS) with alcian blue and fast green counter- 
stains (Humason, 1972). 

Oocyte size-frequency distributions were compiled 
for 5 individuals from PAS-stained slides from each 
collection. Over 5 to 10 serial sections, the first 50 
oocyte sections encountered displaying nucleoli were 
measured. Each oocyte cross-section was classified 
as an ellipse, rectangle, or triangle, and two appropriate 
diameters were measured to calculate the oocyte cross- 
section area. The diameter of a hypothetical sphere 
with the same cross-sectional area was then calculated, 
and is referred to as the oocyte diameter. All measured 
oocytes were scored either PAS-negative or PAS-positive. 
Size-frequency distributions, resticted to mature oocytes 
(as determined by staining characteristics: see "Results"), 
were also obtained. The first 18 to 25 (generally 20) 
mature oocyte sections with visible nucleoli were mea- 
sured and scored for the absence or presence of atritic 
regions. Oocyte size-distribution data were converted 
to loglo (oocyte diameter, /~m) to encompass the 
extensive size range, and plotted as size-frequency 
polygons. 

Responsiveness to 1 -Methyladenine 

The ovarian hormone 1-methyladenine (1-MA) is an 
inducer of oocyte final maturation and spawning in 
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TaMe 1. Ctenodiseus crispatus. Genetic variation, as proportion of polymorphic enzymes, hetero- 
zygosity for individual genes (h), and average heterozygosity (/4). Heterozygosities calculated after 
Nelson and Hedgecock (1980). Buffers = I: Tris-citrate, pH 6.3 (Selander et al., 1971); II: lithium 
hydroxide, pH 8.0 (Ridgway et aL, 1970); III: Tris-borate, pH 8.6 (Markert and Faulhaber, 1965). 
Stains were modified from (A) Shaw and Prasad (1970), (B) Selander et al. (1971), and (C) Brewer 
(1970) 
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Enzymes Buffer Stain No. of Frequency of 
individuals heterozygotes 
scored (h) 

Group I enzymes 

Fumarase (FUM) III 
Glutamate-oxaioacetate transaminase (GOT) III 
c~-Glycerophosphate dehydrogenase (c~-GPDH) III 
Hexokinase (HK) I 
Isocitrate dehyrogenase (IDH) I 
Lactate dehydrogenase (LDH) II 
Malate dehydrogenase (MDH) I 
Phosphoglucose isomerase (PGI) II 
Superoxide dismutase (SOD) III 

A 3 0 
B 7 0.143 
A 6 0 
B 18 0.444 
13 9 0.111 
A 2 0 
B 24 0.083 
B 45 0.711 
C 28 0.179 

Group H enzymes H I = 0.186 -+ 0.080 

Alkaline phosphatase (ALP) 
Esterase-I (EST-I) 
Esterase-II (EST-II) 
Leucine aminopeptidase (LAP) 

I A 6 
II A 28 
II A 49 
II B 33 

0.167 
0.143 
0.184 
0.091 

HII = 0.146 -+ 0.020 

Proportion of polymorphic enzymes = 0.769; average heterozygosity, H = 0.174 +_ 0.055 

all sea stars studied to date (Kanatani, 1969, 1975), 
including Ctenod i scus  cr ispatus  (Turner, 1976). To 
clarify further the reproductive condition of  the study 
population, freshly-collected females were injected 
with 0.5 ml of  2 x 10 -4 M 1-MA in filtered artificial 
seawater. Although 1-MA-induced spawning is dose- 
dependent (Kanatani, 1969), preliminary experiments 
in winter and summer showed no enhanced effect 
o f  concentrations as high as 5 x 10 -a  M. The present 
studies were done over the course o f  1 yr, and females 
were tested at 2.5 ~ 5.0 ~ and 10.0~ at all seasons 
to examine the effects o f  both season and temperature 
on the effectiveness of  the hormone in inducing spawn- 
ing and on the latent period (see Turner, 1976). Sea- 
water-injected controls were included in each experi- 
ment,  and none spawned. Of 47 male specimens injected 
during 1976-1979, none responded to 1-MA. 

Population Size-Frequency Analysis 

Large collections o f  juveniles from August 1978 (n = 
97) and March 1979 (n = 160) and of adults from 
March 1979 (n = 136) were measured. Juveniles were 
dried at 600 to 65~ for 3 d and weighed. R and r 
of  adults were measured as previously described. R 
was converted to dry weight (W) using the relation- 
ship If  = 1.558 R - 2.221 (r 2 = 0.994; P < 0 . 0 0 1 )  
determined on a subsample of  35 individuals. 

Oxygen Uptake 

Rates o f  oxygen uptake (1)02) by intact female mud 
stars were detelmined polarographically as described 
in Shick (1976). Seasonal measurements of  I702 were 
made at the temperature of  the seabed at the times 
of  collection, using 10 to 15 specimens ranging from 
400 mg to 3.1 g dry wt, and on a group of  5 individuals 
o f  average size (about 2 g) in August 1976. 

Electrophoresis 

Horizontal starch-gel electrophoresis of  fresh and frozen 
tissue homogenates was carried out as described in 
Shick and Lamb (1977). Preliminary studies revealed 
no tissue-specific differences in zymogram patterns, 
and gonads generally gave the best results. Buffers 
and enzyme stains used are detailed in Table 1. The 
frequency of  heterozygous individuals at each locus 
(h) and across loci (H) was calculated after Nelson 
and Hedgecock (1980, p. 252). 

