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Abstract
Aninals ]i\ ing in the mafine interlidal zonc halc a suite ofudaptatiNs that allo\\' them to survivc thermd stresses associated wi!h
low tides. We hypothesized that adjunmcnls ol adult organi\ns to their thermal environment might be reflecred in rhe thermal
tolerances oftheir developing offspring (i.c.. adults that survive lafge temperaore fluclualions might produce embryos that havc
simildrly large tderances). Co mparj son of lhc &ennal biology of developine sand dollar cmbryos (Dendnste I e rcentri( tli)
which were offspring of adult,i living in jnierlidal or subtidal habitah revealed subtle differenccs in ellects of temperature on
surri ! al and de ! elopmental rates. Intertidal and sublidal D. €.( cnrli.lrr show ed simi lar fertilization success at temperatures from
7" to l9'C aDd could develop from fertilized egg to plutcus larva ar temperatures from 7" to 26'C. Wirhin rhis common rolerance
range. however, subtidal animals offspring .|\,ere morc likel} |o develop normally at lo\\,er temperatures (8' , 16'C), while lhe
intefidal animals' off,ipring were more likely to delelop nomally at higher temperatures (22" 26'C). There were also signjfi
c.nt difttrences bet\\'een subtidal and intcddal ,.,?dJ.drr.,r. groups in the effects of lcmperature on developmental raics. ln
paticulaf. cleNage raies of embryos lion intertidal adults remained conrtant or incrcased as temperatufe was raised from 7 |o
i5'C. In contrast, cleavagc ralcs of cmbryos liom subtidal adults decreased wi!b increasing temperature. Ecological observa-
tioDs nrggest $at these di11lrences arc duc to phlsiological acclimatization effects ralhcr than genetic differentiation of &e
groups. To contra\r D. .,{.r?rr'i.rJ with a diiicrenl species that is largely confined to subtidal depths, we also examined tempcra
lure toleraDces ofdeveloping sea urchin enbryos lStrcnglLocentrct s dnerd.liprrts). We found fiat iN temperature tolerancc
during earl) de\elopment lvas slightly nafroqer and shilled to lower temperatures than !ha! of D. ?rcentric s. This correlatcs
\reil with diftefences in habitat and reproduclivc seasLrn ofthese species and may help explain their distributions and abundanccs.

Introduction

Invertebrates liying in the marine intertidal zone
can experience enormous changes in their physi
cal environment as they are repeatedly covered
and uncovered by tides. Adult organisms living
here generally show behaviors that help minimize
their exposure to the l luctuations or physiologi-
cal adaptations that enable them to tolerate the
stress. However, factors affecting early devel-
opnental stagcs of intertidal species also criti,
.r l l) te.t aduptation. Temperalure i: i l  prnicu-
larly important environmentol parameter because
many animals, during early deveiopment, are less
tolerant of tenperature variation than during other
parts of their Jives (Cossins and Bowler 1987).

Responses of developing enbryos to tempera-
ture variation have been extensively invcstigated
in echinoid echinoderms. Many early investiga
tions were basic descriptions of effects tempera-
tule has on developrnent (fbrrelerences see Tyler

1936. Hoadley and Bril l  1937, Harvey 1956).
Subsequent research revealed conelations between
responses of developing embryos to temperature
and the pafliculartemperatures encountercd du.ing
the nomal breeding season (Andronikov 1975,
Amy 1983. Strathmann 1987, Fujisawa 1989,
Fu j i .aur  rnd  Sh ige i  Ia90r .  Other .  hare  in re . r i -
gated responses of developing embryos to ther
mal extremes (e.9.. Clarke 1982, Bosch et;rl. 1987,
Chen and Chen 1992).

