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ABSTRACT: Growth of newly settled purple sea urchins Strongylocentrotus purpuratus was studied 
using laboratory rearing of individuals at natural densities, size-frequency analysis of a recently settled 
cohort collected in field samples, and mark-recapture techniques with individuals injected with 
tetracycline. In the laboratory, sea urchins were reared on crustose coralline algae as characteristic of a 
sea-urchin barren ground (barrens), and on foliose red algal turf as characteristic of a kelp bed. Growth 
in a barrens was compared with growth in a kelp-bed habitat using all 3 methods. Field work was done 
at 2 subtidal sites near Santa Barbara, California, USA, from 1985 through 1987. S. purpuratus in the 
laboratory grew at similar rates for the first 50 d after settlement regardless of substrata (0.29 to 0.45 mm 
mo-l), and in the field grew slightly, but significantly, faster in the barrens (0.42 mm mo-') than in the 
kelp-bed (0.31 mm mo-l). At roughly 50 d of age and 0 8 to 1.2 mm test diameter, sea urchins switched 
from feeding by surface scraping to grazing on fleshy algae. Thereafter, growth was signlflcantly faster 
in the presence of macroalgae (0.56 to 1.67 mm mo-l), than in habitats or treatments without fleshy 
algae (0.12 to 0.27 mm mo-'). Based on these results, S purpuratus diameter at 1 yr old was estimated to 
be 3.6 mm in barrens and 17 mm in kelp-bed habitats. Newly settled sea urchins suffered higher 
mortality in the kelp bed than in the barrens, but individuals at slightly greater ages showed no 
detectable difference in mortality between the 2 habitats. The attainment of a threshold size for 
switching diets and increasing growth rate (if algae is available) may be a critical event in a sea urchin's 
life-history. 

INTRODUCTION 

The period of growth immediately following larval 
settlement and metamorphosis can be critical to the 
successful recruitment to adulthood of many marine 
invertebrates. Early post-settlement mortality of marine 
invertebrates shows great variability (Loosanoff & 
Engle 1940, Coe 1956, Keough & Downes 1982, Young 
& Chia 1982, Wethey 1985), is often very high 
(Loosanoff 1964, Muus 1973, Highsmith 1982, Sebens 
1983, Luckenbach 1984, Connell 1985, Watzin 1986, 
Dauvin & Gentil 1989), and can limit the size of result- 
ing populations (Highsmith 1982, Young & Chia 1982, 
Connell 1985, Elmgren et al. 1986). Such mortality is 
commonly size-related, with surviving individuals 
eventually reaching sizes at which the risk of mortality 
is reduced (Birkeland 1974, Highsmith 1982, Sebens 
1983, Watzin 1986). A faster growth rate during the 
early post-settlement period reduces the time that an 
individual remains at high risk. Thus, growth rate 
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becomes a factor influencing successful recruitment to 
adulthood. 

Studies of growth during this period are also impor- 
tant because population studies often estimate cohort 
strength based on the smallest recruits easily sampled. 
The age of these recruits is based on growth rate 
estimates made by back-extrapolating growth rates 
measured for larger animals. Such studies rarely 
include data on the growth rates of newly settled indi- 
viduals (for sea urchins, Ebert 1967, 1968, Tegner & 

Dayton 1981, Ebert 1983, Himmelman et al. 1983; but 
see Raymond & Scheibling 1987). 

One reason that data on growth rates of newly settled 
individuals is rarely included in estimates of the age of 
recruits is that little is known about the early post- 
settlement life of mobile marine invertebrates such as 
sea urchins. The difficulties involved in following the 
fate of mobile, microscopic individuals in the field have 
resulted in a paucity of information on the growth or 
mortality of newly settled individuals (Barker 1979, 
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Sarver 1979, Switzer-Dunlap 81 Hadfield 1979, High- 
smith 1982. Luckenbach 1984. Elmgren et  al. 1986. 
Highsmith & Emlet 1986, Watzin 1986, Raymond & 

Scheibling 1987, Zann et al. 1987, Dauvin & Gentil 
1989). 

Sea urchins are the dominant herbivores in many 
algal communities and can exert profound effects on 
community structure (Lawrence 1975, Ebeling et al. 
1985). They are also the basis of a large and growing 
fishery along both coasts of North America: landings in 
California alone were worth 13.7 million dollars in 1987 
(Tegner 1989). In spite of this growing importance, it is 
not known what factors are necessary for successful 
recruitment into adult sea urchin populations (Ebert 
1983, Tegner & Levin 1983, Harrold & Pearse 1987, 
Raymond & Scheibling 1987, Hart & Scheibling 1988, 
Rowley 1989). 

To better understand the factors influencing recruit- 
ment into adult sea urchin stocks, the growth and 
mortality of newly settled purple sea urchins Strongy- 
locentrotus purpuratus Stimpson were examined. 
Growth and mortality were studied in the field in both 
kelp-bed and sea-urchin dominated barren-ground 
(barrens) habitats, and in the laboratory on substrata 
representative of each of the 2 habitats. 

STUDY SITES AND METHODS 

Most of the field work was conducted between 1985 
and 1987 by SCUBA diving at Naples Reef, an  isolated 
outcrop of shale located 1.6 km offshore and 23 km 
west of Santa Barbara, California (34O25' N, 1 1g057' W; 
Ebeling et  al. 1985). Study sites included a low-relief 
saddle area, which has remained a barrens since at 
least 1984 (pers. obs.), and an  adjacent area of higher 
relief, which has supported a stand of the giant kelp 
Macrocystis pyrifera and associated benthic cover for 
the same period. The barrens was ca 1000 m2 in area, at 
a depth of 10 to 12 m, and was dominated by crustose 
coralline algae. The coralline algae at  this site were 
identified by R. S. Steneck and reported in Breitburg 
(19841, and include the genera Lithothanlniuin, 
Lithophyllum, and Pseudolithophyllum. The kelp bed 
covered ca 10 500 m', was 1 to 2 m shallower, and was 
dominated by a turf of foliose red algae (commonly 
Rhodymenia californica, Gigartina spp. and Gym- 
nogongrus sp.) and associated invertebrates. 

Densities of Strongylocentrotus purpuratus differed 
greatly between the 2 sites. The barrens was main- 
tained b y  a high density of small, exposed sea urchins, 
while the kelp bed supported fewer, larger sea urchins, 
mostly sheltered in cracks and crevices (Rowley 1989). 

To take advantage of a clear and abrupt border 
between kelp-bed and barrens habitats, Coal Oil Polnt, 

8 km east of Naples Reef, was chosen for a mark- 
recapture study. Marked sea urchins were transplanted 
in 1983 to sites located on either side of the barrens/ 
kelp bed boundary at 8 m depth. 