Results  

Gonad Index and Composition 

During the period February through November, 1977, 
the mean gonad index (GI) varied from 2.99 to 4.98 
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Fig. 1. Ctenodiscus crispatus. Monthly mean female gonad 
and pylofic caecum indices, as % of total body dry wt. Vertical 
lines represent 95% confidence intervals for 5 individuals per 
month. July ovary index is significantly different from all 
others (Duncan's multiple range test, P < 0.05) 

J. M. Shick et al.: Reproduction and Genetics of Ctenodiscus 

14 

12 �84 

10 

~ 8  
c 
c 6 
g 
c ~ 4  

2 

aecum - - - -  - 

o 

testis / 

J'o n" '/e'b" M s  "A'D;" i~'c~y ' 'J'u'n "Ju ,' ~ ~,'Jg' "Sep "C)ct "~4'o'v' "O'e'c' 
1977 

Fig. 2. Ctenodiscus crispatus. Monthly mean male gonad 
and pyloric caecum indices, as % of total body dry wt. Vertical 
lines represent 95% confidence intervals for 5 individuals per 
month. Monthly variances for both indices were significantly 
heterogenous (Bartlett's Box - F, P < 0.01), precluding valid 
comparisons of means by ANOVA 
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Fig. 3. Ctenodiscus crispatus. Monthly values of levels of 
protein (m), neutral (e) and polar (o) lipid, polysaccharide 
(A), and free reducing sugars (") in ovaries. Each point repre- 
sents mean of duplicate analyses of averaged (pooled) samples 
(n = 5) from each month's collection 
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Fig. 4. Ctenodiscus crispatus. Total monthly caloric con- 
tent of ovaries and pyloric caeca of an average 2 g female. 
Values calculated from data in Figs. 1, 3 and 13 

in female Ctenodiscus crispatus (Fig. 1) and from 
2.28 to 3.42 in males (Fig. 2). The female GI rose 
significantly (P < 0.05; Duncan's multiple rang e test) 
only in July, and otherwise remained unchanged through- 
out the year. The male GI did not show significant 
change over the period of  observation, although the 
variances of  male GI in July and August were signifi- 
cantly greater than those over the remainder of  the 
year (Bartlett 's  Box F = 3.234, P = 0.004). Single speci- 
mens with spent testes (GI = 0.27 and 0.30, respec- 
tively) were seen in bo th  July and August. 

No pronounced seasonal variations of  any of  the 
biochemical constituents were seen in the ovaries (Fig. 
3). Protein concentration was 13.7 to 15.4% of  ovary 
dry weight. The concentration o f  to ta l  lipid was 11.7 
to 14.4%, of  which 46.7 to 52.2% was neutral lipid. 

Polysaccharide concentration was 0.48 to 0.80%, and 
free reducing sugars were 0.06 to 0.49% of  dry weight. 
Owing to bo th  the low ampli tude of  the ovary index 
fluctuation and the relative constancy of  their bio- 
chemical composit ion,  the caloric content of  the ovaries 
of  an average 2 g female was remarkably stable at 
0.12 to 0.18 kcal (Fig. 4) 

No seasonal variation was seen in testis concentra- 
tions of  neutral or polar lipid, polysaccharide or free 
reducing sugars (Fig. 5). Total  lipid was 11.0 to 11.7% 
of  testis dry weight, with neutral lipid comprising 
34.5 to 40.2% of  total  lipid. Polysaccharide concentra- 
t ion was 0.07 to 0.29%, and that of  free reducing 
sugars was 0.43 to 0.50%. The greater variablility of  
testis protein concentration (27.9 to 36.1%) is not 
reflected in other biochemical compounds and is unex- 
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Fig. 5. Ctenodiscus crispatus. Monthly values of levels of 
protein (-),  neutral (o) and polar (o) lipid, polysaccharide 
(-), and free reducing sugars (zx) in testes. Each point repre- 
sents mean of duplicate analyses of averaged (pooled) samples 
(n = 5) from each month 's  collection 
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Fig. 6. Ctenodiscus crispatus. Total monthly caloric content 
of testes and pyloric caeca of an average 2 g male. Values calcu- 
lated from data in Figs. 2, 5 and 14 

plained. The testis caloric content of an average 2 g 
male is again seasonally invariant at 0.16 to 0.20 kcal 
(Fig. 6). 

Gonad Histology 

The ovary wall in Ctenodiscus crispatus has briefly 
been described by Walker (1974). It is composed of 
two concentric sacs separated by the genital coetomic 
(perihemal) sinus. The outer sac consists of visceral 
peritoneum, connective tissue, circular muscle fibers 
and an internal epithelium. The inner sac consists 
of epithelial cells and longitudinal muscle fibers, the 
hemal sinus, and the germinal epithelium. The hemal 
sinus was filled with a granular, PAS-positive coag- 
ulated fluid and contained free amoeboid cells. No 
changes in the width of the hemal sinus nor in the 
staining characteristics of the contained material were 
noted over the observation period. 

It was not possible to construct stages of ovary 
development based on qualitative characters as used 
previously for Asterias vulgaris by Lowe (1978), Lepta- 
sterias hexactis by Chia (1968), and L. tenera by Worley 
et al., (1977). All female Ctenodiscus crispatus dis- 
played a wide range of oocyte diameters, ranging from 
approximately 15 to 400/~m (Fig. 7, Fig. 8). Oocytes 
of diameter greater than ca. 150 /~m showed distinct 
staining characteristics, being PAS-positive and staining 
red (as opposed to violet) with PTAH, and of a distinct 
"moth-eaten" appearance (Fig. 7A), as described for 
mature oocytes ofPisaster ochraceus by Mauzey (1966), 
L. hexactis by Chia (1968), and A. vulgaris by Lowe 
(1978). All oocytes were surrounded by a halo of 
follicle cells (Fig. 7B). Phagocytes were observed free 
in the lumen in all months, and were commonly associ- 
ated with senescent oocytes. Nests of oogonia (Fig. 7B) 

were seen in specimens from all collections, but decreased 
in frequency in late autumn and early winter. 

Size-frequency polygons of oocyte diameters for 
individual females are presented in Fig. 8. The same 
data, with individuals pooled within months, are shown 
in Fig. 9. Significant differences in size-class distribu- 
tions of oocytes were observed among individuals 
in May and July [heterogeneity G-test (Sokal and 
Rohlf, 1969, Chapter 16) P < 0.005], and among 
months (P < 0.0005). Analysis of variance revealed 
a significant increase in mean oocyte diameter over 
the period from February (66 /~m diameter) through 
November (100 #m diameter). The frequency of oocytes 
in the 0 to 50/~m range was lowest in November (9.2%) 
and greatest in February (37.7%) (Fig. 10), suggesting 
a mid-winter period of primary oogenesis. Although 
no significant difference among months was seen in 
the frequency of mature (PAS-positive) oocytes, their 
frequency tended to increased with time and to mirror 
the decline in the frequency of the smallest oocytes 
(Fig. 10). 