For some species there may be only one char-
acteristic set oftemperature responses dudng de
velopment. Members ofsuch species could breed
in anl giren geogr:rphic region when environ-
mental temperatures there reach the optimal range
for development (Sastry 1975, Marcus 1983).
There are, however, reports of intraspecific geo-
graphic variation in developmental temperature
responses in some echinoids (Fox 1936, Stephens
1972, Strathmann 1987) and other echinoderms
(Johnson and Babcock 1994). These geographic
differences in effects oftemperature on develop-
ment could result from genetic difterentiation ofAulhor to whon corre\pondence should bc scnl
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populations (Hilbish et al. 1994). physiological
acclimatization (Cossins and Bowler 1987), or a
combination of thc two. In some species with
extended breeding seasons or more than onebrccd-
ing season per year! responses of developing
embr5os  lo  le rnperc tu re  in  l  r ing lc  h )c i l i , \n  . rn
changc scasonally (HOrstadius 1975, O'Connor
and Mulley 1977). Ifmembers ofa species breed
throughout an extended period in one location,
any seasonal changes in temperature tolerances
of the embryos are attributable to the parents'
physiological response to tenlpcratures (acclima-
tization). Thermosensitivity of developing em-
bryos is largely or exclusively determined by the
egg (maternal acclirnatization) and not by the ler
tilizing sperm (Fujisawa 1993). Matemal effects,
resulting in such seasonal changes, have been
demonstrated in other invertebrates (Tester 1985,
Pcdersen and Tande 1992).

Some of the adaptations to temperature seen
in echinoid development may be related to vari-
ability of the habitats the animals occupy. For
example, the especially broad developmental tem-
perature tolerances reported for cchinoid species
that occur in reef f lats (Rupp 1973) or shallow
tropical $,aters that become very wann (Chen and
Chen 1992) may be crucial for those species' re-
production. subjected as they are to very large
temperature fluctuations.

The sand dollat- Dendruster excantri(us
Eschscholtz, occurs in both intefiidal and subtidal
habitats. Individuals l iving in intertidal habitats
are exposed to considerably broader temperature
mnges than are individuals l iving subtidally. This
provided an oppoftunity to test the possibil i ty that
there is a relationship between parental habitat
and temperature tolerance of developing embryos.
We did this by comparing the effects of various
exposure temperatufes on development in D.
excentricus indtyiduals collected from one subtidal
site and several nearby intertidal sites. We also
compared effects oftemperature on development
of Dendrttster uith those on development of
Strcngylocentrctus droebucliensis, an echinoid
that breeds earlier in the spring and is largcly
confined to low intertidal and subtidal habitats.

Methods

A / l  r l t  t a m n a r r t r r a  a n \ ?  r ^ n m a n t c

S\btidal D e ndr d s t e r e x c e nt r ic u s (Eschscholtz
l83l) were collected from Deepwater Bay on

Cypress Island. Inteftidal D. ercentritus canlc
from East Sound (Orcas Island), fiorn Bellingham
Bay. and liom Il lahee State Park (Fig. 1). Sea
ulchins, SrrorgtlotentotL!s droebachiensis
(Miil ler 1776), were collected trom Burows Bay
(Fidalgo Island). All collections were nrade in
the months of May, June, and July whcn the ani-
mals u'ere reproductive. Subtidal animals were
collected by divcrs at depths betu,een I 5 and l8
m. Animals u ere kept in flow through seatables
at the Shannon Point Marine Center and. except
fbr 0tose used in acclimation experiments, were used
for experiments within five days of collection.

Water temperatures at -1.5 m were measured
weekly for one year at Deepwater Bay, the co1-
lection site tbr subtidal D. erceltridrs. This area
experiences strong tidal flushing and the waters
are well-mixed; strong thermoclines did not seem
to develop even in the warmest summcr months
(pers. obs.). We assume. thercfore, that surface
water temperatures at this site ref'lect those expe-
denced by D. e entricus al15-18 m. To docu-
ment temperature variations experienced by ani-
mals at an inteflidal site, we measured surtlce
body temperatures of D. excentrit:trs at the East
Sound collecting site during 2lor-tide series: 14
{pr i l  ( . r  u ind1.  o rercas t  da} .  I  l 'C  r i r  temper l .
ture) and 25 April (a clear sunny day, l3'C air
temperature). Every 15 minutes throughout the
low tide, a thermister probe was placed on the
surfaces of l0 arbitrarily chosen animals and their
temperatures were recorded.

Ferti l ization

F,Jr rl l  l 'en i l i /uti, 'n rnd der eloprnent erperimcnt..
gametes were obtained by injecting 0.55 M KCI
into the perivisceral coelom. Eggs u,erc collected
in 13'C filtered seawaterbut spem were collected
in a dry petri dish and diluted just prior k) in-
semination. To mitigate effects ofindividual vari
ability, sperm from 2 4 males and eggs from 2-4
f'emales were mixed in all experiments.

