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ABSTRACT

Responses to Salinity of Color Polymorphs in Tweuiations of the Sea Stadtisaster
ochraceus

by
Viren Johann Perumal
Master of Science, Graduate Program in Biology
Loma Linda University, December 2006
Dr. Stephen G. Dunbar, Chairperson

Pisaster ochraceuwas analyzed to determine if varying salinitiesiraai color, or
location affect the physiology of these sea sfHng. three responses analyzed were aerobic
respiration, ammonia excretion, and self-rightifige tested variables includédo different
color morphs (orange and purple)Rxfochraceustwo different locations (open coast and inland
straits) in Washington State, and three salin{@s 30, and 40 psu).

Wet mass-specific oxygen consumption rates wersigatficantly affected by color,
location, or salinity, and Dry mass-specific oxygemsumption rates showed no significant
differences for main effects, but a three-way iatdion was identified. Similarly, ammonia
excretion rates were unrelated to color, locatwrsalinity. Self-righting times were
significantly different with color, location, andl#ity.

Although measurements from the three experimemtgedaout in this study do not all
point to differences in responses of the two colorphs, they nonetheless provide some
evidence that color and location both have a sicanit effect on self-righting times at the three
salinities tested. The results of my study sugtiestt within a certain range (x 8 psB),
ochraceusappears to be able to maintain normal aerobidreggm and ammonia excretion.
However, when stressed to greater extremes outsitthe range they are able to cope with, such
as salinities of £ 10 psu or greater, their bagicfions of mobility, such as self-righting

responses, may be impaired.



CHAPTER ONE

INTRODUCTION

Natural History of P. ochraceus

The ochre sea stdPjsaster ochraceu@randt, 1835), is a benthic echinoderm in
the class Asteriodea and is common and well distidb from Prince William Sound,
Alaska, to Cedros Island, Baja California (Rickettsl, 1985). This species inhabits the
lower limits of the intertidal zone as well the s§dhl zones down to 97 meters, but is
most abundant in the middle to lower intertidal g®that are exposed to waves or
currents (Morriset al, 1980; Lambert, 2000)P. ochraceugan usually be found on
rocky substrates of the open coast. This predajoegies is one of the most conspicuous
and colorful of the intertidal fauna (Ricke#tsal, 1985). The species nanoghraceus,
is derived from the Greek worthros,in reference to the pale yellow or ochre color of
some specimens (Lambert, 2000).

Pisaster ochraceus commonly called the ochre or purple sea stah®
common starfish (Feder, 1957), and is not to béusaa with the “common starfish”
Asterias rubendound on the Atlantic coast (Hendletrral, 1995). Specimens &.
ochraceugyenerally range from 15 to 36 cm diameter (Rickettsl, 1985), and
although smaller individuals are difficult to fingiveniles can be found in crevices and
under rocks (L. McCloskeyers. comn). These organisms begin their lives as pale
orange to salmon pink eggs 150 to 175 um in dianfetenbert, 2000). Around six
days after the egg has been released, a plankotr(iped on other plankton) bipinnaria
larva forms which lasts for up to two months. Bwaling this stage, a bilaterally

symmetrical brachiolaria larva develops, whichdates to the substrate and



metamorphoses into a radially symmetrical juvesda star (Lambert, 2000). Juveniles
reach maturity in around five years and can livegkr than 20 years as adults. A large
adult individual can release approximately 40 miileggs in one spawning season

(Millott, 1967; Brusca and Brusca, 2003).

Anatomy of Sea Stars

The general body plan &f. ochraceusas in all other asteroids, is stellate (star
shaped) and members of this species possess angeotes radial symmetry with body
parts organized around an oral-aboral axis. Asterbave a central disk and
symmetrically projecting arms, which are calledsr@yendleret al, 1995). Sea stars
differ from other members of the phylum Echinodetaria that they have five or more
open furrows, called ambulacral grooves, that aved on the underside, or oral surface,
of their rays. These ambulacral grooves bear a@ivisbe feet, digestive glands, and
gonads radiating into each ray. Member®ishster ochraceussually have five stiff
arms, a highly arched disc and a sunken mouth. abbeal surface contains a formation
of white spines that form a net-like pattern. Papuhlso called gills or dermal branchea,
lie between the spines. These papulae are thiredvaktensions of the coelom that
protrude between skeletal plates and allow the axgh of respiratory gasses between
the surrounding sea water and the organisms’ iatdluid. They are thought to assist in
the coloration differences of individuals, sincestis where pigmentation occurs.
Between the papulae are several types of pedialasr pincher-like appendages, that
may play a role in preventing microorganisms fraattlsig on the skin of the sea star.

These pedicellariae structures respond to extstimuli independently of the sea stars’



main nervous system and possess their own neuralauseflex components. The types
of pedicellariae found iR. ochraceusire furcated, crossed, lanceolate and straight
toothed, with the furcated form being most chanastie of this species (Millott, 1967;
Lambert, 2000; Brusca and Brusca, 2003).

Sea stars are known for both their appetite asagatheir diverse feeding
strategies (Hendleat al, 1995) andP. ochraceusre known to be voracious predators of
low intertidal zone invertebrates (Rickettsal, 1985). They feed primarily in the
summer and prefer mussels, barnacles, limpetsraal$ sHowever, at least 30 prey
items have been documented and their diet depentteecavailability of prey (Feder,
1959). One of the most common prey items of thgaoism is the California mussel,
Mytilus californianuswhich is abundant on wave-exposed, rocky substréesster
ochraceusats mussels by inserting its stomach betweenilés ssecreting digestive
enzymes and simultaneously pulling the bivalvedisia@art with its tube feet (Morrist
al., 1980; Lambert, 2000).

The specialized tube feet Bf ochraceusre fleshy projections that contain
external hollow suckers, called podia, that areldeelocomotion, gas exchange,
feeding, attachment and sensory reception. Theg@eeated hydraulically by a unique
coelomic water vascular system which contains aptexnof fluid-filled canals with a
single opening on the aboral surface known as théreporite, or sieve plate. The water
vascular system also aids in the internal transpfdttie coelomic fluid (Brusca and

Brusca, 2003).



Ecological Importance ofPisaster ochraceus

Being a principal predator in intertidal areashs Pacific coast (Johnson, 1976),
P. ochraceugplays an important ecological role in intertidahumunity dynamics. Paine
(1966) has shown in classical ecological studiasRhochraceuss a keystone predator
that has an amplified effect on the structure aadrdity of the intertidal areas it inhabits.
Paine (1966; 1969) and others (Menge and Sutherl&®8Y; Garza, 2005) showed, that
without sea star predation dytilus californianusthe rocky intertidal community
shifted from a diverse mix of algae and invertedsdb a dominance M. californianus.
Sweere (unpublished) also studied the direct adidldat effects oP. ochraceusn tide
pool communities and found that in the presende. @ichraceusthere was a decline in
the richness and diversity of other mobile tidelspecies in experimental pools.

Although we understand much about the ecologidal wbthis important speciges
much less research has been done on the causesrahost obvious character — their
vivid color polymorphism. Understanding the sigeafince and cause of this variation is

almost completely lacking in the literature.

Color Polymorphism
Adult Pisaster ochraceusccur in a wide range of color morphs. Specimeas a
most commonly seen as purple, orange, brown, asdaien in yellow, red, and pink
(Rickettset al, 1985; Raimondet al, in press).
Vevers (1966) reviewed pigmentation in echinodeams confirmed that they are
among the most brightly colored of all marine arlsvand that nearly all their coloration

is due to pigments. In Asteroids, the most wideagrchemical pigments are the



carotenoids. Carotenoids are yellow to red pigmehtdiphatic or alicyclic structure,
composed of isoprene units (Karrer and Jucker, 198 se integumentary carotenoids
are often linked to proteins to form water-solutdeotenoproteins. In asteroids, the
principal carotenoids found arecarotene, cryptoxanthin, echinenone, astaxansmd,
one or more keto-carotenoids, as well as tracesmthophylls. Because carotenoids are
essentially plant pigments which animals are thobglbe incapable of synthesizidg
novo(Karrer and Jucker, 1950; Fox and Hopkins, 1968;érs, 1966), it seems likely
that the coloration oP. ochraceuss at least partially controlled by diet.

