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ABSTRACT: Seasonal variation in water femperature is 6-13°C at San Juan Island, WA and 1-15°C at Sunshine
Cove, Ak and air temperature ranges are below 0°C t0 32°C on San Juan Island aad fo 27°C at Sunshine Cove.
Leptasteries spp. from San Jean Island, WA in September exhibited a 28 day LCs; 0f 20.5°C, activity coefficients
did not vary significantly at temperatures between 12-18°C but significant reductions occurred at 27 and 30°C.
L. spp. from Sunshine Cove, AK; their activity coefficients varied significantly over 7 days at 10--19°C in August,
and at 4-19°C in December. The activity coefficient did not vary during 3 h aerial emersion at 10 or 15°C but

was depressed at 19°C. L. spp. are well ada

in anoxic seawater,

I INRODUCTION

The rocky intertidal zone on the Pacific coast of North
America is one of the most physically complex and
varizble environments on earth. Seasonal changes in
seawater temperature ranged from 12.1 to 15.4°C from
1983 to 1993 at Monterrey, CA (Barry et al., 1995),
fom 6-13°C' in the San Juan Islands, WA. (Stickle,
1970) and from 1-15°C at Sunshine (Ravioli) Cove
aloag the Lynn Canal North of J unean, AK(Stickle,
1970, Stickle and DeNous, 1974). Air temperatures
¢an reach 32°C during daytime tidal emersion in the
San Juan Jslands and 27°C at Raviok Cove (per-
Sonal observations). Air temperatures during night
time aerial exposure during the winter at both locations
tan fall helow 0°C.
Activity coefficients, as an index of their righting
esponse A.C. = 1000/righting time in seconds), have
0 used as a sensitive behavioral indicator of the
Actional well being of echinoderms along environ-
Mental stressor gradients, Activity coefficients were
determined 1o be repeatable measures when deter-
mmefi under constant conditions over four consecutive
S Stichaster striatus andto decrease significantly
bllowing $h 10 min emersion at 15~18°C Lawrence
1 Cowell 1996. Temperature and salinity affected the
Mvity coefficient and growth rate of Luidia clathrata
afier 30 days exposure and the activity coefficient
peared to be related to decreased food intake and
# apparent increase in the metabolic cost of cell vol-
me regulation (Watts and Lawrence 1990). Activity
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pted to the seasonal water temperature range but may be stressed
during summer aerial exposure. Lactic zcid acoumulated in a non-

significant marimer during aerial exposure and

coefficients have also been utilized as an indicator
of echinoderm stress as a function of salinity gradi-
ents (Stickle and Diehl 1987). The activity coefficient
of Leptasterias hexactis varied directly with ambient
salinity (Shirley and Stickle 1982a) and covaried with
variation in the energy budget of that species (Shirley
and Stickle 1982h).

The normoxic aerobic rate of heat production
accounts for all of the total heat production of the
asteroid Asterias rubens (Grainger 1968). Because of
poor perfusion of the perivisceral cavity of Strongy-
locentrotus droebachiensis during maximum ovarian
development, 76-92% of heat dissipated is from anaer-
obic energy metabolism, with the production of lactate
accounting for 37% of the total anoxic heat dissi-
pation, which suggests that other end products of
anaerobiosis may also be present (Bookbinder and
Shick, 1986). The predominant glycolytic end product
underpotentially anaerobic metabolic conditions, such
a5 environmental anoxia or aerjal exposure, is lactic
acid since opine dehydrogenases are essentially absent
from the higher marine invertebrate phyla (Arthropoda
(Crustacea) and Echinodermata) (Livingstone et al,
1983, 1990). Therefore, we assayed for the presence of
L-lactic acid as an index of anaerobic stress in Leptas-
ferigs spp. during tida] emersion and during exposure
to anoxic seawater.