To determine u hether lefl i l izl l ion i. Iempcrr-
ture-depcndcnt and differs between intefiidal and
subtidal l). excentri(Lts. we examined fcrtiliza-
tion succcss at a range of experimental tempera
tures. Five replicate 20 ml scintillation vials were
fi l led with 16 ml of 5 pm-fi ltered seawater at 7.
l l, l5and l9'C. A nonolayer ofnewly spawned
eggs (withnogerninal vesicle evident) and5 drops
of diluted sperm suspension (approximately 1.25
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Figure 1. Collection sltesr Bellnghan Bay. East Sound (Orcas Ishnd), and Illabcc State Prrk \lhere irtcrddal D. excenrrjcus
$ere collected a! lorv tidel Deep\iatef Bay (Cypress lsland) $'here subtidal r. irr.€rri.rr r\ ere collccredl BurftN, s Bay
where subt idal S. l&re6.rrlriras/s *ere collected. All subtidal animalr $ere collccred fion depihs bc(!cen 15 and l8 m.
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x 10s spenn per ml) were added to eacb vial.
Contents of the vials were mixed and incubated
at the expedmental temperatures for I hour Fer-
ti l ization success $as then measured by examin
ing 100-egg samples from each vial tor presence
of elevated t'ertilization membranes.

Ear y development

We also compared effects of tempelature on sur-
vival of embryos trom intenidal and subtidal D.
ercentfi(us. Batches of eggs were fertilized at
an intermediate temperature (13oC) and thcn trans-
terred to 20-ml scintillation vials. These cultures
were maintained in incubators set at 5, 8, 10, 13,
16,19,22,26,29 ard 3l'C. All treatments were
replicated (.+ vials/treatment). Because cultures
were unstirred, egg densities were kept )ow (2-5
eggs/ml). Whcn four-armed pluteus larvae had
developed, the cultures were terminated by addi-
tion of 4clo buffered lbrmalin. All individuals were
then examined andthe percentages ofnormal plutei
F,cre detennined for each vial. The percentage
data were arcsine transfornred to stabilize vari-
anccs and fteatments were compared wjth tu,o-
way ANOVA with tenrperature and habitat (i.e.,
subtidal vs. intefiidal) as the main etl-ects.

To contrast D. ?rcerllricrs with another echi-
noid that seldom occurs intertidally. we also mea-
sured temperulure tlr lerrnce of Jer eloping green
sea urchin embryos (S. droebuchiensis). Meth-
ods were identical to those described above ex-
cept that initial fefiilization was done in I 0'C water

Early embryonic cleavage rutes are generally
propofiional to rates for longer periods of devel-
opment (Fujisawa 1989). Therefore, we compared
eft'ects of temperature on developmental rates of
a subtidal (Deepwater Bay) and 2 intenidal (lllahee
SI r le  Pr rk  and Be l l rngham Br ) )  / r .  i : r ,  ,  r l r i ,  r r
groups by measuring early cleavage rates in cul-
tures held at 7 and 15'C. When some embryos
in the cultures had reached the l6-cell stage (af-
ter 3 hr at l5o and I I hr at 7'), the cultures were
terminated by addition of 4% buftered ibrmalin
and cleavage stages of 100 embryos per vial (5
vials per treatment) were recorded. Mean nu[r-
bers of cleavages completgd were calculated and
the relationship between number ofcleavages and
temperuture ibr each group was evaluated with linear
legression. Eff'ects of exposure temperature on
developmental rate for each group were examined
by comparing slopes ofthe regression lines.