Water temperatures were recorded daily at the 
intake to the UCSB Marine Laboratory seawater sys- 
tem and are reported as mean f 1 standard deviation 
of the midpoints between daily minimum and max- 
imum values. The laboratory is located 12 km east of 
Naples Reef and 4 km east of Coal Oil Point. 

Growth in the laboratory. To obtain newly settled 
individuals, larvae of Strongylocentrotus purpuratus 
were reared in the laboratory and settled on several 
types of natural substrata (Rowley 1989). Approxi- 
mately equal numbers of such individuals were added 
to the following treatments: (1) Coralline algae - small 
cobble rocks (5 to 7 cm maximum dimension) encrusted 
with crustose coralline algae; (2) Coralline algae + 
kelp - identical to Treatment 1, except that kelp Mac- 
rocystis pyrifera blades were cut into 1 to 2 mm pieces 
and added throughout rearing; (3) Turf - small rocks 
covered with foliose red algae including Rhodymenia 
californica, Gigartina spp., and Gymnogongrus sp.; (4) 
Bare rock - rock pieces without visible algae, but 
presumably supporting a natural microbial (bacterial) 
film. 

These individuals (3 to 5 d old initially) were main- 
tained for 100 d in the laboratory on the natural sub- 
strata in flowing seawater. The only food available was 
the natural growth on these substrata, and the kelp 
added to the kelp addition treatment. Water tempera- 
ture in the laboratory generally stayed within 1 "C of 
field water temperatures. 

All substrata were collected at  Naples Reef and 
cleaned of mobile invertebrates before use. Each treat- 
ment had ca 64 cm2 projected surface area of sub- 
stratum, resulting in initial sea urchin densities of 
roughly 15 to 40 ind. 2 0 0 ~ m - ~ ,  which is within the 
range of densities recorded in the field (Rowley 1989). 
Sea urchins that settled on algal turf or rock were 
reared on the same substratum, with their numbers 
augmented with individuals chosen haphazardly from 
those settled on coralline algae. The 2 coralline algal 
treatments used only sea urchins that had settled on 
coralline algae. Two replicates of each treatment were 
reared. 

Sea urchin sizes were recorded as test diameters 
measured in pm. All data were transformed to log 
(diameter) because the change in biomass with diame- 
ter is better described logarithmically than by an  arith- 
metic function (Tessier 1960). Day 50 corresponded to a 
shift in diet and a major acceleration in growth in the 2 
fleshy-algae treatments. For this reason data for 0 to 
50 d were analyzed separately from data for 50 to 
100 d.  
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Statistical analysis was complicated by inability to 
measure individual growth rates: there is no method 
developed for marking newly settled sea urchins. This 
ruled out the use of analysis of individual variance or 
covariance. To compare change in size of sea urchins in 
the 4 treatments over the 2 time periods, the mean sizes 
were adjusted to be equal at the beginning of each time 
period. Significant differences in mean sizes at the end 
of each period were tested for using a single-factor 
analysis-of-variance with Scheffe' comparisons of 
means (Sokal & Rohlf 1981). This was done separately 
for each period: 0 to 50 and 50 to 100 d. Because the 2 
replicates within any treatment were not significantly 
different (2-tailed t-tests, each p > 0.05), the replicates 
were pooled for analysis. 

Size-frequency analysis. To collect newly settled sea 
urchins from kelp-bed and barrens habitats, pieces of 
the reef shale were broken free, complete with resident 
flora and fauna. Samples were collected haphazardly 
and each was Immediately sealed in a plastic bag. The 
anesthetic magnesium chloride was used to ease the 
removal of small sea urchins and other microinverte- 
brates from the samples (L. G. Harris pers. comm., 
Rowley 1989). This was added in excess (ca 100 g 1-l) to 
each bag. After the fauna were obviously anesthetized 
(ca 2 h) all mobile animals were rinsed off each sample, 
collected onto a 243 pm mesh filter and preserved with 
5 % buffered formalin. Any sea urchins found were 
identified and measured (a 20 pm). Several samples of 
each type of substratum were destructively searched 
very thoroughly after being rinsed, and no sea urchins 
were found that had been missed by the magnesium 
chloride sampling. Each substratum was mapped onto 
a clear plastic sheet from which the area sampled was 
measured (Rowley 1989). Numbers of each sea urchin 
species on each type of substratum for each date sam- 
pled were plotted in size-frequency histograms. The 
sea urchins collected were estimated to be 5 to 17 d old 
(post-settlement) when first sampled on 9 May 1986 
(Rowley 1989). 

In order to statistically compare estimates of cohort 
growth and mortality it was necessary to know the size 
limits of the cohort for each date. The size limits used 
for this analysis were set by eye based on the 95 O/O 
confidence limits of a presumed normal distribution of 
sizes around the mean, using probability paper analy- 
sis as a graphic aid (Harding 1949, Cassie 1954). The 
limits were adjusted to exclude a presumed younger 
cohort indicated by new settlement apparent in both 
habitats on 2 June. See 'Discussion' for a justification of 
the cohort size limits. 

Using these estimates of cohort size limits, calcula- 
tions are made of the change in mean size of sea 
urchins in the cohort over time, which is interpreted as 
growth. Growth rates are compared between the 2 

habitats using a 2-tailed t-test of slopes of the linear 
regressions of loglo (sea urchin test diameter) versus 
time (Snedecor & Cochran 1967). 

The density of sea urchins in the cohort was calcu- 
lated for each sample and standardized to reflect a 
sample size of 200 cm2, which is close to the size of the 
samples taken. Since samples included all micro- 
habitats, and individuals were too small to emigrate 
from the study site, the change in density over time was 
a measure of the mortality of sea urchins within the 
cohort. Mortality rates between the 2 habitats were 
compared using a 2-tailed t-test of slopes of the Linear 
regressions of loglo (sea urchin density) versus time 
(Snedecor & Cochran 1967). 

Tetracycline mark-recapture study. In order to com- 
pare growth of slightly larger sea urchins between kelp- 
bed and barrens habitats, 2 to 10 mm diameter Strongy- 
locentrotus purpuratus were marked, released, and 
recaptured. Sea urchins were collected from the barrens 
at Coal Oil Point, brought into the laboratory, and 
injected with tetracycline hydrochloride (modification of 
the method of Ebert 1977, 1980, 1982). Individuals were 
injected through the peristomial membrane with 0.01 to 
0.05 m1 of a solution of 2 g tetracycline HCl I-' seawater, 
using either a small hypodermic needle or a micropipette 
injection system. The sea urchins were held in a bath of 
0.05 g tetracycline HC11-' seawater for 1 d prior to and 1 d 
after being injected. After marking, sea urchins were 
divided into groups of 20 individuals, randomly assigned 
to treatments and transplanted to the field sites. Seven 
groups were transplanted to sites in the barrens and 2 
groups tositesin the kelp bed. Each field site wasmarked 
with a metal post glued into the rock. To maintain natural 
densities where possible, 20 small sea urchins were 
removed from around the post before individually plac- 
ing the marked sea urchins within a 0.25 m2 circle 
centered on the post. This procedure retained natural 
densities in the barrens habitat, but resulted in higher 
than normal densities in the kelp bed, where small sea 
urchins were naturally rare. After periods of 44 to 126 d, 
all sea urchins within a 1 m* circle centered on each post 
were collected, and their tests were cleaned in a dilute 
solution of sodium hypochlorite. 