This research project was designed to determine the
temperature tolerance of a cryptic species cotnplex of
Leptasterias spp. (Flowers and Foltz, 2001) collected
from Mitchell Bay, San Juan Island, WA during early



September, 1998 and compare their ternperature toler-
ance with their righting response, expressed as activity
coefficients (Lawrence and Cowell, 1996) as a func-
tion of seawater temperature. Seasonal change in the
activity coefficient of

Leptosterias spp. collected from Sunshine Cove
(Ravioli Cove) along the Lyna Canal north of Juneau
was determined over a week in Aupgust and Decem-
ber 1998 at a series of ambient water temperatures.
The effects of three hours aerial exposure at 9, 15,
and 19°C for sea stars collected from Lena Cove, AK
{~12 km south of Sunshine Cove, AK during August
2005, Finally, lactic acid accumulation was monitored
as a function of duration of exposure to anoxic seawa-
ter and aerial exposure to determine a potential switch
to anaerobic end product production as & function of
glycolysis in L. spp.

2 MATERIALS AND METHODS

Leptasterias spp. were collected at Mitchell Bay, WA
(48°33.2'N; 123°10.2'W) on September 2, 1998 and
flown to LSU where temperature tolerance exper-
iments were conducted in a recirculating seawater
system over a 28 day time period at 12, 15, 18, 21,
24, 27, and 30°C. Sample size was 11 sea stars per
experimental temperature. Activity coefficients were
performed for each sea star 6 hours after introduction
to experimental temperatures during the 28 day exper-
iment (AC = 1000/ righting time in seconds (1200 sec
maxirmun),

Sea stars were collected from Sunshine Cove (Lat-
itade 58°30.8'N; Longitude 134°55.8'W), North of
Auke Bay, AX on August 23 and December 14, 1998,
Sea stars were returned to the NMFS laboratory where
activity coefficients were determined at 0, 2,4, 12, 24,
48 and 168h at several environmental temperatures in
temperature controlled flow through seawater systemns.
The usual sample size was 8§ sea stars per temperature-
time combination. L. spp. were also transferred from
4, 9, 14, and 19°C experimenta] flow through systems
to the 24°C system four days after the start of the ini-
tial experiment in December and survival and activity
coefficients were determined at the same time inter-
vals. A total of 20 sea stars were transferred from each
experimental femperature system and activity coeffi-
. - cient determinations were made on 8 sea stars at each
temperature-time combination.

Seastars were collected on August 15, 2005 at Lena
Cove, AK (58°23.5'N; 134°44.7"W), returned to the
NMFS Auke Bay Laboratory and subjected to either a
simulated 3h emersion at 9, 15, and 19°C or to anoxic
30 PSU seawater for 30, 60, 90 and 120 minutes. The
maximum Po, of the seawater during the anoxic expo-
sure experiments was 9 Torr. Activity coefficients were
determined prior to and after the 3 h aerial exposure
period. Sample size was § sea stars per experimental
determination.

Sea stars were flash frozen on dry ice, stored in
a ~~80°C ultracold freezer then shipped to Louisiana
State University in a liquid nitrogen shipper and stored

in an ultracold freezer until homegenization. Seg Starg
were weighed and homogenized in 10 times their ye,
weight {g) in ice cold perchloric acid (0.6 mol/L,)
The homogenate was centrifuged for 15 minuteg 4
3000 g at 2°C. The supernatant (4 ml) was transferreg
to a fresh tube where 0.01 ml methyl orange (0.05y,
w/v) was added. The supernatant was neutralized py
titration with 3M KOH. A 0.2 ml aliquot of the pey,
tralized superatant was used for the assay sampie,
L-lactic acid assays were determined by the Fray,
Noll procedure (Bergmeyer, 1983). The fina] assay
contained: 116 mmol/l glutamate, 0.93 mmol/i NAD
1.3KU/ ALT (GPT), and 4kU/N LDH. L-lactic aciq
was used as the standard for this assay. The assay
absorbance was read at 340 nm on & spectrophotometey
after 2 h incubation at 25°C,

ANOVA analysis and Turkey’s tests were performed
on activity coefficlents if they were normally dis.
tributed. Student’s t-tests were performed on the
activity coefficients of sea stars prior to and afteremer-
sion. In some cases data did not meet the underlying
assumptions of ANOVA. We also conducted nep.
parametric ANOVA’s using permutation according to
the methods of Anderson and Ter Braak (2003). Inall
cases parametric and non-parametric analyses agread
regarding the significance of variance components
indicating that violations of assumptions were not
causing the observed significant differences. Herein
we report only the parametric results. The 28 day 1.Cs
was determined by the Spearman Karber method.