Acc imation

To test effects of rccent temperature exposure of
parents on development of oft'.spring and to de-
termine whether tolerance limits could be shifted
experimentally, we conducted acclimation experi-
ments in which we placed newly collected D.
excentrie'us rnd S. droebachiensis itt 80-l aq:uaria
adjustcd to 7, 10, and 13'C. We defined tem-
perature acclimation as physiological adjustment
made by organisms subjected experimentally to
environments differing only in temperature. Ac-
climatization, in constrast, is physiological ad
justment made by organisms subjected in the field
to a full range of environmental variation. The
aquaria were aerated and held in incubators that
maintained the acclimation temperatures. Ani
mals were fed every 2 days (TetraMinrv fish fbod
or algae, primarily Leminaria spp.) and the wa-
ter was changed semi-weekly. There were no
apparent negative effects of this ffeatment and
animals were successfully made to spawn by in-
jection of0.55M KCI after a 2l-day acclimation.
Cultures of embryos were produced as described
above and survival to the four-armed pluteus was
determined a t  5 ,7 ,  10 ,  13 .  16 ,20 ,24 ,  and 31"C.

Results

Temperature measurements in the lield showed
that subtidal and intertidal animals experience
.ubs tan t ia l l y  d i f fe ren t  tempera ture  reg ime. .
Temperatures in Deepwater Bay runged ftom 7'C
in January to 13'C in July/August. This seasonal
temperature change occurred gradually, and ex-
treme values were rarg. In contast, temperature
changes at the intertidal site were more trequent,
more sudden. and much greater. Animals in this
habitat experienced particula-rly large temperature
fluctuations during low tides; we measured an
eight-degree increase (from l3'C to 21'C) in D.
excentricus body surface temperature du ng a
single 90-minute period (Fig. 2). Mid-summer
low tides may expose the animals to even greater
fluctuations as air temperatures reach 20-30'C.

We found no biologically relevant among-
group differences in D. excenticus fertilization
success at tempemtures fiom 7-l9oC. Fertiliza-
tion percantages ranged tiom 90 - 100 i n all treat-
ments and the only temperature effect seemed to
be a slight decrease in fenilization of all groups
at7 'C.

Temperature and D?n1./rdJler Development I I l
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TABI-E L T\\'o-i'ay analysis of lariancc lbr the etTec6 of

tenperature and habitat on r. ?ir.errr.,clr1 devcl
oplnenr. Perccnl data \rere arcsine tlrnsformcd
r- i^r  Io r  r l ' ) . : .  ro h.r rofen , /e ,  r f l r r .c \ .
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Figure 2. Body surface iempcrarures of D.rzll.r.1.., r .jr.crrfi -

.rr mcasured with a lhcnnister on two lou lide\
(East Sourd. Orcas Island). Mean\ l one nandard
e.for arc shown (n = l0 tbr c:rch d.rta poin!).

Study of dcveloping embryos fiom both in-
tertidal and subtidal D. ettentricus at tempera-
tures between 5' and 3l' C. revealed that devel-
opment to tbur-arned pluteus laNae was normal
at temperatures from 7o C to 26' C; therc were
no significant diflerences bct\r,een the two groups
in the limits of thcir temperature tolerance dur-
ing developmcnt. In contrast, the urchrn S. *oe-
bttchiensis, which occurs in the same area but is
nomaliy fbund subtidally, developed four-armed
plutei across a lower range oftempcratures. from
5 ' t o  l 9 ' C .

Two-way analvsis of variancc revealed sta-
tistically signilicant differences, associated with
temperature and habitat, between the two D.
ercerl/icrs groups within their common tolerance
range (Table 1). Because the signitlcant tempera-
tufe x habitat interaction nrade intelpretation of
the main eflects dit'ficult, results were examined
through simplc main effects (.i.e.. Dentlraster
groups were compa.red within each level of tem
pera ture ,  F ig .  3 ;  Winer  e t  a l .  1991) .  Wi th  a
Bonlerroni correction to control Type I ellor, the
analysis showed that a signiflcantly greater pro
portion of the ofTspring of subtidal animals suc
cessfully completed development k) the pluteus
stage at lower temperatures (8. 10. 13, and 16'C).
whereas a signihcantly greater proportion ofoff-
spring of intertidal animals developed to plutei
at the higher temperatures (22 and 26'C).
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Perccntages of normal development, however. were
very low in both groups at 26cC (Fig. 3). Ten
perature teferance of developing S. drctebachiensis
embryos was shifted to lower temperatures; nor-
mal plutei were fbund in temperature treatments
between 5' and l9'C.