Tetracycline is incorporated at sites of active calcium 
deposition and fluoresces under ultraviolet light 
(Kobayashi & Taki 1969), so the growth sutures of the 
sea-urchin tests were marked. Following growth, the 
lines of incorporated tetracycline parallel the sutures 
and are separated by sea-urchin test material added 
since marking (Fig. 1). Thus, growth can be measured as 
a function of the distance between the fluorescent lines 
at the level of the greatest diameter (ambitus) of the test. 
The distance between fluorescent lines was measured 
for 3 sutures, and the mean of these measurements was 
multiplied by the total number of sutures in a test (20) to 
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Fig 1. Strongylocentrotus purpuratus. A tetracycline-marked 
sea urchin photographed under fluorescent light. The oral 
surface of the test has been removed, reveal~ng the inside of 
the aboral surface. The growth sutures do not appear, but are 
located between the parallel, fluorescent tetracycline lines. 

Three sets of fluorescent lines are marked with arrows 

estimate the change in circumference of the test since 
marking. This was converted to change in diameter and 
standardized to reflect growth per 30 d. Differences in 
growth between habitats were tested for using a single 
factor analysis of variance and means were compared 
using SNK tests (Sokal & Rohlf 1981). Since there were 
no statistically significant differences between 
replicates within treatments (2-tailed t-tests; overall p > 
0.05), replicates were pooled for analysis. The effect of 
size on growth rate was examined using linear regres- 
sions of growth rate versus initial size. 

An alternate method would be to measure the tetra- 
cycline marks at the point of maximum separation of 
the fluorescent lines, instead of at the ambitus of the 
test. Because the position of the ambitus shifts during 
ontogeny, this point differs slightly from the position of 
the ambitus at the end of the outplant penod. This 
method results in growth rate estimates 25 % higher 
than the estimates presented here, and increases the 
estimated sizes at Yr 1 by 19 %. The ambitus measure 
was used because preliminary studies suggested that it 
was the more accurate. 

RESULTS 

Study sites 

Naples Reef barrens supported a density of 135 + 62 
ind. m-2 (mean + 95% CI) Strongylocentrotus pur -  
pura tus  compared to 23 + 7 ind. m-' in the kelp bed 
(p < 0.001). The Coal Oil Point site had an S. pur -  
pura tus  density of 84 t 67 ind. m-* in the barrens and 6 
+ 15 ind. m-2 in the kelp bed (p  < 0.05) (Rowley 1989). 

Growth in the laboratory 

In the laboratory, Strongylocentrotus purpura tus  
grew at a rate of 0.29 to 0.45 mm mo-l on all substrata 
over the first 50 d,  with no significant differences in 
growth between treatments (F3, 54,  = 1.165; p = 0.33) 
(Fig. 2; Table 1). During this period the sea urchins 

1 coralline algae + kelp 

0 algal turf - coralline algae 

0 rock 

40 50 50 60 

DAYS 

Fig 2.  Strongylocentrotus purpuratus. Growth of newly 
settled sea urchins at natural densities on substrata in the 
laboratory. Mean sizes at the beginning of each time period (0 
to 50, 50 to 100 d) were adjusted to be equal (see text). 
Numbers of urch~ns found on each treatment are indicated for 

Days 1, 50, and 100 

apparently fed by superficial scraping of the substrata 
because each sea urchin was surrounded by a small 
area from which the surface film (from rock or foliose 
algae) or the epithallial cell layer (from coralline algae) 
had been removed, apparently by the sea urchins' 
grazing. 

Sea urchins in the coralline + kelp treatment were 
first observed holding and eating pieces of kelp on Day 
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Table 1. Strongylocentrotuspurpuratus. Summary of growth rates of small sea urchins as determined in this study, and compared 
to published data. Statistical comparisons were made only within a particular method and age range - as  shown by the brackets. 

Within each comparison, different letters in the 'Stats' column denote significant differences (p  <0.05) in growth rate 

Sizes sampled Growth rate Stats Method 
(approximate) (mm mo-l) 

Food available Lab/field Source 

L This study Algal turf 

Individual 
measurement 

(0-50 d) 

Coralline algae 
+ kelp 

This study 

Coralline algae This study 

Microbial film 
on rock 

Algal turf 
(kelp bed) 

Coralline algae 
(barrens) 

This study 

This study 

This study 

This study 

This study 

Algal turf 

Coralline algae 
+ kelp 

Coralline algae 

a 

b This study 

Individual 
r measurement 

(50-100 d) 

Microbial film 
on rock 

This study 

Algal turf 
(kelp bed) 

Coralline algae 
(barrens) 

Tetracycline 
mark 

recapture 

This study 

This study 

Pearse et al. (1970) 

Pearse et al. (1986) 

Pearse et al. (1970) 

Ebert (1977) 

Individual 
measurements 

Individual 
measurements 

Individual 
measurements 
Tetracycline 

mark recapture 

Microbial film 

Kelp 

Kelp 

Kelp 

30. The proportion feeding on kelp increased until by 
Day 50 nearly all individuals were eating kelp. Simi- 
larly, the sea urchins on algal turf substrata began 
eating the fleshy red algae during the same period. 

During the second period (50 to 100 d) ,  the sea 
urchins grew at similar, rapid rates in the 2 treatments 
containing foliose algae (turf, and coralline algae + 
kelp) at a rate of 0.56 to 1.16 mm mo-' (Fig. 2; Table 1). 
In both treatments without fleshy algae (coralline algae 
and rock) sea urchins grew at significantly slower rates, 
0.12 to 0.23 mm mop', with little difference in growth 
on the 2 substrata (F,3,45, = 24.5; p < 0.001) (Fig. 2; 
Table 1). 

Although growth rates on coralline algae and rock 
were nearly constant over the 2 periods, the growth 
rates on fleshy algae increased substantially during the 
second period (Fig. 2). 

Water temperatures during rearing (8 March to 15 
June 1986) averaged 13.5 + 1.2OC. 

Growth of the size-frequency cohort in the field 

The size-frequency histograms of Strongylocentrotus 
purpuratus from both barrens and kelp-bed habitats 
(Figs. 3 and 4) show a clearly defined mode on 9, 13, 
and 20 May, and 2 June 1986. The mode is less clearly 
defined on 19 and 24 June 1986. New settlement is 
evident in the kelp-bed histogram for 2 June, and the 
size limits used in the analyses were adjusted to 
exclude those individuals (see arrows in Figs. 3 and 4). 