3 RESULTS

The 28 day LCsp of Leprasterias spp. coliected
at Mitchell Bay, WA on September 6, 1998 was
20.54+0.3°C {95% CL). The LCsp declined from
2546°C on day one to 20.5:4:0.3°C on day 6 of
exposure and did not change through day 28 of the
experiment. The water temperature at the time of cok-
lection wag 13.2°C. Activity coefficients of L. spp. are
significantly different across the temperature range of
12-30°C on day 1 of the 28 day experiment (One way
ANOVA; p < 0.0001). Tikey's Post ANOVA analysis
of all pairwise comparisons indicates that the activ-
ity coefficient of L. spp. held at 12-21°C were not
significantly different from each other or from those
maintained at 24°C. Activity coefficients of L. spp.
maintained at 27 and 30°C were significantly lower
than those of sea stars exposed at 12-21°C but were
not significantly lower than the activity coefficients of
sea stars maintained at 24°C (Tzble 1}, Furthermore
and importantly the percent of the 11 sea stars nol
fghting in 20 min was 18.2, 63.6, and 50 at 24, 27,
and 30°C. Five of the 11 sea stars held at 30°C died
prior to the determination of activity coefficients cne.
day after introduction to that experimental treatment.
The activity coefficient of L. spp. collected from
Sunshine Cove, AK. on August 6, 1998 varied signif-
icantly as a function of temperature (P < 0.0001) and
time (p < 0.0364) but not their interaction (Fig. 1A)
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Table 1. Activity coefficients of Leptasterias spp. cotlected
from Mitchell Bay, WA and subjected to an experimental
water temperature gradient are given as x = 0.3°C Percent
not righting in 1200 seconds out of number tested is given in
the column labeled Percent.

*C x+SEM Tukey’s test  Percent riot righting
12 9.75k513 A 0
15 6.644-3.19 A 0
18 9.93+4.0t A G
21 6191228 A 0
24 583425 AB 18
27 181%149 B 64
30 3.504:3.31 B 50

Likewise there was significant variation as a fume-
tion of time at 19°C (p < 0.0081). Activity coeffi-
cients after 2 and 4 h exposure were significantly
lower than activity coefficients after 168h exposure
{9« 0,05), indicating a shock response to elevated
water temperature during the summer.

The activity coefficient of L. spp. collected from
Sunshine Cove, AK.on December 14, 1998 varied sig-
nificantly as a funciion of temmperature (p < 0.0001)
and time (p < 0.284) but not their interaction (Fig. 1B).
Activity coefficients were significantly higher at 14°C
than &t 9°C and activity coefficients at these temper-
afures were significantly higher than those cbserved
at 4 and 19°C (Tukey's test). Sea stars did not right
themselves in 20 minutes at 24°C at 2, 4, and 12k,
and all were dead at 24 1. There was no significant
variation: in the activity coefficient of L. spp. over the
week of the experiment at 4, 19, or 19°C but the activ-
ity coefficient of sea stars mamtamed at 9°C varied
over time (p < 0.0340) but Tukey’s test did not vary
significant variation in the activity coefficients tested
over the experimental duration. None of the L. spp.
transferred from the 4, 9, 14, or 19°C experimental sys-
tems survived 48 h exposure to 24°C seawater. Activity
coefficients were minimal at 2, 4, 12, and 24h and
more than 50% of the sea stars from ali temperature
gtoups were dead by 24 h.

Three hours of aerial exposure in August had no
effect on the activity coefficient of L. spp. prior
t and after emersion at 9°C where the pre and
Post-exposure activities were 8.97 £4.94 and post-
exposure activities were 7.41 = 3.30(t-testp > 0. 4361)
oI 15°C where the pre and post-exposure activities
were 10.90 6,30 and 5.19 £ 2.19 (-test p > 0.0707).
However, the activity coefficient of L. spp. exposed
to emersion at 19°C for three hours declined from
4 pre-emersion value of 9.46:2.70 o a post emer-
sion value of 1.60 4 1.80 (t-test p > 0.0003). Six of
eight sea stars tested did not right themselves afier
20 minutes (A.C. ==0.83) in the 19°C tidal emersion
Sxperimnent.