Studies by Fox and Scheer (1941) shed light offiettethatPisaster ochraceus
stores considerable amounts of mytiloxanthin, ateaoid found specifically in its main
prey item,Mytilus californianus(which gains these pigments through its di€hey
hypothesized that a carnivorous organism sudP. ashraceusvould obtain more
oxygenated carotenoids through its diet than wanltherbivorous organism. To my
knowledge, no published studies have tested thetigdmasis for incorporating plant
pigments, such as carotenoids, into the integun@rasimals. How environmental
factors play a role in the survivability of differecolor morphs is not known

Humphreys (2003) observed that in protected waitexghose in the Pacific
Northwest, there are more purple individuals, whsren exposed coasts, the seastars
tend to be more orange or brown. It is unknown Whiethese polymorphs are really
genetically fixed morphs, or rather are color plabat may change during the course of
the organism’s growth and development. Rearingissutiave not been carried out which

could shed light on how environmental factors saglsalinity, diet, temperature, pH, and



UV exposure play a role in the ontonogenic deteatiam of color (C. HarleyPers.
Comn).

Raimondi et al. (2004n pressg reviewed common explanations for color
polymorphism in animals and applied thenPtoochraceus.They determined that non-
random mating, apostatic selection (which is a tregdrequency-dependant selection
pressure based on predation pressures), and daruptough crypsis, would not support
the basis for polymorphism . ochraceusThey did, however, identify a consistency in
frequencies of orange to purple color morphs. Tdeypled 26 sites along the open coast
from Southern California to Northern Oregon, andinid consistently that the range in
percent orange morphs for all sites was 12.6 %%Jqmean = 20.0 % = 4.4 % s.d). This
consistent frequency of percent orange, howeveti€xhibited throughout the
protected waters in the Inland Straits Washington State. Individuals found in the
Inland Straits tend to be larger than the coastljabions and contain a higher frequency
of purple, lower frequency of orange, and no bramdividuals (Raimondi et aln press
D. Cowles,pers. con).

Harley et al. are presently comparing the genétictire of Inland Straight and
open coast populations in British Columbia, Can@leHarleypers. con). To date, they
have found no major genetic differences betweesetipepulations. This seems
unsupportive of the more obvious possibilitieadbunder effect or incipient speciation
between the populations that may be assumed uinelee tircumstances (Biltat al,

2002).

! Refers to protected bodies of marine waters fankehd in North-Western Washington State including
the Strait of Juan de Fuca, the Puget Sound, andidters adjacent to the San Juan Islands.



These data suggest that another possibility isda@in color morphs to have
different physiological tolerances to environmeifigakors. If, for example, orange
individuals were more sensitive than purple indints to certain ecological factors
present in the inland straits, a prediction abbatdistribution of colors between the two

locations could be tested.

Environmental Variations Between the Open Coast andhland Straits of
Washington State

A look at the spatial distribution of color morpbisthese organisms may provide
evidence that the cause of color polymorphisiR.iochraceuss directly related to its
environment. Sea stars, such Bs ochraceushat inhabit the intertidal zone are exposed
to great fluctuations in water temperature and ¢peater extent, air temperature in their
natural environment. While the coastal waters oslagton State usually do not drop
below 10 C or rise above 16 C, Feder (1957) haswshihhatP. ochraceuwill tolerate
air temperatures of up to 21 C in the laboratonydbleast three hours. This may be
partially due to the fact that these organismsaate to keep their own temperatures
down to some extent by evaporative cooling.

Studies of other asteroids have shown that terymerhas an effect on rates of
locomotion as well as self-righting behavior, whista measure of a turnover response
time after placing the animal on its aboral surféeeder and Christensen, 1966).

Kinne (1963) points out that organisms tend to atlapheir total environment
rather than to isolated factors. One of the mogbirtant physical factors that can exert

pressure on the survival of marine organisms, alaitly temperature, is salinity. An



example of how this interaction has an effect anstars was demonstrated Solaster
endecaby Ursin (reviewed in Feder and Christensen, 196bis seastar avoids areas
with a mean temperature >14 C in the warmest mdnihalso requires a salinity of at
least 30 practical salinity units (psu). Schlie356, in Feder and Christensen, 1966)
and Kowalski (1955, in Feder and Christensen, 1866jied the asteroidsterias
rubens,from two distinct environmental salinities (30 @ud 15 psu). Data from these
experiments showed that lower salinity populatitmok longer to right themselves when
exposed to higher temperatures. They suggestethikalecreased response is related to
the higher content of water in the tissues of tlganisms found in the more hypo-saline
environment. Brattstrom (1941, in Feder and Cénsén, 1966) and Ursin (1960, in
Feder and Christensen, 1966), have documenteddiniddtion of sea stars as a function
of salinity.

Lowered tolerance for hypo-saline conditions islwlecumented in some
asteroids. Smith (1940; in Feder and Christens@®6)lfound thafsterias vulgaris
could survive in the laboratory for at least thdeg's at a salinity of 14 psu at 20 C. Field
sampling showed, however, that that no individwadse found in environments
containing salinities below 23 psu.

The environments between the open coast and thedi8traits of Washington
State are very distinct, with the open coast hagiggher salinitiy (with an average of
35 psu), warmer water temperatures, more cloudyf@ygly days, and consistent wave
exposure (D. Cowlegers. comn). In contrast, inland waters have lower salinitigth
an average annual salinity of 29 psu (NEER, 208&)sistently cooler water

temperatures and limited wave exposure. The hypoeseonditions in the protected



waters of the Pacific Northwest are due to the sfzée Inland Straits’ watershed and
surface runoff from over 10,000 rivers and streéifslayson, 2004).

The bodies of water associated with the InlanditSteaie considered estuarian.
An estuary can be defined as an inlet where searugatliluted by the inflow of
freshwater, or simply as a river with variable s#&yi due to the mixing of seawater
(Green, 1968). The Rosario Strait in which thendI&traits populations were collected
for the current study was adjacent to the Strailuain de Fuca.

The Strait of Juan de Fuca, Georgia Straits, arghfRo Strait, are tidally
dominated, but have estuarine components (HolbanokHalpern, 1982). Southerly
winds push water against Vancouver Island, which#the northern portion of the
mouth of the Strait of Juan de Fuca. These windgsrse the sea-surface slope in the
Strait, resulting in a landward intrusion of freslgarm surface water and seaward retreat
of deep, more saline water (Cannon, 2003).

In contrast to the dynamic mixing of the inlandteva, the Olympic coastal areas
of Washington State maintain temperatures andiga$irwhich are kept more constant
throughout the year. Factors that contribute te tloinsistency include shallow
continental shelves that prevent coastal upwellarg$ consistent fog-induced
temperature regimes (Sanford, 1999; 2001). The opast is said to be remarkably
stable in its physico-chemical conditions (Morisal, 1980) in comparison to the inland

straits.



Salinity Tolerance inP. ochraceus

My research examined the effects of salinity oeehrolor morphs d?.
ochraceudrom two environmentally distinct populations betopen coast and the inland
straits of Washington State. Salinity tolerance wlassen due to the fact that
echinoderms are reported to have poor abilitiestoo- and iono-regulate, and lack
evidence of excretory systems (Stickle and Die®d87% Brusca and Brusca, 2003). The
choice to test acute responses to salinity wasméste due to a review of the literature
which revealed studies identifying biochemical,rogfuctive, developmental and
morphological responses to reduced salinitieshero¢chinoderms. Acute responses to
salinity stress can be manifested as swelling &ffdess due to turgor pressure, increase
in weight due to increased water content, anddbgstegumentary pigmentation
resulting in a blotchy appearance due to damagelktepal tissue (Binyon, 1972a;
1972b; Stickle and Diehl, 1987).

Roller and Stickle (1985) state that postmetamarpisaster ochraceuare not
found in brackish water (hyposaline conditions)eyhave shown through experiments,
that larvae will survive salinities of 20 psu farlp 32 days. This represents little more
than 10% of their planktonic existence that cah228 days at salinities of 30 psu, which
is closer to their normal environmental salinity.

Echinoderms are osmoconformers, and since thelorroe fluid usually remains
isoosmotic to the environment (Binyon, 1966), teéesthe hypothesis that acute changes
in salinity differentially affect responses, suchnaetabolic rate, ammonia excretion, and
self righting, of the two color morphs. Studiegtut kind have been done in other

echinoderms (Sabourin and Stickle, 1981; Shirled @inckle, 1982; Forcucci and
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Lawrence, 1986; Talbot and Lawrence, 2002) as ageih other marine invertebrate
species (Aarset and Aunaas, 1990; &irgl, 1994; Dunbar and Coates, 2004).