Growth rates of newly settled Strongylocentrotus 
purpuratus in the field were very similar to rates meas- 
ured in the laboratory from 0 to 50 d (Table 1). In the 
field, however, the difference between the treatments 
was statistically significant, with growth faster in the 
barrens (0.42 mm mo-l) than in the kelp bed (0.31 mm 
mo-l) (t1556) = 6.23; p < 0.01) (Fig. 5; Table 1). 

The sensitivity of these results in respect to the 
specific cohort size limits used was explored by recal- 
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S. in barrens 
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n = 50 urchlns 
3 samples 
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20 May 
n z 47 urchins 
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3 8 
759 cm2 

S 4 

0 
0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 

2 June 
n = 23s urchins 

l l samples 

2629 cmZ 

I 11 II I 1  1.1 I 1  - 
8 . . 24 June 

n = 42 urchins 
6 

10 samples 

4 

2 

0 
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

SlZE CLASS 
(mm) 

Fig. 3. Strongylocentrotu, ~ I I I ~ L I I . C I ~ ~ > .  bi~e-frequency histo- 
grams of newly settled sea urchins in the barrens. Arrows mark 
the subjectively-determined cohort size limits, asterisks mark 

the limits set by comparison with laboratory growth data 

culating the growth and mortality comparisons using 
(1) size limits determined independently based on the 
laboratory growth data (paired asterisks in Fig. 3 and 
4), and (2) an expansion of the field-based size limits 
suggested by the data (unpaired asterisk in Fig. 4). 
These changes made little difference in either the 
direction or statistical significance of the results (see 
'Discussion'). 

Water temperatures during the sampling period 
(9 May to 25 June 1986) averaged 14.2 % 1.2OC. 

Growth of tetracycline-marked sea urchins in the field 

S, purwratus in Kelp Bed 1986 

- v ~ , n l -  - l  l. n -gM;* = l61 urchins , 

10 samples 

1622 cm 

6 

0 
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

20 May 
n = 25 urchins 
4 aamples 

790 cm 

8 O 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

. . 
1 J 7 v  2 June 

n = 58 urchins 
10 samples 

2099 cm 9 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

19 June 

1 , , nz7- 10 samples 

4 

0 
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

SlZE CLASS 
(mm) 

Fig. 4.  Strongylocentrotus p~~i i~rr i~ t lus .  Slze-frequency histo- 
grams of newly settled sea urchins in the kelp bed. Symbols as 
in Fig. 3. Single asterisk marks the extended upper size limit 

(see 'Discussion') 

I o KELP BED (Algal turf) 1 BARRENS (Coralline algae) 

 marked sea urchins were recovered from all outplant 
sites. Recovery rates ranged from 15 'Yo (3/20) to 55 "4, 
(11/20) with no significant difference between the 2 
habitats (p > 0.05). Neither recovery rates nor growth 
rates varied significantly with increasing time in the 

DAYS 

9 M a y  20May 2 June 
19 24 

June 

Fig. 5. Strongylocentrotus purpuratus. Growth of a cohort of 
newly settled sea urchins in kelp bed and barrens 



Rowley: Growth of newly settled sea urchins 235 

2 4 6 B 1 0 

INITIAL DIAMETER 

(mm) 

Fig. 6. Strongylocentrotus purpuratus. Growth rates of 2 to 
10 mm diameter sea urchins in kelp bed and barrens, as 
determined by tetracycline marking. Formula for the regres- 

sion of the barrens data is shown (p < 0.05) 

field. There were no significant differences in growth 
rates among the 7 barrens sites, or between the 2 kelp- 
bed sites, but growth in all barrens sites was signifi- 
cantly different than growth in either kelp-bed site 
(F,8,scll = 33.33; p < 0.001). 

In contrast to growth of newly settled sea urchins, 
growth rates of these larger (2 to 10 mm) individuals 
were significantly faster in the kelp-bed than in the 
barrens habitat. This resulted from a dramatic increase 
in growth at larger sizes (2 to 10 mm) in the kelp-bed 
habitat (average growth rate of 1.67 mm mo-l), with 
no comparable change in the barrens (0.27 mm mo-') 
(Fig. 6; Table 1). Within the 2 to 10 mm size range 
tested, growth rate tended to decrease with increasing 
size in the barrens (slope of the regression significantly 
different than zero; p < 0.05) but not in the kelp bed 
(Fig. 6). 

Water temperatures during thc outplant (11 August 
1983 to 24 January 1984) averaged 17.3 + 2.0°C. 

Mortality 

Mortality of the newly settled Strongylocentrotus 
purpuratus in the field cohort was higher in the kelp 
bed than in the barrens (Fig. 7) (t(62) = 2.06; p < 0.05). 
Mortality was highest a t  the beginning of the sampling 
period, when the difference in mortality between 
habitats was also greatest. Ancillary samples taken in 
the barrens on 13 May (using different methods and not 
presented here) suggest that the highest mortality may 
have occurred very soon after 9 May, with densities on 
13 May as low as later sampled on 20 May. Whether the 
same pattern held for the kelp bed is not known. 

30 " I 0 KELP BED (algal turf) 

BARRENS (coralline algae) 

T 

DAYS 

19 24 
9 May 20 May 2 June June 

Fig. 7.  Strongylocentrotus purpuratus. Mortality (change in 
density) o f  a cohort of newly settled sea urchins in kelp bed 

and barrens 

DISCUSSION 

Rationale of size-frequency analysis 

The long-standing problem of how to distinguish 
modes or cohorts within a size-frequency histogram 
has been approached in several ways (Harding 1949, 
Cassie 1954, Macdonald & Pitcher 1979, Grant et  al. 
1987). However, all these approaches are at least par- 
tially subjective, or require sample sizes that are often 
unrealistically large (Grant et  al. 1987). Since in this 
analysis there is generally only one mode present, the 
main difficulty involves setting the size limits of that 
mode. My approach has been to set the size limits to 
the mode subjectively (see 'Methods'), and support 
those limits with the following comparisons. 