Mature oocytes (those showing yolk-specific staining 
with PAS or PTAH) were abundant throughout the 
year (Fig. 11), although significant differences in size- 
class distributions of the ooyctes were observed among 
collections (heterogeneity G-test, P < 0:005). Cumula- 
tive frequency plots of the log-diameter distributions 
on probability paper (Cassie, 1954) were inconclusive, 
but suggested the existence of four separate populations 
of mature oocytes during the course of the year. More 
certain is the disappearance between April and May, 
and between October and November, of the largest 
of these oocytes, having attained a maximum diameter 
> 400/.tin (Fig. 11). 

Senescent PAS-positive oocytes (characterized by 
agranular, densely-stained regions, Fig. 7C, were fre- 
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Fig. 7. Ctenodiscus crispatus. (A) Section of ovary showing mature, PAS-positive (dark staining) and developing PAS-negative (lighter 
staining) oocytes; (B) follicle cells (arrows) associated with developing oocytes, and nest of oogonia (o); (C) senescent PAS-positive 
oocytes, characterized by agranular, densely-staining atritic regions (arrows); (D) section of testis showing spermatogenie columns 
(sc), spermatids (st), and mature, tailed spermatozoa (sz). All specimens collected November 1977. (A), (C), (D) X 100; (B) X 400 

Fig. 8. Ctenodiscus crispatus. Monthly size-class distributions 
in 1977 of oocytes in ovaries of 5 individuals. Significant within- 
monthly variation in distribution exists in May and July (hetero- 
geneity G-test, P < 0.005). Variation in distributions between 
months is significant (heterogeneity G-test, P < 0.0005). dia: 
diameter 

 .61- / 
~i~2f 

FEB MAY JUN JUL AUG OCT NOV 

Fig. 9. Ctenodiscus crispatus. Size-class distributions in 1977 of 
oocytes, 5 individuals pooled within each month. Variation 
in distributions between months is significant (heterogeneity 
G-test, P < 0.0005). Horizontal line connects mean monthly 
values of log~0 (oocyte diameter). Mean values labelled with dif- 
ferent letters (a-e) are significantly different (Duncan's multiple 
range test, P < 0.05) 

quently observed in various stages of atresia. No atritic 
PAS-negative oocytes were ever seen. Size-frequency 
distributions of senescent oocytes are superimposed 
on those of healthy mature oocytes in Fig. 11. No clear 
seasonal trend in the frequency of these atritic oocytes 
was observed, although atresia tended to be more 
frequent in the larger-size oocytes. 

The general histology of the testis resembled that 
in other asteroids (e.g. Cognetti and Delavault, 1960; 
Pearse, 1965; Lowe, 1978; Walker, 1980). As was the 
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case in females, no classification o f  gonad stage based 
on qualitative characters was possible. The germinal 
epithelium in all specimens examined was elaborated 
into spermatogenic columns, with successively distal 
regions of  the columns being comprised o f  increasingly 
old cell stages (Fig. 7D). Spermatogonia and mature, 
tailed sperm (free in the lumen) were numerous in all 
individuals from all collections. No seasonal trend in 
the thickness of  the germinal epithelium (spermato- 
genic column height) was seen, and this parameter 
was highly variable even within individual testes. Phago- 
cytic cells were not observed in the testes. 

Fig. 10. Ctenodiscus crispatus. Monthly frequencies of 0 to 
50 #m diameter (o) and PAS-positive (o) oocytes (n = 5 indi- 
vidual ovaries per month). Ordinate was angle-transformed (y = 
arcsin x/~ to normalize variances. Vertical lines represent 95% 
confidence intervals. Mean frequencies of 0 to 50 #m oocytes 
labelled with different letters (a-c) are significantly different 
(Duncan's multiple range test, P < 0.05). No significant dif- 
ferences among mean frequencies of PAS-positive oocytes were 
found over the period of observation (ANOVA, P > 0.10) 
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Fig. 11. Ctenodiscus crispatus. Monthly size-class distributions 
of mature yolked (PAS-positive) oocytes, 4 to 5 individuals 
pooled within coUections. Shaded areas represent senescent 
atritic oocytes. Ordinate log-transformed Lv = log10 (oocyte 
diameter)] to normalize variances. Among-month differences 
in distributions are significant (heterogeneity G-test, P < 0.005) 
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For females, y = 3.51 • 0.55 (x - 9.56) P < 0.001. For males, 
y = 3.07 + 0.27 (x - 9.83), P < 0.001. Triangles represent two 
exceptional males from July and August (see text, "Results") 
which were excluded from analysis 

Pyloric Caecum Index, Composition, and Relation 
to Reproduction 

The pyloric caecum index was slightly more variable 
than the gonad index, ranging from 8.4 to 10.9% in 
females and 8.2 to 11.8% in males (Figs. 1 and 2). 
The female caecum index cycle was bimodal, with 
maxima in July and October while that in males showed 
a single peak in July. The August decrease in caecum 
indices paralleled the decline in gonad indices at that 
time. Considering all individuals measured, the pyloric 
caecum index was strongly positively correlated with 
the gonad index (Fig. 12) in females (r 2 = 0.64, P < 
0.001). With the two exceptional individuals from 
July and August omitted from analysis, a strong posi- 
tive correlation was also observed in males (r 2 = 0,56, 
P <0 .001) .  

Caecum levels of  storage compounds (protein, neutral 
lipid, and polysaccharide) showed slight seasonal vari- 
ability in both sexes (Figs. 13 and 14). In females, 
protein increased from 26.1% of  caecum dry weight 
in February to a maximum of 31.8% in July, then 
declined to 29.0% in August. Neutral lipid remained 
constant at approximately 7.5% from February through 
July, and became more variable during August through 
November. Polysaccharide rose from less than 1% 
in February to a peak of  5.1% in June, declined to 
2.6% in July, and rose and remained above 4.5% for 
the remainder of  the sampling period. Polar lipid and 
free reducing sugars showed little variation. Protein 
was less variable in males, and both neutral lipid and 
polysaccharide remained stable at about 7.5 to 8% 
and 1 to 2%, respectively, from February through 
July. Both then rose rapidly to 10.4 and 5.1%, respec- 
tively, in August, with polysaccharide remaining high 
and neutral lipid gradually declining through November. 