Rankin and Davenport (1981), discuss the proble@rsn® intertidal organisms
face in maintaining their internal salt concentratiAll echinoderms are either
euryhaline or stenohaline osmoconformers. Osmocordrs respond to reduced salinity
by absorbing water and excreting salt until theidies are isosmotic with the external
medium. The problem for osmoconformers Iikkeochraceuss that they gain a large
amount of water before reaching osmotic equilibritansing an increase in weight and a
swelling of body size, which can impair body adtes such as locomotion and food
collection (Green, 1968).

Pisaster ochraceuss a stenohaline osmoconformer so it cannot ehaithe
excess fluid gained by osmosis by producing dilutee, but must rather remain swollen
in hypo-osmotic salinities. However, Binyon (19Y2hggests that echinoderms are not
as stenohaline as they were once considered ts theey can be found from salinities
from 8 psu to 46 psu. Regardless, salinity has Baewn to affect echinoderm
physiology, feeding rates, growth, and metaboliStickle and Diehl, 1987).
Additionally, lower salinities have been shown ¢duce the spawning intensity of
Asterias rubengThorsen, 1946, in Binyon, 1972b)

Salinity is also a potential factor influencing @opolymorphism. Studies with
the crinoid,Tropiometra carinatashowed a reduction of pigmentation from the
integument in brackish waters with salinities as &s 12 psu (Clark, 1917, in Binyon,

1972b).
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Oxygen Consumption and Aerobic Metabolism irP. ochraceus

Newell (1979) reviewed factors affecting the rat@xygen uptake in intertidal
organisms. The amount of oxygen available to iitakorganisms is determined by the
surrounding sea water, which contains a maximunceutnation of 5 to 8.5 ml Qiter™.
The lower solubility of oxygen in sea water medret intertidal organisms must develop
relatively large respiratory surfaces through whgels exchange occurs. Some intertidal
organisms utilize respiratory pigments to facit#tis gas exchange, however, studies
have not linked pigmentation, nor the color polyptosm found inP. ochraceusto this
respiratory function.

Body size and activity resulting in energy expemditcan complicate testing the
effects of environmental factors in marine intaatidrganisms. The effects of salinity on
oxygen consumption can also be confounded by @tkternal environmental variables,
such as temperature and external oxygen availabNewell (1979) stated that an
increase in respiration rate, which has commongnbebserved under conditions of
salinity stress, may thus mainly reflect increaaetivity rather than the energetic cost of
osmoregulation. Another problem with measuringdtfiect of salinity on echinoderm
metabolism is that a small part of the metabolie may be due to anaerobic processes
(Shick, 1983). However, the analysis of anaeroispiration is beyond the scope of this

study.
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Project Goals, Objectives and Significance

The goal of this project was to clarify how abrapinges in environmental
salinity influence physiological responses of difiet color morphs of marine intertidal
invertebrates. Acute responses to salinity werasmeed using three different methods:
aerobic respiration (n=72), ammonia excretion (=8 self-righting (n=36).

Two different color morphs (orange and purplePirochraceusrom two
different locations (open coast and inland stra#is)hree experimental salinities (22, 30,
and 40 psu) were tested to determine acute phygsoalloand behavioral responses. |
tested the hypothesis that acute changes in satiiffierentially affect responses, such as
metabolic rate, ammonia excretion, and self rightof the two color morphs. Due to the
role of P. ochraceuss a keystone predator, a small shift in responselor frequency
could have amplified effects on the intertidal egyl and structure of some inshore

communities.
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CHAPTER TWO

MATERIALS AND METHODS

Collection Methods

Adult Pisaster ochraceusere collected from rocky intertidal zones at twes
at each of two locations (see Figure 2.1 and T2lle One of the collection locations
was on the open coast of Olympic National Park (DMPeras the other was in the
inland waters of Rosario Straits. Open coast ctiles were made under a National
Park Service (NPS) Permit (# OLYM — 2006 — SCI 491 and Inland Straits
collections were made under a Washington Departwfdrish and Wildlife Permit (#
06-203).

Seventy-two specimens were collected between thesit@s and transported to
the laboratory of the Walla Walla College Marinat&n (WWC-MS; N48 24'58.13”,
W122 39'04.81"). Of the 18 specimens collectedaathesite, nine were orange, and nine
were purple. This dichotomy of color followed thetimods described in Raimoneti
al.,(in pres3, with all darker individuals (purples and browetgssified as purple. The
36 specimens from the open coast were transport&8.9 L plastic buckets containing
seawater which were placed on ice in larger bhmexgbby maintaing cooler temperatures
during transport to the WWC-MS. The 36 specimeasifthe Inland Straits were
collected by boat from rocky intertidal areas nbéarWWC-MS, making temperature
control unnecessary during transport. These spesmwere also transported in 18.9 L

plastic buckets with seawater.
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Only individuals free of any external evidence ©edise, epibionts, or arm
regeneration were collected. Individuals of ambiggior intermediate coloration were

excluded.

Specimen Maintenance

Sea stars brought back to the laboratory were @iaed in running sea water in
an average salinity of 30 psu at 12 + 1 C. Artdidights were kept on during the day
and turned off from 23:00 to 08:00 hrs. Specimeomfdifferent sites were kept in
separate sea tables and no more than 18 individugais kept together in each holding
tank. Individuals from all collection sites werepkeinder the same regimes of feeding,
artificial light, temperature, and salinity. Speeins were maintained in aquaria for 7 d
with an initial feeding and subsequent starvatmaltow for acclimation to take place.
Individuals were not tagged duetteeir rigidity and ability to shed tags (C. Roblpsrs.

com).

15



oT

Figure 2.1.Northwestern Washington state showing the twcecsffit Iocations{}> ) wheRisaster ochraceuwere
collected. Adapted from http://www.adsat.com/thuiticatalog/olympic.htm
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Table 2.1.Spatial, temporal, and salinity data for the fooitection sites within the two locations

, . . : raphi Environmental
Location Date Collection Site Time Geog aphic onmenta
Coordinates Salinity
Open Coast . . . N47 56.505'
6/25/2006 Hole in the wall — ONP 6:45-8:45 W124 39.120' 35 psu
. . N47 39.08'
Open Coast 7/12/2006 Beach 4 — ONP 16:00-18:00 W124 23.31" 35 psu
Inland Straits . . N48 32.137'
7/9/2006 Huckleberry Island - InSt 8:00-9:00 W122 33 997" 29 psu
Inland Straits 7/26/2006 Burrows/Guemes Is - InSt 11:00-14:00 N48 28.428 29 psu

W122 41.139'




Aerobic Respiration

A flowchart of the experimental design of the aérabspiration study is given in
Figure 2.2. Of the 72 organisms used in this a@rpart, 36 specimens were from the
open coast and 36 were from the inland straitseBoh of the two groups of 36, 18
individuals were purple and 18 were orange. Adiwduals were tested in one of three
salinities: 22, 30, or 38 psu. A salinity of 30 pgas chosen as the control because this
was the acclimation salinity for all organisms. fiyseight psu was chosen as the
hypersaline condition, and is higher than any #glihis organism is normally found in.
Twenty-two psu was chosen as the hyposaline camgi#ind is lower than any salinity
that that this organism has been found to live in.

Four metabolic chambers (A, B, C, and D) were uSgecifics for each chamber
are listed in Table 2.2 and photos of these chasntzar be seen in Figures 2.3, 2.4, and
2.5.

Metabolic chambers A and B were constructed of Llastic buckets. Lids
were constructed from a 1.27 cm thick sheet ofr@deaylic cut to fit the chambers. The
lid and chamber were separated by a rubber gatkehad to the chamber using
aquarium silicone. Holes were drilled into thesks lior the dissolved oxygen probe
(which was mounted in a rubber stopper), the intedtee, the exhaust valve, and the
power chord for the submersible pump. These hotee &lso sealed using aquarium
silicone. Ri§ Mini 50 Aqua Pump/ Powerheads were used to citewlater in the
chambers. These two chambers were placed diretthgawater tables which acted as

water baths to maintain a constant temperatur of 1. C.
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Chambers C and D were designed by Dr. David CoMé&sla Walla College),
and were water-jacketed models with temperaturetaiamed by a VWR™ 1160S water
chiller. Water in these two chambers was circuldtgd magnetic stir bar with both
chambers sitting on magnetic stir plates.