Lactic acid was present in all sea star treatment
Broups that were sampled during the emersion experi-
Mengs at 9, 15, and 19°C but the accumulation of lactic
atid was variable and ANOVA analysis indicated non-
Significant temperature and time effects. Treatment

e 45°C

[
A e e st e

- 10°C

Activity Coafficiant
&6 =~

MAC

0 20 40 60 B0 100 120 140 160 180
Hours of Exposure

Acthvity Coefficient

2 -e-24°C

MAG

0 20 40 60 80 100120 140 160 180
Hours of Exposure
Figare 1. Activity coefficients of Leptasterias spp. col-
lected on August 6, 1998 (A} and on December 14, 1598
from Sunshine Cove, AK and subjected to a series of exper-
imental terperatures relative to the seawater temperature at
the time of coliection. MAC is the minimum activity coeffi-
clent (0.83) determined for sea stars that were alive but did

not right themselves in 1200 seconds (20 minutes) elapsed
time.

means (:i:SE) varied between 36 429 (6) uM lactic
acid/gwet™! at 19°C before emersion and 372 4 247
(7} M lactic acid/g wet ™! after 3 h emersion at 15°C,

L. spp. accumnulated lactic acid in a time depen-
dent manner over 2 h exposure to anoxic seawater at
9, 15, and 19°C (ANOVA p < 0.003) but the tempera-~
ture effect was not significant. Treatment mean values
incréased linearly at 9 and 15°C but one way ANOVA
analysis at each temperature did not indicate a sig-
nificant time effect with respect to anoxic exposure.
Treatment mcmvaiues varied between 36 £ 29 (6) u M
lactic acid/g wet™! at 19°C in normoxic seawater and
1808 3 700 1LM lactic acid/g wet™! after 2 h exposure
to anoxic seawater at 15°C.

4 DISCUSSION

sThe activity coefficient of Lepfasterias spp. col-
lected at Mitchell Bay, WA. in September, 1998 was
not a sensitive indicator of seawater temperature
between 12 and 21°C while a percentage of sea
stars not righting after 20 minutes was elevated at
24°C (18.2%), 27°C (64%), and 30°C (50%). While
activity coefficients were determined one day after
exposure to each temperature treatment the 28 day.
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water temperature L.Cso was 20,5 4 0.3°C, Therefore,
determination of the ability of sea stars to right in
20 minutes proved to be a good indicator of the
28-day temperature zone of resistance adaptation of
L. spp. to water temperature. If a significant percentage
of sez stars can’t right in 20 minutes at an experimental
temperature in short term exposures, that experimen-
tal temperature likely falls outside the zone of capacity
adaptation for the species at that location and will fall
in the zone of lethality.

Seawater temperature affected the activity coeffi-
cients of L. spp. at the Sunshine Cove, Ak. location.
The righting response {activity coefficients) of L. spp.
collected during the summer from Sunshine Cove, Ak
and exposed to 10 or 15°C seawater in the lab did
not vary over time but the activity coefficient declined
after one week exposure to 19°C seawater, The sea-
sonal change in water temperature is —1 t0 15°C. Sea
stars collected in December exhibited significantly
reduced activity coefficients at 4 and 19°C compared
to those at 9 and 14°C over the course of one week,
L. spp. did not right themselves in 20 min at 24°C at
2,4, and 12 b and all were dead by 24 k exposure. Sea
stars do not tolerate 24°C seawater af any time duz-
ing the year. Seasonal changes in water temperature
are not very large on the west coast of North America,
being only 3.3°C at Monterrey, CA (Barry etal. 1995),
7°C on San Juan Istand, WA (Stickle, 1970) and 14°C
at salinity stratified Sunshine Cove, AKX Stickle and
DeNoux, 1974) in contrast to a greater seasonal change
in water temperature in Barataria Bay, LA where the
monthly average seasonal water temperature range was
17.6°C (Barrett, 1971).