(1) To explore the sensitivity of my results to the 
specific cohort size limits used, a second set of size 
limits was created based on the 99 O/O confidence limits 
to sea urchin sizes derived from the coralline and turf 
treatments of the laboratory growth data. For example, 
the mean size of sea urchins grown on coralline algae 
in the laboratory was computed for each sampling date 
along with the 95 O/O and 99 O/O confidence limits. The 
data were then adjusted slightly so that the mean size 
of the laboratory sea urchins on Day 1 equalled the 
mean size on the field cohort in the barrens on 9 May. 
This single adjustment was used for all comparisons of 
all dates. The 9 May barrens size-frequency histogram 
(Fig. 3) shows a very clear mode with easily-defined 
limits. The best fit to these observed limits was the 99 % 
confidence interval of the laboratory data, so the 95 % 
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confidence limits were discarded and the 99% limits 
were used. The second field sample was taken 4 d later 
(13 May) and so corresponds to Day 5 of the laboratory 
data. Therefore the 99% confidence limits for Day 5 
were interpolated from the laboratory graph and 
positioned on the size-frequency histogram of field 
data for 13 May. Size limits based on the laboratory 
data were similarly estimated for all treatments and 
dates. The limits so defined are shown by the asterisks 
in Fig. 3 and 4. 

The independently-derived size Limits based on the 
99 % confidence limits of the laboratory growth data 
are  similar to the subjectively-determined limits. The 
main difference between them is that the laboratory 
data are less variable. This is not surprising given the 
more constant conditions in the laboratory. The similar- 
ity in the ranges of sizes enclosed by these 2 sets of 
limits suggests that the variation in sea urchin sizes 
reflected by the subjective limits is a realistic estimate 
of natural variation of sizes in a cohort of sea urchins. 
The correspondence in the position of these 2 sets of 
size limits reflects the nearly identical growth rates 
measured in the field and laboratory. 

The 2 methods of setting the cohort size limits gave 
similar results; there were no differences between the 2 
methods in the ranking of growth or mortality rates in 
the 2 habitats. All results presented are significant to at 
least a 0.05 probability level using either method, with 
the exception that the significance of the difference 
between mortality rates in the kelp bed and barrens 
was reduced to < 0.10 using the laboratory-defined 
limits. The results from the subjectively-defined cohort 
limits based exclusively on field data are presented 
here because they are the more conservative in terms 
of recognizing a difference in growth rate between 
habitats. 

(2) The data from 19 and 24 June (see Figs. 3 and 4) 
show the least well defined modes and thus the most 
subjectively determined limits. However, all the results 
remain the same, in both rank order and statistical 
similarity, even if the size limits for 19 and 24 June are 
expanded to include the entire size scale (0 to 4.0 mm). 

(3) Modes of the kelp-bed data of 20 May and 2 June 
appear to be skewed to the right, while the data from 
9 May were not (see Fig. 4 ) .  This suggests that some 
individuals may be  outgrowing the main cohort, be- 
yond the cohort size limits. That a few individuals can 
show accelerated growth appears reasonable in light of 
the observed rapid growth of larger individuals on turf 
and in the kelp bed.  Yet increasing the upper size limit 
for 2 June to include these outliers (to the unpaired 
asterisk in Fig. 4) did not alter either the rank order or 
statistical similarity of the results. 

Thus the results presented appear to be robust in 
respect to relevant changes in the cohort size limits. 

Growth 

The growth of newly settled Strongylocentrotus pur- 
puratus may constitute 2 distinct stanzas separated by a 
transition in feeding mode. During the initial period 
from settlement to roughly 50 d old (0.8 to 1.2 mm 
diameter) feeding appears to be limited to surface 
scraping. Growth in the laboratory is similar on kelp- 
bed or barrens substrata; growth in the field is slightly 
faster in the barrens. Sea urchins in the laboratory 
removed either the surface film and filamentous 
epiphytes from algal turf, or a crustose, pale layer 
presumably of epithallial cells from coralline algae. Sea 
urchins did not hold or feed on available pieces of kelp 
or algal turf for most of this period. 

After reaching an  apparent threshold size of 0.8 to 
1.2 mm diameter (30 to 50 d old), sea urchins first 
began feeding on kelp or algal turf, if available. In the 
laboratory, individuals first held pieces of kelp on Day 
30; by Day 50 most sea urchins were feeding in this 
way in treatments where fleshy algae were available. 

Once a sea urchin reaches this threshold size or age  
and begins eating fleshy algae, the food supply avail- 
able to it increases enormously. Thus growth in the 
kelp bed (or on algal turf) was as much as 6 to 7 times 
faster than in the barrens for sea urchins beyond the 
threshold size and up to at least 10 mm in diameter. 

For sea urchins beyond the threshold size living in 
the barrens, neither food supply nor growth rate shows 
such an  increase. In fact, food may become increas- 
ingly limiting at  larger sizes, as suggested by the nega- 
tive relationship between size and growth rate in the 
barrens. 

The growth rates measured here (summarized in 
Table 1 and Fig. 8) are very similar to results obtained 
by Raymond & Scheibling (1987) for newly settled 
green sea urchins Strongylocentrotus droebachiensis 
Muller in Nova Scotia, Canada. 

A similar pattern of slow growth soon after settle- 
ment with more rapid growth following a transition to 
the adult diet was described for the asteroid Acanthas- 
ter planci ( L . )  (Yamaguchi 1973, Zann et al. 1987). 
Newly settled Acanthaster feed by everting their 
stomachs onto substrata and digesting the microbial or 
algal film. At larger sizes they switch to the adult diet of 
feeding on coral polyps and growth rate increases 
(Yamaguchi 1973, Zann et al. 1987). 

The size of sea urchins at an estimated age of l yr is a 
measure commonly used in studies of recruitment and 
community organization (for sea urchins, Ebert 1967, 
1968, Tegner & Dayton 1981, Ebert 1983, Himmelman 
et  al. 1983). Estimates of the size of Strongylocentrotus 
purpuratus at Year 1 have ranged from 16.5 mm, based 
on the smallest peak in a size-frequency graph (Ebert 
1967), to 25 mm, based on back-extrapolation of Ebert's 
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Composite graph of the growth of sea ur- 
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growth was measured, and the different 
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(1977) estimate of growth of larger sea urchins (Tegner 
& Dayton 1981), and 20 to 38 mm based on preliminary 
analysis of growth rings in sea urchins' tests (Pearse et 
al. 1970). Each of these methods has limitations: (1) the 
size-frequency data used did not include sea urchins 
smaller than 2 to 3 mm, (2) the growth of larger sea 
urchins differs from the growth of newly settled indi- 
viduals (this paper) and (3) use of growth lines for 
ageing sea urchins has since been crlticlzed by Ebert 
(1988). 

Estimates of the sizes of sea urchins at 1 yr of age 
were calculated using the average growth rate in the 
laboratory from 0 to 50 d (0.375 mm mo-'), and the 
average growth rate with fleshy algae present from 50 
to 100 d (0.9 mm n ~ o - l ) .  Other growth rates used are 
from Table 1. These calculations provide a Year 1 
estimate of 3.6 mm for a sea urchin in a barrens [0.4 mm 
at settlement + (0.375 mm mo-' X 1.6 mo) + (0.25 mm 
mo-' X 10.4 mo)], or 17 mm for an individual in a kelp 
bed [0.4 mm + (0.375 mm mo-' X 1.6 mo) + (0.9 mm 
mo-' X 1.1 mo) + (1.64 mm mo-' x 9.3 mo)] (Table 1). 
These values agree well with the estimate of 16.5 mm 
for sea urchins in tidepools presumably eating macro- 
algae (Ebert 1967), but are somewhat smaller than the 
others. 