The probe for chamber C was mounted directly tcctr@mber lid with chamber
water directed past the probe by a current thatgeasrated by a magnetic stir bar.
Chamber D had a magnetic stir bar as well as additicirculation generated by a
Manostat™ E-Series Peristaltic Pump. This deviceged water into a separate flow-
through chamber (Figure 2.6) which housed the probe probe housing had its own stir

bar and magnetic stir plate to ensure adequategbmst/the probe.
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Figure 2.2.Flow-chart displaying the experimental design &f #ierobic respiration study.
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Table 2.2.Details for each of the four metabolic chamberdX)used in the aerobic respiration experimentsuxi@s for chambers
A and B are reported for both a full chamber voluasevell as a chamber volume that was reducedxipylastic bottles placed in the
chamber with smaller sea stars.

Chamber  Volume (ml) Dissolved O ,Probe Meter Software Package
A 17230/15950 YSI 5739 TPS 90-D Win-TPS
B 17230/15950 YSI 5739 TPS 90-D Win-TPS
¢ 5680 Nester DO Probe Nester Instrument Probes
Analogue Meter
D 6025 Hach Sens-lon DO Hach Sens-lon 8 Hach Link 2000

Electrode




Figure 2.3.Chambers A and B with experiment in progress. GiemA is in the
foreground and chamber B is in the background.

Figure 2.4.Chambers A and B empty and with lids off. Notike submersible pumps,
volume reduction bottles, and rubber gaskets. Cleamahs in the foreground.
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Figure 2.5.Chambers C (right) and D (left). The housing @mitthe chamber D probe is
between the chambers and the water chiller is miteon the right. Note the three
magnetic stir plates; one plate is under each ckaand one is under the probe housing.

Figure 2.6.Theprobe housing for chamber D on top of a magneiipkte. Note the
hoses going in and out of the housing; one goesodiie chamber and one is coming in
from the peristaltic pump.
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Water for the aerobic respiration experiment wapared by pouring sea water
obtained directly from the shore at the WWC-MS tlylo a mesh-screen filter to remove
macro-algae particles. Salinity was diluted usiitijeg commercially distilled water or
deionized reverse-osmosis water. Instant Ocean™adtsawere used to increase salinity.
The volumes of chambers A and B were reduced fasonméng metabolic rates of smaller
individuals by using six plastic bottles (640 mtlepato displace water volume in the
chambers (Fig. 2.4). This allowed the probes tmbee sensitive to changes in dissolved
oxygen concentrations for smaller specimens. Largividuals were run in the
chambers without chamber volume reduction.

Once water was in the chambers, it was aeratedibng 60 cc syringes to blast
(squirt) water repeatedly into the chambers. ChasmBheand B were blasted 20 times and
chambers C and D were blasted 15 times (sincelthdyess volume) to ensure adequate
saturation of oxygen. Figure 2.7 shows a metalmblaanber being aerated by this
method.

Once chambers were air saturated, an organismelexstedd from the acclimation
tables. Sea stars were measured for oral lengths;ddom the tip of the longest ray to
the mouth at the center of the oral disk. A wetsnaas measured by first dabbing the
specimen with dry paper towel until pooled watetoith aboral and oral surfaces was
absorbed and the animal was then weighed on adsatarale (+ 1.8 grams) (see Figure
2.8).

Organisms were placed in chambers and lids seatbdeight spring clamps per
lid for chambers A and B, or eight wing-nut scresmschambers C and D. Dow

Corning™ High Vacuum Grease - Silicone Lubricans\aaplied to the rubber gaskets
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on all four chambers to ensure a proper seal.dddicstopcock grease is an inert
substance routinely used in metabolic work to #eakontainers (D. Cowlepers.
comm). Air bubbles were removed from chambers by addiater with a syringe
through the intake valve while the chamber wasdtpglightly to remove excess air
bubbles from the chamber through the exhaust vdle.dissolved oxygen probes were
then calibrated in the saturated water to 100 %datd were logged every 60 sec.
Metabolic rates were obtained by analyzing theedapf oxygen saturation vs.
time over the range of 95 - 80 % oxygen saturatioywing the animals and probes to
stabilize before data collection began. Endingle¥%8minimized the possibility of
oxygen-dependent respiration. Chamber temperataser@corded and a displacement
volume for each organism was obtained by placiegotiyanism in an apparatus that
consisted of a plastic bucket and a spout to dtrectlisplaced water. Displacement
volume was measured by recording the amount ofrifadée overflowed into a graduated
cylinder when the animal was placed in the apparéfigure 2.9). The displacement
volume was used to calculate the effective voluim&e metabolic chambers by

subtracting displacement volume from the total dhanvolume.
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Figure 2.7.Chamber D being aerated with a 60 cc syringe.

Figure 2.8.A purple specimen being weighed on a balance $edtae being placed in a
chamber.
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Figure 2.9.The displacement apparatus with a graduated cylipeiag filled with water
displaced by a sea star.
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Once aerobic respiration data were obtained,evgtlidentified by regression as
standardized residuals2 or -2, were removed. Data were then smoothed bydedi
running average of the five data points adjaceetith point plotted on a graph. The
slope of the best-fit linear trend line to the ded and smoothed data was used in
obtaining the metabolic rate. An example of a pldtslope can be seen in Figure 2.10.

To report metabolic rates per gram of dry tisseof3the 72 individuals used in
this study were placed in a drying oven (Lane Smdbquipment) at 60 C for at least 72
hrs. Dry masses were then obtained on an electscaie (Mettler Toledo PL202-S) and
a regression slope was calculated to interpolatendisses for sea stars that were not
dried. A preliminary analysis showed that evendasga stars were dried to constant
weight by this procedure.

Once oxygen consumption slopes and interpolateandisses were obtained for
all individuals, air saturation values were caltedbas milligrams of oxygen for each of
the experimental salinities and temperatures. Thakes were from The Oxygen
Solubility Tables for water exposed to water-saeaair at 760 mm Hg pressure (YSI-

Incorporated, 2006). Metabolic rates were caledatsing the formula:

Mr=RceSyeVceMteT? (1)

where Mk = metabolic rate, R= rate of Q consumption (slope),nS= air saturation

value (mg Q), V¢ = effective volume of chamber in liters, M = organ wet mass in

grams, and T = time in hours. The metabolic ratesewalculated and recorded as mass-

specific rates per gram of wet tissue as well agypan of dry tissue because the wet
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masses of all organisms were not always directpgrtional to their dry massesiR

0.887). Metabolic rates were reported in mgg® h™* (wet or dry).
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Figure 2.10.Sample of cleaned and smoothed data-chart platiivtal slope with standardized residualg or -2 removed. The

regression equation antivalue are provided.



Ammonia Excretion

Rates of ammonia excretion were obtained by extrget 5 ml sample of
chamber water using a micro-pipette at the staiteana of 36 of the aerobic metabolism
chamber runs. Eighteen of these 36 were from ebttedwo locations, and of each
location, nine were orange and nine were purpleéh®hine individuals of each color,
three were tested in each of three salinities 322and 38 psu). Two samples were
spilled during vortexing, so a sample size of 34 &aailable for analysis. Pre-samples
were collected immediately before introducing oigars into the metabolic chambers
and post-samples were collected immediately afechamber lid was opened. Start and
stop times for the sealed chambers were recordix étme of sample collections. The
samples were kept in test tubes, covered with faxadnd stored in a freezer.

Samples from the open coast were analyzed on Jaiyl B, 2006. These samples
were refrozen for an additional 24 hrs. This wasdhly difference in methods between
organisms sampled from the open coast and thosgleaifinom the Inland Straits which
were analyzed on August 8, 2006. Samples fromséteend subset were all analyzed
within 24 hours of extraction from the metaboli@otbers.

A salicylate-based Freshwater/Saltwater Ammonia KeégAquarium
Pharmaceuticals, Inc.), containing two separatgams, was used to analyze all 34 of
the ammonia samples. Before analysis, samplesweetexed (VWR Standard Mini
Vortexer) for 10 sec at a speed of 6. Three-hungtedf reagent #1 was added and
samples were vortexed again for 10 sec at a seaitiGgThree-hundred pl of Reagent #2
was then added to each sample followed by 20 secrtéxing again at a setting of 6 and

a 20 min incubation period at room temperature.
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Standards were made using known amounts of ammoctlonde (NHCI) and
distilled water that had been mixed with enoughansOceafi to make the salinity 30
psu. Known concentrations of ammonia @Mere made up in test tubes to a volume of
5000 pl. Standards were prepared for analysis uemgame protocol as the start and
end ammonia samples from the aerobic respiratiper@xents. The standard curve for
the first 18 individuals tested was made using daswith 0, 1, 2, 3, 4, 5, 6, 7, 8, 10, and
12 mg NH/L. The standard curve for the next 18 individuaés made using samples
with 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and 4 mggNlHThese concentrations of Nikere
used for the second standard curve because theycloser to the range of the
physiological ammonia production under the curtest conditions.