The caloric content of  the pyloric caeca of  an average 
2 g individual showed a similar annual pattern in both 
sexes (Figs. 4 and 5), increasing from February through 
July, declining in August, and increasing sharply 
(females) or slightly (males) in October. The tendency 
for total caloric content to increase over the observa- 
tion period was owing both  to a similar tendency in 
caecum index and to an increase in storage components, 
and may reflect thermal effects on feeding and diges- 
tion, since temperature increased steadily during this 
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protein (m), neutral (e) and polar (o) lipid, polysaccharide (A), 
and free reducing sugars (4) in female pyloric caeca. Each point 
represents mean of duplicate analyses of averaged (pooled) samples 
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Fig. 14. Ctenodiscus crispatus. Monthly values of levels of pro- 
tein (m), neutral (e) and polar (o) lipid, polysaccharide (A), and 
free reducing sugars (z~) in male pyloric caeca. Each point repre- 
sents mean of duplicate analyses of averaged (pooled) samples 
(n = 5) from each month's collection 

period (Table 2, and Edwards, 1980). The August 
decline in caecum caloric content was largely a func- 
t ion of  a reduced caecum index rather than of  a vari- 
able decrease in individual storage components ,  implying 
cell destruction (cf. Lawrence, 1973). 

Responsiveness to 1-Methyladenine 

The effectiveness of  1-methyladenine in inducing spawn- 
ing in female Ctenodiscus crispatus varied both  seasonally 
and with temperature (Table 2). The greatest response 
(100% of  injected specimens spawning) occurred in 
early August 1976 at 10~ slightly higher than the 
seabed temperature.  No specimens spawned in February 
or May 1977. During late July to mid-August (the 
period of  greatest sensitivity), the magnitude of  the 
spawning response was directly related to laboratory 

exposure temperature between 2.5 ~ and IO.O~ By 
late August the percentage of  sea stars spawning appeared 
to decline, akhough the small sample size makes this 
uncertain. The length of  the latent period (time between 
injection of  1-MA and initial appearance of  shed ova; 
Turner, 1976) was inversely related to temperature 
and did not  vary seasonally at  a given exposure tempera- 
ture. No control  specimens spawned in any of  the 
experiments.  

Individual Size-Frequency Analyses 

Adult  specimens of Ctenodiscus crispatus were con- 
t inuously and normally distributed from a dry weight 
of  0.4 to 3.4 g (Fig. 15). Plots o f  cumulative frequency 
on probabil i ty paper (Cassie, 1954) revealed no clear 
size classes in these data. Juvenile mud stars were con- 

Table 2. Ctenodiscus crispatus. Effects of season and temperature on responsiveness of females to 1-methyladenine 

Date Seabed 2.5~C 5.0~ 10-0~ 
Temp n No. Latent period, n No. Latent period, n No. Latent period, 
(~ spawning h (_+ SD) spawning h (-+ SD) spawning h (-+SD) 

13 Aug. 1976 7 10 4 22.60 (0.61) 10 8 13.82 (0.65) 10 10 8.40 (0.54) 
18 Feb. 1977 2 5 0 - 5 0 5 0 - 
14 Apr. 1977 3.5 5 1 24-27 5 0 5 0 - 
27 May 1977 4.7 5 0 5 0 - 5 0 - 
25 June 1977 5 0 5 0 - 5 2 8.92, 10.92 
27 July 1977 6.7 5 0 5 2 12.15, 14.03 5 4 8.25 (0.50) 
23 Aug. 1977 7.2 3 2 22.0, 22.5 - 3 1 6.25 
13Oct. 1977 8.0 5 0 - 5 1 36-52 5 0 - 
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Fig. 17. Ctenodiscus crispatus. Seasonal rates of oxygen uptake 
as a function of body size in females at measured seabed tempera- 
tures (~ Best-fit lines calculated by least-squaresregression analy- 
sis of 10 to 15 individuals per coUection. Triangles are data for 
5 individuals collected on 13 August 1976 (seabed temperature 
7~ and 1)'o2 measured at 7.5 ~ 

tinuously and log-normally distributed in both collec- 
tions analyzed (Fig. 16). Although no distinct size 
classes are apparent in either collection, the mean 
body weight increased significantly from 6 mg in 
August 1978 to 15 mg in March 1979. Individuals 
iess than 1 mg dry weight were present in both collec- 
tions. 

Oxygen Uptake 

Oxygen uptake by female specimens of Ctenodiscus 
erispatus was affected by both season and tempera- 
ture (Fig. 17), 1202 in an average 2 g mud star was 
15.0 pl g-I h-1 at the seabed temperature of 3.5 ~ 
in April; the rate at the seasonal temperature of 8.0 *C 
in October was 21.0 /21 02 g-1 h-~, giving a Qlo of 
2.11. However, Iz% in late August (temperature 
7.2~ was elevated to 25.3 /A g-1 h-~, and may 
be related to the decline in female gonad and pyloric 
caecum indices at that time. In early August 1976 
(temperature 7.5~ when organ indices remained 
at their peak signifying no spawning had yet occurred, 
the mean V02 for 5 individuals (mean dry w t t  .91 g) 
was 17.1 gl g-1 h - l ,  so that the increased V02 in 
late August may reflect an increased energy demand 
after an increased intensity of reproduction. 

Genetic Variation 

The population of Ctenodiscus crispatus under study 
is genetically rather variable. Ten of the 13 enzyme- 
coding genes examined are polymorphic, the frequency 
of heterozygotes (h) at these loci ranges from 0 to 
0.711, and average heterozygosity (H) is 0.174 -+ 0.055 
(SE), which is at the high end of the heterozygosity 
spectrum in benthic marine invertebrates (cf. Valentine, 
1976, p. 90; and Somero et al., in press). Sample sizes 
and individual values of h are presented in Table 1. 
The enzymes studied have been broadly categorized 
as Group I (central metabolic enzymes) or Group II 
(enzymes processing food substrates) (Gillespie and 
Langley, 1974; Nelson and Hedgecock, 1980), 

Discussion 

Reproduction 

Several lines of evidence indicate that reproduction 
in Ctenodiscus crispatus is continuous, with several 
superimposed periods of increased intensity. We inter- 
pret the observed pattern as a manifestation of a con- 
tinuously available food source (clayey silt, of which 
10% of the dry weight is organic) for the adults, and 
as an adaptation to a seasonally predictable rain of 
phytoplankton-derived detritus which may be of parti- 
cular importance to directly-developing juveniles. 