The range of estimates of size at Year 1 does not 
appear to be due to geographic variation in growth 
rates. While the higher estimates are all from warmer 
locations, where growth 1s presumably faster if tem- 
perature dependent, a large body of physiological 
research (reviewed by Vernberg 1962) has documen- 
ted latitudinal compensation, with organisms at higher 
latitudes and colder temperatures showing metabolic 
rates similar to related organisms in more tropical re- 
gions. Dehnel (1955) extended this to growth rates by 
documenting faster growth in snail larvae at higher 

latitudes. That sea urchin growth may show little vana- 
tion with latitude is suggested by the results of Ray- 
mond & Scheibling (1987). They found no effect on 
growth rates of newly settled green sea urchins Stron- 
gylocentrotus droebachiensis of a large difference in 
rearing temperatures (5 vs 16 "C). Also, Swan (1966) 
reported that both purple sea urchins S purpuratus and 
red sea urchins S. franciscanus grew at nearly identical 
rates at Friday Harbor, Washington and San Diego, 
California, USA. 

Yamaguchi (1975) explored the consequences of 
estimating the growth of manne invertebrates based 
solely on measured of adults without consideration of 
an early 'lag phase' of growth such as is described here. 
He concluded, in part, that failure to recognize the 
uniqueness of early growth.  . . 'would lead to a serious 
underestimate of age  or overestimate of early growth'. 
While this conclusion was challenged by Ebert (1982), 
my results support Yamaguchi's interpretation (pointed 
out to by T. A. Ebert pers, comm.), and the differences 
between my estimates and the others may reflect the 
bias caused by estimating growth of newly settled 
invertebrates based on study of larger individuals. 

The general growth pattern described here - of a 
threshold size at which a juvenile switches to a different 
(adult) mode of feeding - applies to a variety of inverte- 
brate taxa (abalone: Morse et al. 1979, Shepherd & 

Turner 1985; Aplysia: Sarver 1979; starfish: Birkeland et  
al. 1971,Yamaguchi 1973,1974,1975, Barker 1979, Zann 
et al. 1987). Young of several of these taxa associate with 
crustose coralline algae (Barnes & Gonor 1973, Yania- 
guchi 1973, Barker 1979, Morse et  al. 1979, Shepherd & 
Turner 1985, Zann et al. 1987), presumably because such 
algae slough the epithallial cell layer thereby providing 
food for these surface-feeding micro-grazers (Steneck 
1986). However, few of these species feed predominantly 
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on coralline algae as adults, and so must switch to their 
adult food source. Since this switch may strongly affect 
growth rate (and thereby, indirectly, mortality), the 
attainment of a size at  which the switch can occur may be  
a critical event in the life-history of these species. 

Mortality 

Mortality of newly settled sea urchins was higher in 
the kelp-bed than in the barrens habitat. Yet, due  to 
faster growth, the kelp-bed sea urchins more rapidly 
reached the larger sizes at which the risk of mortality, 
is, presumably, reduced. Thus at least 2 conflicting 
tendencies affect the relative numbers of sea urchins in 
kelp-bed and barrens habitats, and the present data 
cannot weigh their relative importance. My results are 
consistent with the standing hypothes~s that numbers 
of adults are lower in the kelp bed because of higher 
mortality there (Ebert 1975. 1982, Tegner & Dayton 
1977, 1981, Cowen 1983, Ebert 1983, Himmelman et al. 
1983, Pearse & Hines 1987, Rowley 1989). 

Mariculture and fisheries 

The presence of a size threshold for a change in diet 
such as described here should be considered in plan- 
ning transplants of hatchery-reared individuals to aug- 
ment field stocks or to grow-out facilities, a s  is do?e 
with both sea urchins and abalone (Tegner 1989). 
Delaying such transplants until seed animals are above 
the threshold size for eating macroalgae should help 
ensure more rapid growth and reduced mortality. 

CONCLUSIONS 

The growth rate data presented here are the first to 
follow the growth of sea urchins from metamorphosis 
through sizes commonly sampled in field studies. While 
each method used (laboratory rearing, field size-fre- 
quency, and field tetracycline marking) is internally 
consistent, and comparisons within each data set ro- 
bust, these growth rates should be considered first 
approximations awaiting confirmation by further study 
of newly settled individuals. Despite these limitations, 
these resu1.t~ clearly point out that the patterns of 
growth and mortality of newly settled invertebrates can 
be  complex, and may not be accurately described by 
observations of t h ~  growth and mortality of larger mac- 
roscopic individuals. Therefore, studies focused specifi- 
cally on the ecology of early life-history stages are 
essential to our understanding of the mechanisms reg- 
ulating natural populations in both space and tlme. 

Studies of adult recruitment and community proces- 
ses necessar~ly differ in scale from studies of settlement 
and early post-settlement biology, and there is often 
little common ground between these 2 types of 
research. Determination of a threshold size at which 
the growth process changes abruptly between juvenile 
and adult patterns could provide the needed common 
ground; a naturally-defined lower size goal for studies 
of large juveniles and adults, and an  upper size goal for 
studies of settlers and small juveniles. 

Acknowledgements. I thank A. W. Ebeling for his support and 
inexhaustible editing. I also thank T A. Ebert. R. E. Scheib- 
hng, J.  H. Connell, R. R. Warner, B Robison, and E. Schultz for 
reviewing this manuscript and for helpful comments. D. E. 
Morse provided lab space for raising newly settled sea 
urchins. L. G. Harris introduced me to magnesium chloride 
sampling, M. Neushul provided use of a fluorescence micro- 
scope, and R. A. Jensen provided field-caught newly settled 
sea urchins for comparison with laboratory-reared individuals. 
K. Rowley, K. Light and W Lewin helped with laboratory 
work. Diving buddies included D. C. Reed, D. R. Laur, C. D. 
Amsler, J Shields, S F Norton, L. G .  Harris, A. DuBois, D. 
Breitburg, N Folino, K. Light, W Lewin, T. Mlller, L. Inouye, 
S. Romano, J. Jolly, and F. Delozier T A. Ebert helped 
through discussions of tetracycline marking. A. W. Ebeling 
provided material and logistic support under NSF grants 
OCE82-08183 and OCE85-10050 The Marine Science Insti- 
tute, and the staff of the Marine Laboratory, UCSB, provided 
additional support. 