All samples and standards were filtered througludbsyringe filters and placed
in standard cuvettes, then tested for absorbang@0abm (which is the range in which
these samples peaked) using a Beckman DU 520 spkotometer and 1 cm pathway
square cuvettes. Ammonia concentration in eachrerpatal water sample was
calculated by regression from the standard curve.

Ammonia excretion rates were obtained by usingdhmula:

Epn=Cz- Cse EvteMte T11000 (2)

where B = ammonia excretion rateg& ending ammonia concentration (mg HHCs =

starting ammonia concentration (mg NyHe, = effective volume in liters, M = organism

wet mass in grams, and T = time in hours. The rat@snmonia excretion that were

analyzed in this study were reported in pgsNH g*h™. Values that were too minute to
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be detected by these methods resulted in negaives;, which were converted to values

of zero.

Self-Righting Experiment

Self-righting data were collected from 36 indivithidl hree large, open-topped
plastic chambers contained seawater salinitie®p8@, and 40 psu, respectively.
Chamber water was prepared using sea water froshibre of the WWC-MS. Water in
the self-righting chambers was either diluted vdéionized, reverse-osmosis water or
concentrated with Instant Ocean® Sea Salts andityalvas measured using a hand-held
refractometer.

Self-righting chambers were maintained at a constars C. Two organisms
(one purple and one orange) were run simultanealsing each round in a chamber
(Figure 2.11). Self-righting times were obtainedtimning a specimen over on its aboral
surface and using a stopwatch to measure the tmileayportion of the oral surface of all
five rays touched the bottom of the self-rightifg@mber and the mouth could no longer
be seen from above. If individuals took longer thamr to turn over, the timing was
stopped and a value of 60 min was given for thaditvidual. Subsequent to self-righting,
the sea star was removed and the oral disc wasuneelfsom the tip of the longest ray to

the center of the mouth.
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Figure 2.11.Sea stars run simultaneously in a self-rightingncher. The top one is
orange and bottom one is purple.

Figure 2.12.Tests of open coast individuals set up on theeshbthe WWC-MS. The
three self-righting chambers are in the water éoléft.
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Figure 2.13.Self-righting tests of Inland Straits individualst up in an outdoor sea tank
at the WWC-MS.
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Statistical Methods

Both wet and dry mass-specific oxygen consumptabasrwere analyzed by a
2x2x3 (color x location x salinity) Analysis of Canance (ANCOVA) model. Because
there was a negative relationship between sedgsthr size (wet mass) and rank-
transformed mass-specific oxygen consumption (WeetsnMR,et = 57.570 — 0.056 x
size, F171= 22.870, p < 0.0001% F 0.246; dry mass: MR, = 43.711 — 0.019 x size, F
171 = 2.078, p > 0.052F 0.029), body size was used as a covariate. @oidiocation
were treated as between-subjects factors, salasytreated as a within-subjects factor,
and rank-transformed wet mass was used as a ctartee data for wet and dry
metabolic rates were rank transformed to meet gssons of normality and
homoscedasticity.

Rank-transformed ammonia excretion data were aedlysing a similar three-
way Analysis of Variance (ANOVA) for color, locatipand salinity.

Rank-transformed self-righting times were also yred by a three-way
ANCOVA, with size used as a covariate and post-hacey tests applied to times for
different salinities.

Data were analyzed by SPSS v13 (Statistical Padkaidle Social Sciences,
Chicago, lllinois, USA) with an alpha level of p0<05.

| computed effect sizes as partidlvalues, indicating the approximate proportion
of variance in the dependent variable explaineddsh independent variable or
interaction. However, partiaf values are frequently inflated (Cohen, 1988). Thfen
the partial % values summed to >1 for a given model, | dividadhevalue by the sum

of partial 2 values to obtain adjusted values.
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CHAPTER THREE

RESULTS

Aerobic Respiration

The means of both wet and dry mass-specific oxypgeisumption rates for the
three factors analyzed are presented in Tablerl1ree means for dry mass-specific
rates are presented in Figure 3.1. Results of i€ BVA showed no significant
differences among color, location, or salinity bmth wet and dry mass-specific oxygen
consumption rates (main effects, p > 0.05; TakiteaBd 3.3, respectively). However,
there was a significant three-way interactiopsg= 3.866, P < 0.05) between color,
location, and salinity with regard to the dry mapecific rates of oxygen consumption.

The orange sea stars from the both locations angulple sea stars from the
Inland Straits had the highest metabolism at 30 whereas purple sea stars from the
open coast had the highest metabolism at 38 psu.

Four separate two-way ANCOVA's were performed ttedmine the presence of
a simple main effect. No significant effects watentified in all four combinations of
tests. The means of dry mass-specific rates caedr®in Figure 3.1.

Though non-significant, inspection of these datsents trends that show Inland
Strait populations overall (both orange and purpbe)e their highest mean metabolic

rates when tested at their environmental salirdfy/gsu).
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Table 3.1.A comparison of meang (L S.E.) among groups for both wet and dry massifspegygen consumption rates (mg @*
h™), in P. ochraceusested in 12 combinations of color, location arlthig (n = 72).

8€

Color Location S(a;)l Iangy N Me?r?‘; Cl)zsglEhl()W et) Me?r?]; ézzilEH_l()Dry)
Orange Open Coast 22 255336 8.31+1.07
30 2.7G:.761 9.80+ 2.35
38 2.3H .212 7.90t.473
Inland Straits 22 1.59.268 6.57 .964
30 1.8% .247 7.61+ .564
38 1.8G:.104 7.51+ .383
Purple Open Coast 22 1.¥0226 6.67+.973
30 2.42 453 8.79 1.330
38 2.49+ .160 9.76+ .573
Inland Straits 22 1.64.236 7.29+1.102
30 1.88 .146 8.2 .652
38 1.4A#.094 6.43t .325
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Figure 3.1.A comparison of meang (L S.E.) among groups for dry mass-specific oxygersemption rates (mg:@™* h™), in P.
ochraceugested in 12 combinations of color, location anchgg (n = 72).
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Table 3.2.Results of a three-way Analysis of Covariance (ANGQ) of rank-transformed mass-specific oxygen congtiom rates
(mg O g* h!) of wet tissue, for color, location, and salinfty= 72).

Source Df Mean Square F Sig. Adjusted Partial 2
Color 1 68.439 0.233 0.631 0.019
Location 1 156.246 0.532 0.468 0.043
Salinity 2 372.932 1.271 0.288 0.198
Color « Location 1 24.780 0.084 0.772 0.007
Color « Salinity 2 2.210 0.008 0.992 0.001
Location « Salinity 2 718.343 2.448 0.095 0.367
Color « Location « Salinity 2 714.722 2.436 0.096 .365
Rank of Mass (Cov.) 1 3994.783 13.614 0.000 0.187

Error 59 293.434




4%

Table 3.3.Results of a three-way Analysis of Covariance (ANGQ) of rank-transformed mass-specific oxygen congtiom rates

(mg O, g* hY) of dry tissue, for color, location, and salinfty= 72).

Source Df Mean Square F Sig. Adjusted Partial ®
Color 1 159.023 0.395 0.532 0.029
Location 1 301.096 0.748 0.391 0.054
Salinity 2 631.680 1.568 0.217 0.217
Color « Location 1 0.751 0.002 0.966 0.000
Color + Salinity 2 5.739 0.014 0.986 0.002
Location « Salinity 2 582.166 1.446 0.244 0.201
Color « Location « Salinity 2 1556.801 3.866 0.026 0.498

Rank of Mass (Cov.) 1 297.055 0.738 0.394 0.012
Error 59 402.741




Ammonia Excretion

Preliminary assays were conducted to yield twodseshcurves: one each for the
two separate times of data collection for this gtuchese standards had coefficients of
determination @) of 0.935 and 0.973, respectively, and can be saghe standard curve
charts in Figures 3.2 and 3.3.