The ovary and testis indices of Ctenodiscus crispatus 
display the lowest seasonal amplitude of any asteroid 
yet examined (reviewed by Lawrence and Lane, in press), 
and the continuouspresence of mature eggsled yon Hofsten 
(1915) and Thorson (1936) to conclude that spawning 
occurs over a very long period. These are crude measures 
of reproductive state, however, and Giese and Pearse 
(1974) recommend the use of additional techniques 
such as gonad histology. 
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In Ctenodiscus crispatus, proliferating spermato- 
genic columns, differentiating spermatids, and mature, 
tailed spermatozoa (Fig. 7D) are present in virtually 
all males throughout the year. The situation is highly 
complex, in that the relative extent of proliferation 
and differentiation varies not only among individuals, 
but also among columns within a single testis, so that 
unlike the more nearly synchronous condition described 
in Asterias vulgaris (Lowe, 1978; Walker, 1980), pro- 
liferation, differentiation, and maturation of sperm 
occur continuously and asynchronously within the 
C. crispatus population. 

A similar situation exists in the ovaries. Not only 
is there little variation in the ovary index, but the 
ovaries in any given month have the full size range 
of oocytes, from less than 30 to approximately 400 
/~m in diameter (Figs. 7 and 8). Such a large, yolky 
egg (neutral lipid comprises up to 52.5% of total ovary 
lipid, extremely high among asteroids) implies that 
development is direct in this species (cf. Thorson, 
1963; Tyler and Gage, 1980b), a point to be considered 
below. The variation in oocyte size-frequency distribu- 
tion is greater among individuals within a month (Fig. 
8) than among months when all individuals are pooled 
(Fig. 9). Ctenodiscus crispatus thus belongs to a small 
group of asteroids exhibiting truly aseasonal, asynchro- 
nous oocyte growth and maturation (Table 3), which 
is distinct from a simple overlapping of generations 
of oocytes (Pearse, 1965). 

Cognetti and Delavault (1962) first drew the distinc- 
tion between asteroids displaying asynchronous oocyte 
growth and those showing synchronous growth. Ovaries 
from representatives of the first category displayed 
a wide range of oocyte diameters with heterogenous 
staining properties, attributed to different amounts 
of yolk. Ovaries from representatives of the second 
category contained either a single homogenous oocyte 
population or two readily distinguishable populations, 
the smaller oocytes being present along the gonad 
wall. Phagocytic cells were present at all times in ovaries 
of the first group, as they are in Ctenodiscus crispatus, 
but appeared only for a short time after spawning 
in ovaries of the second group. 

The pooling of 5 individuals within each month 
to construct a series of oocyte size-frequency polygons 
(Fig. 9) emphasises the similarity of reproductive con- 
dition of the population from month to month. The 
significant increase in the mean size of oocytes through- 
out the year (Fig. 9) is apparently owing to a decrease 
in the frequency of the smallest size classes (Fig. 10), 
implying a mid-winter period of primary oogenesis 
followed by differential growth rates of the oogonia. 
There is no significant inverse trend in the frequency 
of PAS-positive (mature) oocytes (Fig. 10), suggesting 
their continuous loss during the year, which is sup- 
ported by the continuous presence of senescent oocytes 
and phagocytic cells in the ovaries. The difference in 
frequencies between the smallest and the mature oocytes 
is well-accounted for by PAS-negative oocytes of inter- 
mediate size. Although there is no histological evidence 

of a massive spawning event or evacuation of the gonads, 
the loss of mature oocytes is not uniform throughout 
the year, the largest size class disappearing between 
April and May, and between October and November 
(Fig. 11). This disappearance represents release to the 
environment, since there is no increase in the incidence 
of atritic oocytes or phagocytes at these times. 

The constancy of the gonad biochemical composi- 
tion again indicates the lack of pronounced season- 
ality in reproductive condition. The unchanging level 
of neutral lipid in ovaries of Ctenodiscus crispatus 
is decidedly unlike the pattern found in the seasonal 
spawners Odontaster validus (by Pearse, 1965), Luidia 
clathrata (by Lawrence, 1973), Echinaster sp. (by 
Ferguson, 1975b), Asterias vulgaris (by Lowe, 1978), 
and A. rubens (by Oudejans and van der Sluis, 1979), 
which show marked fluctuations in neutral or total 
lipid during the reproductive cycle. Because 
somatic maintenance takes precedence over gonad 
development in asteroids when food is scarce (Harrold 
and Pearse, 1980), the continuous presence of mature 
gonads in C. crispatus suggests that the mud stars are 
equally well-nourished throughout the year. Gonad 
development is not at the expense of pyloric caecum 
reserves, since these organ indices and caloric content 
vary in concert rather than reciprocally (Figs. 1, 2 
and 12), and the only changes in caecum-stored poly- 
saccharides and neutral lipid occur in midsummer 
(Figs. 13 and 14), coincident with or just after the 
only decline in gonad index. As in most other asteroids 
(Lawrence and Lane, in press), the pyloric caeca represent 
a greater caloric reserve than do the gonads (Figs. 4 
and 6). 

An additional method of assessing reproductive 
condition in asteroids has been little used except by 
cell biologists as a tool for obtaining ripe gametes. 
The ovarian hormone 1-methyladenine causes final 
oocyte maturation and spawning only of full-grown 
oocytes (Kanatani, 1969), and the responsiveness 
of female Ctenodiscus crispatus to it varied seasonally 
(Table 2), although the temperature at which the res- 
ponse occurred in the laboratory did not always coin- 
cide with the field temperature. When administered 
in early August 1976, 1-MA was 40 to 100% effective 
in eliciting egg release. No injected specimens spawned 
in February 1977, 20% spawned in April, none in 
May, 40% in June, 40 to 80% in July, 33 to 67% in 
late August, and 20% in October, again demonstrating 
at least some reproductively active individuals during 
much of the year, with a superimposed increase in 
reproductive intensity in the population, especially 
in midsummer. The lack of seasonality in the length 
of the latent period (Table 2) is indicative of minimal 
fluctuation in ovarian physiology throughout the year, 
unlike the situation in the seasonally-spawning Astro- 
pecten aurantiaeus (Kanatani, 1969). 