The eftect of temperature on developmental
rates of D. excenticus from the subtidal group
(Deepwater Bay) differed significantly from that
ofthe 2 intefiidal groups (Fig. ,1). A significantly
negative slope (b = 0.35, p = 0.02) indicared thar
the Deepwater Bay embryos develeped more
slowly at l5'C than at 7'C. In contrast, there
was no significant temperature effect for the
Bellingham Bay group (p = 0.52). and there was
a significantly positive effect (i.e.. embryos
developed more rapidly at 15'C) for rhe lllahee
State Park group (b = 1.01. p = 0.0003).

s  l 0 t i 2 0 2 5  l 0
rempcrarure(.c)

Figure 3. Percentages of inenidal and subtidal D. ar.?,r.i( llr
jndiliduals derelopjng normally to pluteus tan ae
at varlous exposure tempcratures. Each point rep-
resentr thc meaD l one slandard error (n =,+ \,ials
for each point). In several cases. rhe length of the
erftr bar is smaller rhan the plotted diameteroLthe
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Figure,l. Earl,v devebpmental ratc ofintertidal (Illahee and

Bel l ingham) and subt idal  (Deepwater Bay) D.

ercentricus ̂ s indicated by number of clea|ages

completed. Each point represents the mean 1 one

standard crror (n = 5 vials fot each poino.

We found no evidence that a 2l day labora-
tory acclimation of adult D. excentricus or S.
droebachiensis aflects the temperature tolerance
oftheir developing offspring. Survival to pluteus
did not dift'er significantly among the treatment
groups tbr either species; temperature tolerances
ofthe embryos reflected what we had seen in the
offspring of unacclimated animals (i.e., Fig. 3).

Discussion

The effects of exposure temperature on Dendrdriler
excentricus development suggest a relationship
between parental habitat and temperature toler-
ance of developing offspring. Of particular in-
terest was the drop in cleavage rate we observed
fbr the subtidalD. e,rc"rtricrs embryos when they
were placed ata warmer temperature (Fig.4). This
was surprising (cleavage rates generally increase
with increasing temperature as was more evident
in the intefiidal groups) and indicates an adjust-
ment to the temperatures embryos are most likely
to encounter during early development. Differ-
ences in the responses of intertidal and subtidal
embryos to lemperlture could arise from genetic
differentiation of populations, from physiologi-
cal acclimatization. or from a combination of the
two. The length of the larval period in D.

excenticus (.10 - 23 weeks at 7 - l3'C; Strathmann
1978) and the high potential for dispenal in the
current- and wind-swept waters ofthe Puget Sound
(Emiet 1986) make it unlikely that these differ-
ences result tiorr genetic differentiation and sug-
gest that such dift'erentiation might not be adap-
tive, since larvae wou]d seldom settle in their
parents' immediate environment . We think that
the observed differences result from a physiological
acclimatization effect and could enhance survival
of offspring of the respective groups under the
conditions likely to be encountered early in de-
velopment. laboratory acclimation can alter temper-
ature lesponses of adult echinoids (Farmanfamaian
and Giese 1963, Ulbricht 1973), and there is evi-
dence rhrl parental acclimrtizrtion in nit lure can
shili temperature tolerance of developing embryos
in some echinoids (Hgrstadius 1975, O'Connor and
Mulley 1977, Johnson et al. 1990) and asteroids
(Johnson and Babcock 1994). We, however, did
not observe any e1I'ect of laboratory acclimation
on the higher or lower limits of temperature tol-
erance in embryos of either D. excentricus or S.
droebachiensis nor did we seen any differences
in the range of temperatures intenidal and subtidal
D. excentricus embryos could tolerate. Thus,
we do not think that changes in temperature tol-
erance of embryos occurs simply through a shift
in the absolute range of toleranca. Rather, the
differences we observed in intertidal versus subtidal
D. excenticus appear to result from a more com-
plex form of acclimatization involving the rela-
tive rotation of developmental temperature re-
sponse curves (Cossins and Bowler 1987) of the
two groups. We suggest that such subtle fine{un-
ing ofresponses to environmental parameters dur-
ing early development is adaptive; it may favor
suwival of embryos in their earliest. most vulner-
able stages. Such a possibility should be further
inre.rigated in the.e. and other. marine organi.ms.
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