A three-way ANOVA (n = 34) did not detect a sigo#dnt difference among any
of the main factors. The mean concentrations feitlinee factors analyzed are presented
in Table 3.4 and results of the three-way ANOVA barseen in Table 3.5. Size was not
used as a covariate in the analysis because aprally ANCOVA found size to be
independent of ammonia excretiony (i = 0.544, p > 0.05).

Although non-significant, a trend that can be seahese data is that overall
means show the highest rates for ammonia excratitdme hyposaline condition (22 psu).
Additionally, a trend can be seen that the purplevall as the orange open coast

individuals have the lowest ammonia excretion ratebe hypersaline condition (38

psu).
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Figure 3.2.Standard curve of concentrations of ammonia tha¢ \@ealyzed by spectrophotometry at 690 nm, pratiooeJuly 7,

2006. Slope of standard arfdvalues are presented in the figure.
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Figure 3.3.Standard curve of concentrations of ammonia tha¢ \@ealyzed by spectrophotometry at 690 nm, pratiooeAugust 8,
2006. Slope of standard arfdvalues are presented in the figure.
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Table 3.4.A comparison of meang (L S.E.) among groups for mass specific ammoniaetiver (ug NH L™ gl(wet) HY) in 12

combinations of color, location, and salinity (n¥34

Color Location Salinity Mean £ 1 S.E.
(psu) (MgNH; L G H)
Orange Open Coast 22 3 0.389 + 0.150
30 0.157 +£0.108
38 0.036 + 0.036
Inland Straits 22 0.184 +£ 0.115
30 0.138 + 0.069
38 0.151 + 0.049
Purple Open Coast 22 3 1.072 £ 0.994
30 0.156 + 0.106
38 0.010 + 0.006
Inland Straits 22 0.291 + 0.069
30 0.160 + 0.088
38 0.126 + 0.059




or

Table 3.5.Results of a three-way Analysis of Variance (ANOWAyank-transformed ammonia excretion rates féorgdocation,

and salinity (n=34).

Source Df Mean Square F Sig. Adjusted Partial ?
Color 1 0.134 0.461 0.504 0.021
Location 1 0.137 0.471 0.500 0.021
Salinity 2 0.545 1.881 0.176 0.146
Color « Location 1 0.070 0.241 0.628 0.011
Color « Salinity 2 0.158 0.547 0.587 0.047
Location ¢ Salinity 2 0.306 1.054 0.365 0.087

Color « Location « Salinity 2 0.083 0.287 0.753 0.025
Error 22 0.290




Self-Righting

To evaluate the effects of salinity, color, andalib@n on self-righting times iR.
ochraceusa three-way ANOVA was conducted. These data didmeet the
assumptions of normality and homoscedasticity, sank-transformation was performed
before the statistical analysis was conducted. Baeused initially as a covariate in an
ANCOVA model, but was found non-significant;(z = 0.005, p > 0.05). Subsequently
an ANOVA model was used to analyze these data.

A comparison of mean self-righting times of thewgrs for the three factors
analyzed (color, location and salinity) can be seefable 3.6 and Figure 3.4. There was
a significant difference in self-righting times foolor (R, 24= 9.93, p<0.05), with orange
having faster turnover times than purple. There ass a significant difference for
location (R, 24= 4.837, p<0.05), with Inland Straits populatitvawving faster righting
times than open coast ones. Salinity also wasfgignt (R, 24= 5.818, p<0.05), with
individuals exhibiting faster self-righting times20 psu than at 40 or 20 psu. The results
of the three-way ANOVA test for these data candensn Table 3.7.

A post-hoc Tukey test of multiple comparisons wagormed for salinity, and a
significant difference was found in self-rightinghes between 20 and 30 psu (20 psu:
1920 + 493 sec; 30 psu: 474 £ 128 sec., p < 098)edl as between 30 and 40 psu (30

psu: 474 + 128 sec; 40 psu: 1323 + 515 sec., p5).0.
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Table 3.6.A comparison of meang (L S.E.) between groups for self-righting times ¢eels) in 12 combinations of color, location,
and salinity (n = 36).

Color Location S(a; isnuit)y N Mean = 1 S.E. (seconds)
Orange Open Coast 20 3 653 + 481
30 3 201 + 50
40 3 338 + 112
Inland Straits 20 3 876 + 442
30 3 503 + 209
40 3 2057 + 817
Purple Open Coast 20 3 36000
30 3 304 + 123
40 3 802 + 376
Inland Straits 20 3 2551 + 1049
30 3 887 + 130

40 3 2095 + 755
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Table 3.7.Results of a three-way Analysis of Covariance (ANK)8f rank-transformed self-righting times as adtion of color,

location, and salinity (n = 36).

Source Df Mean Square F Sig. Adjusted Partial ?
Color 1 622.491 9.934 0.004* 0.250
Location 2 303.125 4.837 0.017* 0.245
Salinity 1 364.573 5.818 0.024~ 0.166
Color « Location 2 156.752 2.501 0.103 0.147
Color « Salinity 1 10.614 0.169 0.684 0.006
Location ¢ Salinity 2 141.002 2.250 0.127 0.135

Color « Location « Salinity 2 48.082 0.767 0.475 (0LY}
Error 24 62.663
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Figure 3.4.A comparison of the mean self-righting times (setdifferent colors, locations and salinities. Meaf orange-open
coast individuals[] ), orange-inland straidiwduals (ll ), purple open coast individud] {, and purple inland straits individuals
(I ), are reportedd 1 S.E. (n = 36).



CHAPTER FOUR

DISCUSSION

Aerobic Respiration

No significant differences were found among the m@&tabolic rates in the 12
combinations of color, location, and salinity foetwnass. In addition, no significant
differences were identified in these combinatiarsdry mass metabolic rates. However,
there was a three-way interaction among color tiooand salinity, but an analysis of
the simple main effects of this interaction showedsignificance (p > 0.05).

Although these data point to the fact that colocation and salinity are not
correlated with metabolic rates, | suspect thateumdore extreme conditions, such as
greater salinity stress (> £ 8 psu from environta@ror a greater sample size to reduce
the variance, the effects of color, salinity ordbon may have been detected.

Other studies, dealing with the physiology of ititil organisms, have also
failed to show that location or physical environmgignificantly effect metabolic rates
of Pisaster ochraceud®alhoff et al(2002) examined ecologically important, rocky
intertidal invertebrates from communities with dist physical and oceanographic
characteristics on the wave exposed coast of Oregthrough other invertebrate species
in the same study, such as the muddgtjlus californianusthe barnacleBalanus
glandula,and the snailNucella ostrinawere found to have significant differences in
metabolic rates between the two environments iers¢wf the experiment®.
ochraceudlid not.

As mentioned in the introduction chapter of thisdst Binyon (1972b) suggests

that, in general, echinoderms are not as stena@hasrthey were once considered to be.
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Members of the phylum Echinodermata are found linisas ranging from 8 - 46 psu.
My results are consistent with the idea that tlmeganisms have incorporated
physiological mechanisms that allow them to mamtermal aerobic respiration within
certain ranges of salinity. This is in spite of fhet that these organisms are reported to
have poor abilities to osmo- and iono-regulate, lankl evidence of excretory systems
(Stickle and Diehl, 1987). These mechanisms arbaliy associated with the ecology of
Pisaster ochraceuand the environmental pressures associated watlmlithe intertidal
zone.

The physiological mechanisms for this ability tgpeawith salinity stress is one
that is currently undescribed in the literatureud®a and Brusca (2003) comment on this
situation by recognizing that the evidence to daiggests that echinoderms are
osmoconformers. They recognize that both wateri@mglpass relatively freely across
the thin body surfaces of echinoderms, and thegtpmit that the tonicity of the body
fluids vary with environmental fluctuation. Theyply state however, that there
appears to be some sort of ionic regulation thraatve transport, but it is minimal.

If extracellular transport of ions is indeed mininthen there may also be an
influence of intracellular regulation that allowsese organisms to maintain aerobic
respiration, and essentially a steady state masaboin spite of acute changes in salinity
within a relatively narrow range

The findings of my aerobic respiration study sugdfest salinity, at least in the
range of + 8 psu with respect to the acclimatidims$g has no effect on the aerobic
respiration of different color morphs Bf ochraceugrom the open coast and inland

straits.
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Ammonia Excretion

Results of the analysis of ammonia excretion rales showed no significant
differences between the factors analyzed. Thissugsrising as salinity has been shown
to have a greater effect on ammonia excretion theason aerobic respiration rates in
other echinoderms (Talbot and Lawrence, 2002).