LITERATURE CITED 

Barker, M. F. (1979). Breeding and recruitment in a population 
of the New Zealand starfish Stichasfer australis (Verrill). 
J. exp. mar. Bi.01 Ecol. 41: 195-21 1 

Barnes, J .  R., Gonor, J. J. (1973). The larval settling response 
of the lined chiton Tonicella lineata. Mar. Biol. 20: 259-265 

Birkeland, C. (1974). Interactions between a sea pen and 
seven of its predators. Ecol. Monogr. 44: 211-232 

Birkeland, C . ,  Chia F.-S., Strathmann, R. R. (1971). Develop- 
ment, substratum selection, delay of metamorphosis, and 
growth in the seastar Mediaster aequalis Stimpson. Biol. 
Bull. mar. biol. Lab.. Woods Hole 141. 99-108 

Breitburg, D. L. (1984) Residual effects of grazing: inhibitlon 
of competitor recruitment by encrusting coralline algae. 
Ecology 65: 1136-1143 

Cassie. R. M. (1954). Some uses of probability paper in the 
analysis of size-frequency d~stributions Austr. J mdr. 
Freshwat. Res. 5 513-522 

Coe, W. R. (1956). Fluctuations in populations of l~ttoral 
marine ~nv~r t eb ra t e s .  J. mar. Res. 15: 212-232 

Connell. J. H. (1985). The consequences of variation in initial 
settlement vs. post-settlement mortality in rocky intertidal 
communities. J exp, mar. Blol. Ecol. 93: 11-45 

Cowen, R. K. (1983). The effect of sheephead (Semicossyphus 
pulcherl predation on red sea urchin (Strongylocentrotus 
franciscant~s) populations: an experimental analysis. 
Oecologia (Berl.) 58: 249-255 

Dauvin, J -C. ,  Gen t~ l ,  F (1989). Long-term changes in popula- 
tions of subtidal bivt~l\.c!s (Abra alba and .4. prisrnaticd) 
from the Bay of Morlaix (Western English Channel). \,far. 
BioI. 103: 63-73 



Rowley: Growth of newly settled sea urchins 239 

Dehnel, P. A. (1955). Rates of growth of gastropods as a 
function of latitude. Physiol. Zool. 28: 115-144 

Ebeling, A. Mr., Laur, D. R., Rowley, R. J. (1985). Severe storm 
disturbances and reversal of community structure in a 
southern California kelp forest. Mar Biol. 84: 287-294 

Ebert. T. A. (1967). Negative g~owth  and longevity in the 
purple sea urchin Strongylocentrot~~s purpirratus. Science 
157: 557-558 

Ebert, T A. (1968). Growth rates of the sea urchin Strongy- 
locentrotus purpuratus related to food availability and 
spine abrasion. Ecology 49: 1075-1091 

Ebert, T A.  (1975). Growth and mortality of post-larval 
echinoids. Am. Zool. 15: 755-775 

Ebert, T A. (1977). An experimental analysis of sea urchin 
dynamics and community interactions on a rock jetty. 
J .  exp. mar Biol Ecol 27: 1-22 

Ebert, T A. (1980). Relative growth of sea urchin jaws: an 
example of plastic resource allocation. Bull. mar. Sci. 30: 
467-474 

Ebert, T A. (1982). Longevity, life hi.story, and relative body 
wall size in sea urchins. Ecol. Monogr. 52: 353-394 

Ebert, T A. (1983). Recruitment In echinoderms. In: Jangoux, 
M., Lawrence J .  M. (eds.) Echinoderm studies 1. A.A. 
Balkema, Rotterdam, p. 169-203 

Ebert, T. A. (1988). Calibration of natural growth linesin ossicles 
of two sea urchins, Strongylocentrotus purpuratus and 
Echinon~etra mathaei, using tetracycline. In. Burke, R. D., 
Mladenov, P. B.. Lambert, P., Tarsley, R. L. (eds.) 
Echinoderm biology: Proc. of the Sixth Int. Echino. Conf., 
Victoria, Aug., 1987. A. A. Balkema, Rotterdam, p. 435443  

Elmgren, R., Ankar, S., Marteleur, B., Ejdung, G. (1986). Adult 
interference with postlarvae in soft sediments: the Pon- 
toporeia-Macoma example. Ecology 67. 827-836 

Grant, A., Morgan, P J . ,  Olive, P. J. B. (1987). Use made in 
marine ecology of methods for estimating demographic 
patterns from size/frequency data. Mar. Biol. 95: 201-208 

Harding, J. P. (1949). The use of probability paper for the 
graphical analysis of polymodal frequency distributions. 
J .  mar. biol. Ass. U .K .  28. 141-153 

Harrold, C.,  Pearse, J .  S. (1987) The ecological role of 
echinoderms in kelp forests. In: Jangoux, M. ,  Lawrence, J. 
M. (eds.) Echinoderm studies 11. A. A. Balkema, Rotterdam, 
p. 137-233 

Hart, M. W., Scheibling, R. E. (1988). Heat waves, baby 
booms, and the destruction of kelp beds by sea urchins. 
Mar. Biol. 99: 167-176 

Highsmith, R. C. (1982). Induced settlement andmetamorphosis 
of sand dollar (Dendraster exccntricus) larvae in predator- 
free sites: adult sand dollar beds. Ecology 63: 329-337 

Highsmith, R. C., Emlet, R. B. (1986). Delayed metamorphosis: 
effect on growth and survival of juvenile sand dollars 
(Echinoidea: Clypeasteroida). Bull. mar. Sci. 39: 347-361 

Himmelman, J. H., Lavergne. Y. .  Axelsen. F., Cardinal, A., 
Bourget, E. (1983). Sea urchins in the Saint Lawrence 
Estuary: their abundance, size-structure, and suitability for 
c.ommercia1 exploitation. Can. J. Fish. Aquat. Sci. 40: 
474-486 

Keough, M. K . ,  Downes, B J .  (1982) Recruitment of marine 
invertebrates: the role of active larval choices and early 
mortality. Oecologia (Berl.) 45: 348-352 

Kobayashi, S., Taki, J .  (1969). Calcification in sea urchins. I .  A 
tetracycline investigation of growth in the mature test of 
Strongylocentrotus intermedius. Calcif. Tissue Res. 4: 
210-223 

Lawrence, J. M. (1975). On the relationships between marine 
plants and seaweeds. Oceanogr. mar. Biol. A. Rev. 13: 
213-286 

Loosanoff. V L. (1964). Variations in time and intens~ty of 
setting of the starfish, Asterias forbesi, in Long Island 
Sound during a twenty-five-year period. Biol. Bull. mar 
biol. Lab.. Woods Hole 126: 423-439 

Loosanoff, V L.. Engle, J .  B. (1940). Spawning and setting of 
oysters in Long Island Sound in 1937, and discussion of the 
method of predicting the intensity and time of oyster set- 
ting. Bull. U. S. Bur Fish. 49: 217-255 