Aerial emersion for three hours typical of mid-tidal
L. spp. had no effect on their activity coefficient at 9 or
15°C but exposure at 19°C significantly reduced the
sea star activity coefficient. It is important to note that
L. spp. are found on under rocks and in crevices during
aerial exposure during the daytime low tides during the
summer in their microhabitat. Menge (1972) observed
L. spp. to be actively foraging at night but not during
the day on San Juan Island, WA. The foraging behav-
ior of L. spp. makes them more susceptible to freezing
during the nocturnal low tides during the winter than
during the daytime low tides experienced during the
supmmer in Washington and Alaska, The righting time
and activity coefficient of Stichaster striatus collected
from the coast of Chile and subjected t0 8h 10min
of emersion at air temperatures reaching 18°C dur-
ing the day was significantly reduced when compared
with these measures of activity as an indication of sub-
lethal stress after re-immersion (Lawrence and Cowell
1996). The emersion time of 8. striatus was much

longer than the expected emersion time at their tidal ©

lovel.

Lactic acid accumulated in L. spp. during aerial
exposure and exposure to anoxic seawater but in a non-
time course manner. This indicated that the sea stars
exhibit a degree of anzerobic metabolism under these
conditions. Lactic acid accurnulates in the gonads and
perivisceral fluid of the sea urchin Strongylocentrotus

droebachiensis when they had a maximal ovarag
index as a result of poor perfusion of the ovaries (Book.
binder and Shick, 1986). The high permeability of the
integument of L. spp. likely accounts for the lack of
a time course dependent accumulation of lactic acig
during aerjal and anoxia exposure.

The cryptic species complex in the genus Lepsgy.
terias contains reproductively isotated species which
may exhibit ecological differentiation with respect to
abiotic stresses at specific locales but the present seudy
has not addressed those interactions because of dif.
ficulties in segregating species. Three species which
are reproductively isolated were found to contain only
1.5-3% first generation hybrids between the fhres
species identified on San Juan Island, WA (Foltz, 1997
Foltz and Flowers, 2006). Their sampling at Mitchef}
Bay, WA indicated the species composition to be 24
L. aequalis A, 28% L. aequalis B, and 48% L. her.
actis (Foltz and Flowers, 2006). The overwhelming
majority of Leptasterias spp. at Sunshine Cove, AK are
L. alaskensis with L. hexactis comprising several
percent of each collection (Hrinovich et af, 2000),

The activity coefficient of Leptasterias spp. is an
excellent early indicator of their longer term tempera-
ture tolerance limit as shown by their lack of ability i
right at ambient temperatures above their longer term
LCsowater temperatures. Within their zone of capac-
ity adaptation to water temperature, sea star activity
coefficients tend to be highest at intermediate water
temperatures. Activity coefficient variation as a fime-
tion of seasonal changes in ambient water temperatare
is not as sensitive as was observed for variation in
activity coefficients as a function of ambient salinity
(Shirley and Stickle, 1982a, b). Emersion for a time
period typical for intertidal emersion is most stress-
ful to Leptasterias spp. at temperatures experienced
during warm summer days,

ACENOWLEDGEMENTS

Bill Stickle performed much of the research presented
in this poster while on Sabbatical leave from LSU. Tam
very thankful to Dennis Willows, former Director of
the Friday Harbor Laboratories, WA and to the Director
at the National Marine Fisheries Service labozatory
m Auke Bay, AK for providing laboratory space to
conduct our experiments. Special thanks go to Tom
Dietz and Richard Stevens, Department of Biological
Sciences at Louisiana State University, for respectively
assisting with the aerial emersion experiments at the
NMFS laboratory in Auke Bay, AK and in performing
the multifactorial analysis of variance analyses.

REFERENCES

Anderson, M. J. and Ter Braak, C. J. F. 2003. Permutation
tests for multi- factorial analysis of vadiance. Journal of
Statistical Computation and Simulation 73; 85-113.

Barrett, B.B. 1971. Phase I, Hydrology. Pp. 9-130 in Coap-
erative Gulf of Mexico Estuarine Irventory and Study,

406



1 ouisiana. Louistana Wikdlife and Fisheries Commission,
New Orleans, La.

Bergrmeyer, FLU, 1983. L-(+)-Lactate. pp. 582-588. In: Meth-
ods of enzyme analysis. VI, Metabolites: Carbohydrates,
Verlag Chemie, Weinheim.

Barry, 1P, Baxter, C.I, Sagarin, R.D., and Gilman, S.E.
1995. Climate-related, long-term faunal changes in a Cal-
ifornia rocky intertidal community. Science 267:672-6735.