In most echinoderms dissolved nitrogenous wastéssdiacross the body
surfaces, such as the podia and papulae in agdggBidsca and Brusca, 2003). The
mechanisms by which amino acids are lost from #lls during low salinity exposure
include deamination and subsequent excretion of @manHowever the mechanisms by
which amino acids accumulate in the cells durirghtsalinity exposure have not been
identified in echinoderms (Diehl, 1986). For ecldaoms transferred to altered salinity,
the adjustment of intracellular osmolality occuss@s move into or out of the cells, but
the change in osmolality is sustained by the chamfree amino acids (Sabourin and
Stickle, 1981; Diehl, 1986).

The ammonia excretion in response to salinity efakteroidl_uidia clathrata,is
similar to that ofP. ochraceugEllington and Lawrence, 1974)ncreased rates of
ammonia excretion were observed when these seavetae transferred from the
environmental (27 psu) to an hyposlaline condifib® psu). My findings show trends
that agree with the work of Emerson (1968) who tbtates of ammonia excretion to
increase when the sea cucumiigrpentacta quinquesemiéad the urchin,
Strongylocentrotus droebachiensigere introduced into reduced salinities. Simylarl
Shirley and Stickle (1982) found that the perceataljammonia in the excreta was

significantly lower at 30 psu than at 20 or 15 psthe sea stat,eptasterias hexactis.
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Incidentally these six-rayed stars share the saolegical habitats aB. ochraceusand
are their principle competitors (Lambert, 2000)th&lugh excretion rates in my study
were not significantly different among treatmemtgyeases in ammonia excretion rates
were seen in both colors and in both locationsalisises were reduced. In comparison
with other studies reviewed, | suggest that attgrezalinity stress, these organisms may
have indeed exhibited these trends to show sigmifidifferences.

No significant differences were found when compatime group means of
ammonia excretion as a function of color or locaiio this experiment. The effect of
reduced salinity on nitrogen excretion rates ofireatherms is thought to be related to the
method of exposure. Experiments have shown thafpalexposure to hyposaline
conditions results in initial increases in excretrates that may later return to control
levels (Shirley and Stickle, 1982). This may expltie lack of significance detected
among groups of different colors or locations agaisms were all acutely exposed to
experimental salinities. Actual times that seasstegre exposed to experimental salinities
ranged from 1.95 to 7.00 hrs. The fluctuation afrekon rates may have been affected
by the method of exposure due to these variancelsamber times, similar to the
fluctuations that were reported by Shirley andki€1982). Non-significant differences
between ammonia excretion ratdslifferent groups have also be observed in a 1988
study by Stickle that examined patterns of nitrogeecretion in echinoderms. Stickle
found thatP. ochraceuss one of the most active carnivores with one efhiilghest total
nitrogen excretion rates of the organisms he exathiHowever, there was no significant
difference between the ammonia or urea excretitas raf the sea stars before and after

aerial exposure (Stickle, 1988). This in turn hade#Hect on the internal osmolality of the
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organism. Data presented in other experiments dsaseny own findings seem to
support the idea th&. ochraceusnay have a wider range of tolerance to salinitysstr
than had once been thought.

| recognize that errors may have occurred in ththaus and analysis of the data
collected for this portion of the study. As dissed in the methods chapter, data were
analyzed separately and similar results were oksidretween the pooled data and the
individual analysis, with both tests identifyingeteame factors as significant. This
formed the basis for the decision to pool the tedubm the two separate subsets into
one analysis.

As with the aerobic respiration study, | suspeat tinder more extreme
conditions, such as salinity stress greater th@8rpsu from the environmental salinity, or
a greater sample size to reduce the variancendisant difference for the main effects
of color or location may have been detected.

Despite the extremely low concentrations of ammansamples, excretion rates
of P. ochraceusvere still found to be significantly affected bguée changes in salinity,
but only showed non-significant trends. The davanfthis study however, do not support
the alternative hypothesis that ammonia excre@@srdiffer significantly between color
morphs ofP. ochraceus.Further experimentation may lead to results shi@port

different conclusions from those made here.
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Self-Righting

The results from the analyses of self-righting sni@ the two color morphs &f.
ochraceudrom different locations revealed significant etem all three main factors
(color, salinity and location). There were no iat#rons among factors.

The first interesting finding of this study was tleaganisms tested closer to their
environmental salinities (30 psu) had significarifigter self-righting times than
organisms exposed to hypo-and hyper-saline expatahsalinities (20 and 40 psu,
respectively). The results of the post-hoc Tulesg tdentified a significant difference in
self-righting times between organisms tested gis20and 30 psu, and between 30 psu
and 40 psu. These results are explained by thehfac30 psu is the salinity that these
organisms were acclimated in and closest to the@mwmental salinities they were found
in. Thus, this suggests that organisms that weesstd the least were capable of faster
righting responses. Specimens that were tested p$2 and 40 psu all had significantly
slower self-righting response times. This couldibe to the fact that individuals that are
more stressed by their environment may have a laiity to carry out physiological
functions because they may be expending excessergy carrying out intracellular
regulation (Ellington and Lawrence, 1974). Additdly, a decreased ability to conduct
behavioral functions such as righting responses lmeagxplained by the turgor pressure
caused by an inflow of water across body tissuesrvdrganisms are placed acutely in a
hyposaline condition. Organisms that were placeatienhyposaline condition (20 psu)
took significantly longer to undergo self-rightitttan the organisms in the other two
salinities, and organisms at the hypersaline camd{d0 psu) took longer than the ones

at the environmental condition (30 psu).
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A second interesting finding is that in almostases, specimens from the open
coast would right themselves faster than ones th@rinland Straits. This could
potentially be due to the fact that they are smatidividuals which may contribute to
faster self-righting times.

The third finding was that in all cases, and farheeondition, orange specimens
always had faster mean self-righting times thampleuspecimens. This was the first of
the three experiments to identify color as beirgpamted with a different response. This
study was limited as it did not approach questibas address what factors of the color
polymorphism that occurs . ochraceusire related to responses such as rates of self-
righting. There are currently no clear answersqagsd by this study that would identify
causes for differences in response rates betweenvthcolor morphs examined in this
study. These findings lead to several questioaswill need to be addressed in future
studies.

The self-righting study could have been strengttldnea larger sample size in
addition to more consistent methods. A sampleaiZZ6 was not ideal for an
experiment such as this with so many uncontrollablgables. Further studies of this sort
with larger sample sizes and more precise contnalg lead to more conclusive findings.
Despite the limitations of this experiment, theatadlo support the hypothesis that self-
righting times differ significantly in specimen®im two locations, among different

salinities and between different color morphs.
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Ecological Application of Results

The reason foP. ochraceusot showing significant differences in aerobic
respiration in this study could be tied to the egylof these organisms. When compared
with most other rocky intertidal fauna in my stualgasPisaster ochraceus a large,
robust organism that is capable of withstandingesshhours of desiccation during low
tide cycles. Because of their size, these organmmsnot be covered by shade found in
tidepools as readily as smaller organisms sucheamussels, barnacles and whelks.
Thus, it is possible th&. ochraceus$as different ranges of salinity stress that faced
with. Reduced metabolic responses to changingisedirmay result in a greater tolerance
to acute changes in salinity within a certain range

The idea that these sea stars have a greatemodéet@a salinity stress within a
certain range is further supported by the workafl8y and Stickle (1982) on the sea
star,Leptasterias hexactighey found that wheh. hexactisvas placed in various
experimental salinities, the highest rate of oxygensumption was at the environmental
salinity of 30 psu and at hyposaline condition2@fand 15 psu, oxygen consumption
rates were significantly lower. A decrease in aygonsumption with decreasing
salinity has additionally been reported for sevether echinoderm species (Giese and
Farmanfarmaian, 1963; Shumway, 1977; Sabourin &ickl& 1981; Stickle and Diehl,
1987) however no physiological mechanisms for ¢thznge in physiology has been
identified.