Luckenbach, M. W. (1984). Settlement and early post-settle- 
ment survival in the recruitment of Mulinia lateralis (Bival- 
via). Mar. Ecol. Prog. Ser 17: 245-250 

Macdonald, P. D. M,, Pitcher, T. J. (1979). Age-groups from 
size-frequency data: a versatile and efficient method of 
analysing distribution mixtures. J. Fish. Res. Bd Can. 36: 
987-1001 

Morse, D. E . ,  Hooker, N., Duncan, H. ,  Jensen, L. (1979). y- 
Aminobutyric acid, a neurotransmitter, induces planktonic 
abalone larvae to settle and begin metamorphosis. Science 
204. 407-410 

Muus, K (1973). Settling, growth and mortality of young 
blvalves in the Oresund. Ophelia 12: 79-116 

Pearse, J. S.. Clark, M. E., Leighton, D. L., Mitchell, C. T., 
North, W. J .  (1970). Marine waste disposal and sea urchin 
ecology. Ann. Rep., Kelp Habitat Improvement Project 
1969-1970. Calif. Inst. Tech., Pasadena, California, USA 

Pearse, J. S., Pearse, V B., Davis, K. K. (1986). Photoperiodic 
regulation of gametogenesis and growth in the sea urchin 
Strong.vlocentrotus purpuratus. J. exp. Zool. 237: 107-118 

Pearse, J. S., Hines, A. H. (1987). Long-term population 
dynamics of sea urchins in a central California kelp forest: 
rare recruitment and rapid decline. Mar. Ecol. Prog. Ser. 
39: 275-283 

Raymond, B. G., Scheibling, R. E. (1987). Recruitment and 
growth of the sea urchin Strongylocentrotus droebachien- 
sis (Muller) following mass mortalities off Nova Scotia, 
Canada. J exp. mar. Biol. Ecol. 108: 31-54 

Rowley, R. J .  (1989). Settlement and recruitment of sea urchins 
(Strongylocentrotus spp ) in a sea-urchin barren ground 
and a kelp bed. are populations regulated by settlement or 
post-settlement processes? Mar Biol. 100: 485-494 

Sarver, D. J .  (1979). Recruitment and juvenile survival in the 
sea hare Aplysia ]uhana (Gastropoda. Opisthobranchia). 
Mar. Biol. 54: 353-361 

Sebens, K. P. (1983). The larval and juvenile ecology of the 
temperate octocoral Alcyonium siderium Verrill. 11. Fecun- 
dity, survival, and juvenile growth. J. exp. mar. Biol. Ecol. 
72: 263-285 

Shepherd. S. A.. Turner, J. A. (1985). Studies on southern 
Australian abalone (Genus Haliotis). VI. Habitat prefer- 
ence, abundance and predators of juveniles. J. exp. mar. 
Biol. Ecol. 93: 285-298 

Snedecor, G. W., Cochran, W. G. (1967). Statistical methods, 
6th edn. Iowa State Univ. Press. Ames 

Sokal, R. R., Rohlf, F. J. (1981). Biometry, 2nd edn. W. H. 
Freeman, San Francisco 

Steneck, R. S. (1986). The ecology of coralline algal crusts: 
convergent patterns and adaptive strategies. Ann. Rev. 
Ecol. Syst 17: 273-303 

Swan, E. F. (1966). Growth, autotomy, and regeneration. In: 
Boolootian, R. A. (ed.) Physiology of Echnodermata. 
Interscience Publishers, New York, p. 397-434 

Switzer-Dunlap, M., Hadfield, M. G. (1979). Reproductive 
patterns of Hawaiian aplyslid gastropods. In: Stancyk, S. E. 
(ed.) Reproductive ecology of marine invertebrates. Uni- 
versity of South Carolina Press, Columbia, p. 199-210 

Tegner, M. J. (1989). The feasibility of enhancing red sea 
urchin (Strongylocentrotus franciscanus) stocks in Califor- 



Mar Ecol. Prog. Ser. 62: 229-240, 1990 

nia; a n  analysis of the options. Calif. Dept Fish Game, 
Final Report, Contract PG-7499. Long Beach, CA, p. 1-77 

Tegner, M. J., Dayton, P. K. (1977). Sea urchin recruitment 
patterns and implications of commercial fishing. Science 
196- 324-326 

Tegner, M. J., Dayton, P. K. (1981). Population structure, 
recruitment and mortality of two sea urchins (Strongy- 
locentrotus franciscanus and S. purpuratus) in a kelp 
forest. Mar Ecol. Prog. Ser. 5: 255-268 

Tegner, M. J.,  Levin, L. A. (1983). Spiny lobsters and sea 
urchins: analysis of a predator-prey interaction. J .  exp. 
mar. Biol. Ecol. 73: 125-150 

Tessier, G. (1960). Relative growth. In: Watermann, T. H. (ed.) 
The physiology of Crustacea, Vol. I. Academic Press, New 
York, p. 537-560 

Vernberg, J .  F. (1962). Comparative physiology: latitudnal 
effects on physiological properties of animal populations. 
Ann. Rev. Physiol. 24: 517-546 

Watzin, M. C. (1986). Larval settlement into marine soft- 
sediment systems: interactions with the meiofauna. J. exp. 
mar. Biol. Ecol. 98: 65-113 

This article was submitted to the editor 

Wethey, D. S. (1985). Local and regional variation in settle- 
ment in the littoral barnacle Semibalanus balanoides (L.): 
patterns and consequences. In: Moore, P. G., Seed, R. 
(eds.) The ecology of rocky coasts. Hodder and Stoughton, 
Toronto. p. 194-202 

Yamaguchi, M. (1973). Early life histories of coral reef 
asteroids, with special reference to Acanthasterplanci (L.). 
In: Jones, 0. A., Endean, R. (eds.) Biology and geology of 
coral reefs. Academic Press. New York, p. 369-387 

Yamaguchi, M. (1974). Growth of juven~le Acanthaster planci 
(L.) in the laboratory. Pacif. Sci. 28: 123-138 

Yamaguchi, M. (1975). Estimating growth parameters from 
growth rate data: problems with sedentary marine inver- 
tebrates. Oecologia (Berl.) 20: 321-332 

Young, C. M., Chia, F.-S. (1982). Factors controUing spatial 
distribution of the sea cucumber Psolus chitinoides: set- 
tling and post-settling behavior. Mar. Biol. 69: 195-205 

Zann, L., Brodie, J., Berryman, C. ,  Naqasima, M. (1987). 
Recruitment, ecology, growth and behavior of juvenile 
Acanthaster planci (L.) (Echinodermata: Asteroidea). Bull. 
mar. Sci. 41: 561-575 

Manuscnpt first received: October 9, 1989 
Revised version accepted: January 24, 1990 