Hofsten (1915) has suggested some seasonality of 
reproduction in Ctenodiseus crispatus, based on his 
ability to identify distinct "age groups" in some collec- 
tions. We were unable to discern such groups in adult 
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Table 3. Broad classification of reproductive periodicity in various sea stars. Crosses indicate parameters used to infer periodicity 
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Asterias amurensis (Hatanaka and Kosaka, 1958 ; Kim, 1968) 
A. rubens (Vevers, 1949; Jangoux and Vloebergh, 1973; Jangoux 

and van Impe, 1977; Oudejans and van der Sluis, 1979; Oudejans 
et al., 1979) 

A. vulgaris (Lowe, 1978) 
Asterina gibbosa (Brusl6, 1969a, b) 
A. pancerii (Cognetti and Delavault, 1962) 
Astropecten aurantiacus (Cognetti and Delavault, 1962) 
A. bispinosus (Cognetti and Delavault, 1962) 
A. irregularis var. pentacanthus (Cognetti and Delavault, 1962) 
A. fonstoni (Cognetti and Delavault, 1962) 
Astrostole seabra (Town, 1980) 
Coscinasterias tenuispina (Cognetti and Delavault, 1962) 
Echinaster sp. (Ferguson, 1975a, b) 
Hacelia attenuata (Cognetti and Delavault, 1962) 
Leptasterias hexactis (Chia, 1968 ; Menge, 1974) 
L. tenera (Worley et al., 1977) 
Luidia elathrata (Lawrence, 1973; Dehn, 1980) 
Marthasterias glacialis (Cognetti and Delavault, 1962) 
Odontaster validus (Pearse, 1965) 
Ophidiaster ophidianus (Cognetti and Delavault, 1962) 
Oreaster (Pentaceros) hedemanni (Rao, 1966) 
O. reticulatus (Scheibling, 1979) 
Patiria min&ta (Farmanfarmaian et al., 1958; Nimitz, 1971, 1976) 
Patiriella calcar (Lawson-Kerr and Anderson, 1978) 
P. regularis (Crump, 1971) 
Pisaster brevispinus (Farmanfarmaian et aL, 1958) 
P. gigan teus (F armanfarmaian et aL, 1958; Greenfield et al., 1958) 
P. ochraceus (Farmanfarmaian et al., 1958; Greenfield et al., 1958; 

Nimitz, 1971, 1976) 
Sclerasterias riehardi (Falconetti et al., 1976, 1977) 
Stichaster australis (Barker, 1979) 

Anseropoda membranaeea b (Cognetti and 
Delavault, 1962) 

Ctenodiscus crispatug (present paper) 
Echinaster sepositus (Cognetti and 

Delavault, 1960) 
Henricia sanguinolenta b (Cognetti and 

Delavault, 1962) 
Patiriella exigua (Lawson-Kerr and 

Anderson, 1978) 

a Qualitative histochemistry only 
b Females only; males are synchronous and distinctly seasonal 

mud stars larger than 400 mg (Fig. 15), perhaps owing 
to the notorious variability in individual growth rates 
in asteroids (Nauen and Bghm, 1979). (In C crispatus, 
this may relate less to competition and unstable trophic 
conditions, as suggested by Nauenand B/Shm for Asterias 
vulgaris, than to intrinsic individual differences, since 
the population under study is highly variable genetically, 
as discussed below.) The significant difference in mean 
size of juvenile C crispatus collected in August 1978 
and March 1979 (Fig. 16) probably represents the 

growth of  one cohort,  and further implies some season- 
ality in the intensity of  recruitment, although the 
presence, in both collections, of  individuals less than 
1 mg again indicates more frequent recruitment. 

Taking the combined evidence from the gonad 
indices, histology and biochemical composition, 1-MA 
sensitivity, and juvenile size-frequency spectra, we con- 
clude the following pattern of  reproduction in Cteno- 
discus crispatus: At least a few individuals of  the pop- 
ulation are reproducing at any time during the year. 
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There is no massive spawning event: we have never 
seen a spent female, and 1-MA-injected specimens 
release only a portion of their contained oocytes. 
Considering the asynchronous oocyte growth and 
maturation, it may be that any female is capable of 
releasing a few eggs several times a year. Ultimately, 
this is likely to be a consequence of the continuously 
available food supply for adults (Edwards, 1980; Shick 
et al., in press), which is also manifested in the rela- 
tive stability of the biochemical composition of the 
gonads and of the pytoric caecum index. (We note 
that the organic content of the sediment inhabited by 
the study population is not only extremely stable 
but also usually high, being 10% of the dry weight. 
The latter condition probably does not occur in arctic 
and deep-sea environments inhabited by this wide- 
spread, eurybathic species. Indeed, even much of the 
organic matter in our sediment samples is of terres- 
trial origin and thus may be refractory and scarcely avail- 
able to the mud stars.) Continuous "reproductive readi- 
ness" may be important because of the infaunal nature 
and low vagility of C. crispatus (Gisldn, 1924; Madsen, 
1961a; Shick, 1976; Edwards, 1980; Shick et aL, in 
press), ensuring fertilization during chance encoun- 
ters between individuals as they move through 
the sediment, as suggested for a deep-sea gastropod 
by Rokop (1979). Moreover, the spawned eggs of 
C crispatus are positively buoyant (own personal 
observation) because of their very high neutral lipid 
content, and their release only when a "mate" is present 
might reduce the toss of unfertilized eggs to the water 
column. We have no evidence that eggs are brooded, 
as has been suggested for C. australis (Lieberkind, 
1926). 