Bookbindes, L.H. and Shick, 1M, 1986 Anzerobic and aer-
obic energy metabolism in ovaries of the sea urchin
Snongylocentrotus droebachiensis. Mar. Biol. 93:103~
110

Flowers, 1M. and Foltz, D.W. 2001, Reconciling molecular
systematics and traditional taxonomy in a species- tich
clade of sea stars (Leptasterias subgenus Hexasterias).
Mar, Biol. 139:475-483,

Foltz, D)W, 1997. Hybridization frequency is negatively cor-
related with divergence time of mitochondrial DNA hap-

Iotypes in a sea stax (Lepfasterias spp.) species complex.

Evol, 51:283-288.

Foltz, D.W, and Flowers, M. 2006. Smali-scale morpho-
fogical differentiation in a brooding sea star with lirited
dispersal. Preceedings of the 12th International Echino-
derm Conference, August 7-11, 2006 (Ed. Lacry Harris),
University of New Hampshire Durham, New Hampshire,
USA A.A. Balkema Leiden (submitted)

Grainget, IMN.R. 1968, The relation between heat production,

_ oxygen consumption and temperatme in some poikilo-
therms. In: Quantitative Biology of Metabolism, edited by
A. Locker, pp. 86-89. Berlin; Springer Verlag,

Hrincevich, A.W,, Rocha-Olivares, A., and Foltz, D.W. 2000,
Phylogenetic analysis of molecular lineages in a species-
rich subgenus of sea stars (Lepfasterias subgenus Hexac-
terias), Amer. Zool. 40:365-374.

Lawrence, .M, and Cowell, B.C. 19596. The righting response
as an indication of stress in Stichaster striatus (Behin-
odermata, Asteroidea). Mar. Fresh. Behav. Physiel. 2711
239-248.

Livingstone, D.R., De Zwaan, A., Leopold, M., and Marteijn,
E. 1983. Studies on the Phylogenetic distribution.of
pyruvate oxidoreductases. Biochem. System. Ecol. 11
415-425.

Livingstone, DR, Stickle, WB., Kapper, M.A., Wang, S.,
and Zurburg, W, 1990, Further studies on the phylogenetic
Jistribution of pyruvate oxidoreductase activities. Comp.
Biochem. Physiol. Y7TB:661-666.

Menge, B.A. 1972, Foraging strategy of & starfish in relation
to actual prey availability and environmental predictabil-
ity. Ecol. Monogr. 42:25-50.

Shirley, T. C. and Stickle, W.B. 1982a. Responses of Leptas-
terias hexactis (Echinodermata: Asteroidea) to low salin-
ity, 1. Swrvival, activity, feeding, growth, and absorption
efficiency. Mar. Biol. 69:147-154.

Shitley, T. C. and Stickle, W.B. 1982b. Responses of Leptaste-
rias hexactis (Echinodermata: Asteroidea) to low salinity.
T, Nitrogen metabolism, respiration, and energy budget,
Mar. Biol. 69:155-163.

Stickle, W.B. 1970. Some physiological aspects of the
reproductive cycle of the intestidal prosobranch Thais
lamellosa (Gmelin, 1792). Ph.D. Thesis, University of
Saskatchewan, Regina Campus, 160 pp.

Stickle, W.B. 1973. The reproductive physiology of the inter-
tidal prosobranch Thais lamellosa (Gmelin). 1. Seasonal
changes in the rate of oxygen consumption and body
component indexes. Biol. Buil 144:51 1-524.

‘Stickie, W.B. and Denoux, G.1. 1976. Bffects of in situ tidal

salinity fluctuations on osmotic and jonic composition of
body fluid in southeastern Alaska rocky intertidal fauna.
Mar. Biol. 37:125-135.

Stickle, WB. and Dichi, W.J. 1987. Effects of salinity on
echinoderms. pp. 235-285. Jn Echinoderm Studies, Vol. 2.
M. Fangoux and I. M. Lawrence, ed. Balkema, Rotterdarm,

Watis, S.A. and Lawrence, IM. 1990. The effect of temper-
ature and salinity interactions on righting, feeding, and
growth in the sea star Liddia clathrata (SAY). Mar, Behav.
Physiol. 17: 159-165.

407