At certain times there is an increase in the inten- 
sity of reproduction: the loss of the largest oocytes 
from the ovaries between April and late May (and 
the increased responsiveness of females to 1-MA in 
April) precisely coincides with the end of the first 
of two spring blooms of phytoplankton at this site 
(Morris and Skea, 1978); likewise, the disappearance 
of the largest oocytes in October-November is coin- 
cident with the termination of the fall bloom, and 
the significant increase in the ovary (and pyloric caecum) 
index and responsiveness to 1-MA in July is at the end 
of the second large spring bloom. The superimposition 
of this seasonality on the continuous, low level of 
reproduction may reflect a change in the quality of 
available food, especially for directly-developing juven- 
ties: summer phytoplankton at the study site incor- 
porate proportionally more 14C02 into protein than 
do winter plankton (Morris and Skea, 1978), and dead 
phytoplankton settling onto the sediment may provide 
a richer, less refractory, and more accessible food 
source or essential nutrients to very small juveniles 
feeding at the sediment-water interface. 

We emphasize that the pattern of reproduction 
in this population was inferred from several different 
parameters, no one of which alone would give the 
complete picture. We agree with Giese and Pearse 

(1974) that multiple techniques are useful, although 
such studies are work-intensive and have rarely been 
carried out (Table 3). The comparative ease of 1-MA 
administration in vivo recommends itself for studies 
of other sea stars to separate true (physiological) from 
apparent (histological) reproductive competence (e.g. 
Farmanfarmaian et al., 1958). 

Ctenodiscus crispatus produces relatively few, large, 
yolky eggs, breeds continuously, and is apparently 
iteroparous - it therefore falls toward the "K" end 
of the r- and K-selection continum. Southwood (1977) 
has argued that K-strategies will evolve either when 
the environment is homogeneous, or when temporal 
variations in climate and resource availability are predic- 
table. The trophic environment (sediment) of adult mud 
stars is spatially and temporally homogeneous in particle 
size spectrum and organic content (Edwards, 1980). 
The seasonality of primary production (Morris and 
Skea, 1978) is rather predictable and imposes some 
seasonality on breeding, but nevertheless is consistent 
with the development of K-strategies. 

The gonad index in female Ctenodiscus crispatus 
is low (range 2.99 to 4.98) compared to that in other 
asteroids (maximum GIs generally range from 10 to 30; 
Lawrence and Lane, in press), and may indicate a reduced 
reproductive effort in the mud star [although using gonad 
weight or volume (or fecundity) as a measure of effort 
is not always warranted (Menge, 1974; Lowe, 1978)]. 
Calculation of the actual annual reproductive effort 
by measuring the difference in energy content between 
the ripe and post-spawning ovaries, as has been done 
for Leptasterias hexactis (Menge, 1974) and Asterias 
vulgaris (Lowe, 1978), is not possible in C. crispatus 
because of the seasonat constancy of the caloric con- 
tent of its ovaries (Fig. 4). A less satisfactory com- 
parative measure is to sum the ovary caloric content 
throughout the year, although this method assumes 
equal recycling (by phagocytes) and release of gonad 
energy in the species compared, a criterion unlikely 
to be met. Monthly data are not available for L. hexactis, 
but in A. vulgaris the total energy present in the gonads 
during a year is approximately 2 kcal g-1 dry body 
weight (calculated from Lowe, 1978). The annual 
value in C. crispatus is 0.82 kcal g-1 (missing monthly 
values were obtained by extrapolating between points 
in Fig. 4), again suggesting a lower reproductive effort 
in the mud star, which seems related both to the arctic 
origin and deposit-feeding lifestyle of this species, as 
discussed below. 

Clarke's (i980) suggestion that continuously low 
temperatures have a role in the development of K- 
strategies, including low reproductive effort, by reduc- 
ing individual energy demands and turnover may apply 
to the stenothermal, boreo-arctic Ctenodiscus crispatus. 
The mud star has a low metabolic rate that is not usually 
affected by temperature within the normal environ- 
mental range (Fig. 17), the Qlo for seasonal oxygen 
uptake between 3.5 ~ and 8.0~ being 2.11. Indeed, 
aerobic metabolism appears to be more affected by 
season than by temperature per se: oxygen uptake 
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by mature females is 20% greater at 7.2~ in late 
August than at 8.0 ~ in October, probably owing 
to a late summer increase in reproductive intensity, 
since I;'% values in early August (Fig. 17) are not 
elevated. The increased I)% in late August immedi- 
ately follows the period of greatest sensitivity to 1-MA 
in late July, and coincides with the only notable decline 
in ovary and pyloric caecum caloric content after their 
elevation in late July, suggesting an increased energy 
demand at this time. The variable intensity of repro- 
duction is not directly related to temperature, which 
increases gradually and continuously from February 
through November at this depth (Table 2, and Edwards, 
1980), but rather seems more closely linked to periodic 
influxes of phytoplankton-derived detritus, as discussed 
above. The overall reproductive effort may reflect 
not only the low temperature experienced by C. crispatus, 
but also the mud star's detrital food source. 

The relative unimportance of temperature and the 
primacy of nutritional factors in affecting reproductive 
periodicity in this population of Ctenodiseus erispatus 
has relevance to the biology of deep-sea populations 
of this and other echinoderms, which inhabit an area 
of constant (low) temperature yet which show some 
seasonality of reproduction. Considerable data exist 
on reproductive periodicity in deep-sea ophiuroids 
(Schoener, 1968; Rokop, 1974; Lightfoot et al., 1979; 
Tyler and Gage, 1979, 1980a, b). To summarize these 
briefly, the synchronous, seasonal reproduction and 
high fecundity in Ophiura ljungmani is attributed to 
its origin on the upper continental slope and only 
recent invasion of the deep sea, and to the need to 
synchronize release of its presumably planktotrophic 
larvae with the seasonal presence of sinking plank- 
tonic food. Ophiomusium lymani and Ophiacantha 
bidentata are more typical deep-sea species, having 
lower fecundities and direct, or an abbreviated larval, 
development, and showing asynchronous year-round 
reproduction which nevertheless varies in intensity. 
Deep-sea porcellanasterid sea stars also continuously 
produce few, large eggs and have a non-planktonic 
development (Madsen, 1961 b, pp 181, 202), and 
the presence in single populations both of individuals 
having "ripe" and "unripe" gonads (Madsen, 1961 b, 
p. 181) suggests asynchronous reproduction. These 
species fit the case described by Rex et al. (1979) 
for the abyssal gastropod Benthonella tenella: "Ifseason- 
ality in reproduction exists at these depths, it seems limited 
to changes in the rate of continuous reproduction." 
The latter pattern is common in deep-sea invertebrates, 
and it seems likely that, due to the low concentra- 
tion and refractory nature of organic detritus in deep- 
sea sediments, adult deposit feeders extract it at a 
constant (low) rate, which is manifested in continuous 
production of gametes (Rex et al., 1979; also Chia, 
1974). Tyler and Gage (1979) further suggest that 
such continuous, low recruitment to an energy-poor 
environment maximizes initial survivorship of juveniles. 
Thus, the periodic occurrence of richer trophic con- 
ditions afforded by settling plankton may be less import- 

ant to adult deposit feeders such as C. crispatus and 
other soft-bottom asteroids which ingest large amounts 
of bulk sediment, than to directly-developing juveniles 
feeding at the sediment-water interface. 

Genetic Variation 

Ingestion of bulk sediment by deep-sea benthos, and by 
Ctenodiscus crispatus, provides a stable source of nutri- 
tion which is manifested not only in aseasonal repro- 
duction but perhaps also in the genetic structure of 
populations. The population of C. crispatus under 
study is genetically extremely variable, despite Chia's 
(1974) prediction that low fecundity by itself should 
restrict such variation. Of the 13 enzyme-coding genes 
studied, 10 are polymorphic, and the average frequency 
of heterozygous individuals (H) is 0.174. The stability 
of trophic resources has been advanced by Valentine 
(1976) and Ayala and Valentine (1978) as a partial 
explanation for the large amount of genetic variability 
in many deep-sea invertebrates, which may follow 
a spatially "coarse grain" strategy in their utilization 
of the temporally "fine-grained" environment, indi- 
viduals of a population perhaps being habitat and 
food specialists, a tendency grown out of competi- 
tion for limited, but stable, resources (Valentine, 1976, 
p. 91). 

This "trophic resource stability hypothesis" was 
originally framed with little evidence or considera- 
tion of the foods actually eaten by the species for 
which genetic data were being generated. For example, 
8 species of deep-sea asteroids collectively studied 
by Ayala et al. (1975) and by Murphy et al. (1976) 
have high levels of heterozygosity (ca. 9 to 20%). Rather 
than being trophic specialists, as the hypothesis predicts, 
however, they appear to be generalists: at least 5 of the 
8 genera represented are classified as omnivores and 
also have large amounts of sediment in their diets 
(Carey, 1972). Even in environments where primary 
production is strongly seasonal, organic detritus provides 
a storage function during periods of low productivity 
(Darnell, 1967). Indeed, the near ubiquity of organic 
detritus (both particulate and dissolved) in the diets 
of aquatic consumers, especially those classified as 
filter-feeders and grazers and therefore presumed by 
the trophJc stability hypothesis to be heavily dependent 
on seasonally-available resources, poses a threat to 
the fundamental tenet of the hypothesis sensu stricto. 

Spatial and temporal heterogeneity of the physical 
environment have also been put forward as causes of 
genetic variability (for reviews see: Selander, 1976; 
Soulb, 1976; Nelson and Hedgecock, 1980). Owing 
to its infaunal existence at a water depth of 70 m, 
the population of Ctenodiscus crispatus under study 
is buffered from the strong seasonality of tempera- 
ture which prevails in shallower water at the same 
latitude, so the impact of this temporal component 
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of environmental heterogeneity on the population may 
be slight. However, the sediment is patchy with respect 
to primary amine and hydrogen sulfide concentrations 
(Shick et al., in press), probably stemming from local 
variations in bioturbation by the dense deposit- 
feeding community at the study site (Edwards, 1980), 
and the environment may therefore be perceived as 
coarse-grained by a small sea star with limited mobility. 
Further,  the abundance of  putative (chemo) sensory 
structures in the cribriform organs of  C. crispatus 
(Edwards, 1980) and the mud star's distinctive behavioral 
response to hydrogen sulfide (Shick, 1976) imply 
an ability to discriminate among habitat patches within 
its small sphere of  activity (cf. Jumars, 1976). 

Following Gillespie and Langley (1974), Nelson 
and Hedgecock (1980), as part of their hybrid "environ- 
mental heterogeneity - trophic diversity" model, have 
broadly categorized enzymes as being either central 
metabolic enzymes (Group I) or enzymes processing 
externally derived (food) substrates (Group II). High 
heterozygosity across Group I enzyme-coding genes 
should be positively correlated with variability in physi- 
cal habitat parameters and with small size and low 
individual vagility (see also Selander and Kaufman, 
1973), while high heterozygosity among Group II 
enzymes should relate to the breadth of the diet. 

In Ctenodiscus crispatus, Group I heterozygosity 
(/-/) is 0.186 + 0.080 SE, and H in Group II is 0.146 
+ 0.020. The high levels of polymorphism and indi- 
vidual heterozygosity in this species appear to be well 
accounted for by the Nelson and Hedgecock hypo- 
thesis: the small mud star has limited vagility and 
inhabits a spatially (and mildly temporally) hetero- 
geneous environment, yet it is also a t roph ic  generalist, 
subsisting on a stable supply of organically complex 
detritus and on macrofauna in its habitat sediment. 
The high heterozygosities (average 0.123) in omni- 
vorous deep-sea asteroids (Ayala et al., 1975; Murphy 
et al., 1976) may be similarly interpretable, particularly 
when compared with the very low heterozygosities 
(0.021 and 0.011) in the shallow-water, vagile carni- 
vores, Asterias forbesi and A. vulgaris (Schopf and 
Murphy, 1973). No quantitative genetic data are avail- 
able for the deep-sea mud-eating Porcellanasteridae, 
but Madsen (1961a, p. 54) notes that morphological 
polymorphism is pronounced in this group and that 
"a quite remarkable infraspecffic variation . . . has 
been found in some of the large samples of single pop- 
ulations." 

The study population of Ctenodiscus crispastus is 
also extremely large, which itself may contribute to 
genetic variability (Soul~, 1976; Siebenaller, 1978). 
Examination of other, truly deep-sea populations 
of the eurybathic C. crispatus would retain the criteria 
of  trophic generalism (Carey, 1972) and large pop- 
ulation size (Alton, 1966), while further reducing 
seasonality, and thus perhaps clarify the relative con- 
tributions of  these factors to genetic structure and 
reproductive periodicity in marine invertebrate pop- 
ulations. 
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