The reason why this supports the idea Ehatchraceusas a greater tolerance to
salinity stress is because it has been shown tidgrunore extreme conditions than my

experiments, echinoderms in general do actuallybeéxignificantly lower rates of
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oxygen consumption (Millott, 1967; Shumway, 197@b8urin and Stickle, 1981; Stickle
and Diehl, 1987; Talbot and Lawrence, 2002). Havavhen stressed at less of an
extremeP. ochraceuslid not exhibit a significant difference in ratdsaosnmonia
excretion. The salinities that | used in my expemt may fall within a range that these
organisms may be faced with in their ecosystens tlams suggests a range of tolerance

that has not previously reported.

Conclusions

Although measurements from the three experimemtgedeout in this study do
not all point to differences in responses of the twlor morphs, they nonetheless
provide some evidence that color and location betle a significant effect on self-
righting times at the three salinities tested. Addally, | found that salinity does not
affect respiration rates or ammonia excretion rdteésrently with regards to color or
location within the narrow range of salinities &kt

The results of my study suggest that, within aaentange (£ 8 psulp.
ochraceusappears to be able to maintain normal aerobidreggm and ammonia
excretion. When stressed to greater extremes eutdithe range they are able to cope
with, such as salinities of £ 10 psu or greatezirthasic functions of mobility, such as

self-righting, may be reduced.
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Suggestions for Further Study

Although salinity was the only environmental vat@abxamined in this study,
many other differences are seen between the tvatitors that show different color
frequencies oP. ochraceus Variables that could potentially be tested idelu
temperature, sun and ultra violet (UV) exposuggltfluctuations, prey availability, diet,
pH of seawater, and wave exposure.

Differences between locations caused by anthropodactors can also be
identified. Differences between the two locatiomdude greater eutrophication in the
Inland Straits due to the large amount of agrigaltactivity, more pollutants from
surface runoff from larger urban populations arothelinland Straits, and habitat
degradation due to human trampling of sea startt&tgbi Studies that examined these
effects could potentially identify links to the ooldifferences seen between the two

locations.

60



LITERATURE CITED

Aarset, A. V. and T. Aunaas, 1990. "Influence of/iEmnmental Salinity on Oxygen-
Consumption and Ammonia Excretion of the Arctic entte Amphipod
Onisimus-Glacialis." Marine Biolog¥07(1): 9-15.

Bilton, D. T., J. Paula and J. D. D. Bishop, 20@ispersal, genetic differentiation and
speciation in estuarine organisms." Estuarine @Gbasd Shelf Sciences(6):
937-952.

Binyon, J., Ed. 1966. Salinity tolerance and iamigulation Physiology of
Echinodermata, Interscience.

Binyon, J., 1972a. "The effects of diluted sea wapon podial tissues of the starfish
Asterias rubens L. Comparitive and Biochemical Physiolog§A: 1-6.

Binyon, J., 1972b. Physiology of echinoder®@xford, New York,, Pergamon Press.

Brusca, R. C. and G. J. Brusca, 2003. Inverteb2Zridsd Sunderland, MA, Sinauer
Associates, Inc., Publishers.

Cannon, G. A., 2003. Circulation Variations in Beait of Juan de Fuc2003 Georgia
Basin/Puget Sound Research Conference.

Cohen, J., 1988. Statistical Power Analysis forBletavioral Science®Mahwah, New
Jersey, Lawrence Erlbaum.

Dalhoff, E. P., J. H. Stillman and B. A. Menge, 200Physiological Community
Ecology: Variation in Metabolic Activity of Ecologally Important Rocky
Intertidal Invertebrates Along Environmental Gradge" Integrative and
Comparative Biology2: 862-871.

Diehl, W. J., 1986. "Osmoregulation in Echinodefn@omparitive and Biochemical
Physiology84A(2): 199-205.

Dunbar, S. G. and M. Coates, 2004. "Differentigance of body fluid dilution in two
species of tropical hermit crabs: not due to ostfiotiic regulation.”
Comparative Biochemistry and Physiolofy7A(2): 321-337.

61



Ellington, W. R. and J. M. Lawrence, 1974. "Coelorhiid volume regulation and
isoosmotic intracellular regulation lyiidia clathrata(Echinodermata:
Asteroidea) in response to hyposmotic stress.loBioal Bullitin 146 20-31.

Emerson, D. N., 1968. "Influence of salinity on aoma excretion rates and tissue
constituents of euryhaline invertebrates." Compariand Biochemical
Physiology29A: 1115-1133.

Feder, H. M., 1957. Natural History Studies on$tt@rfishPisaster Ochraceu@Brandt,
1835) in the Monterey Bay Area. Biological Sciencgmnford, CA, Stanford
University.

Feder, H. M., 1959. "The food of the starfiflisaster ochraceualong the California
coast." Ecologyl0: 721-724.

Feder, H. M. and A. M. Christensen, 1966. Chaptaspects of Asteroid Biology.
Physiology of Echinodermat®. A. Boolootian. New York, Intersciencg7-127.

Finlayson, D. P., 2004. The Large Scale Geomorgyotd Puget Sound Shorelines.
School of Oceanograph$eattle, University of Washington.

Forcucci, D. and J. M. Lawrence, 1986. "Effect$oof salinity on the activity, feeding,
growth and absorption @fuidia clathrata(Echinoderm: Asteroidea)." Marine
Biology 91: 315-321.

Fox, D. and T. Hopkins, 1966. Chapter 12 -The Cartipa Biochemistry of Pigments.
Physiology of Echinodermat®. A. Boolootian. New York, Interscienc2?77-
300.

Fox, D. L. and T. S. Hopkins, 1941. "Comparitivedses of the pigments of some
Pacific coast echinoderms." Biological Bulli®®: 441-455.

Garza, C., 2005. "Prey productivity effects onithpact of predators of the mussel,
Mytilus californianus(Conrad)." Journal of Experimental Marine Biolcayd

Ecology324(1): 76-88.

Giese, A. C. and A. Farmanfarmaian, 1963. "Rest&tari the purple sea urchin to
osmotic stress." Biological Bullitih24: 182-192.

62



Green, J., 1968. The Biology of Estuarine Anim&lsattle, University of Washington.

Hendler, G., J. Miller, D. Pawson and K. Porter93.9Sea Stars, Sea Urchins, and Allies
- Echinoderms of Florida and the Carribe®ashington, Smithsonian Institute
Press.

Holbrook, J. R. and D. Halpern, 1982. "Winter-timgar-surface currents in the Strait of
Juan de Fuca." Atmosphere-Oc&dn327-339.

Humphreys, V. 2003. "The Biogeography of the Pufpthre Sea StaPisaster
ochraceuy” Retrieved March 2,2006, 2006, from
http://bss.sfsu.edu/holzman/courses/Fall%2003%238g¥oseastar.htm

Johnson, B. P., 1976. Daily Activity and Migratiohthe StarfistPisaster Ochraceus
Biology. San Francisco, San Francisco State University.

Jury, S. H., M. T. Kinnison, W. H. Howell and W. Watson, 1994. "The Effects of
Reduced Salinity on Lobstdd@marus-Americanus Milne-Edwandsletabolism
- Implications for Estuarine Populations." JouroBExperimental Marine
Biology and Ecology.762): 167-185.

Karrer, P. and E. Jucker, 1950. CarotenoMsw York, Elsevier.

Kinne, O., 1963. "The effects of temperature arioshispon marine and brackish water
animals I. Temperature.” Oceanographic Marine RjglAnnual Reviewi: 301-
340.

Lambert, P., 2000. Sea Stars of British ColumbjtBeast Alaska and Puget Sound
Vancouver, UBC Press.

Menge, B. A. and J. P. Sutherland, 1987. "CommuRégulation - Variation in
Disturbance, Competition, and Predation in RelateoBEnvironmental-Stress and
Recruitment.” American Naturali$8Q(5): 730-757.

Millott, N., 1967._Echinoderm Biologysympsia of the zoological society of London
Number 20, Academic Press.

63



Morris, R., D. Abbot and E. Haderlie, 1980. Inteali Invertebrates of California
Stanford, CA, Stanford University Press.

NEER, 2006. NOAA/National Estuarine Research Ressystem - Padilla Bay,
http://cdmo.baruch.sc.edu/outpMOAA.

Newell, R. C., 1979. Biology of Intertidal AnimalBaversham [Eng.], Marine Ecological
Surveys.

Paine, R. T., 1966. "Food web complexity and spgedieersity.” American Naturalist
100 65-75.

Paine, R. T., 1969. "A note on trophic complexitygl @ommunity stability.” American
Naturalist103 91-93.

Raimondi, P., R. Sagarin, R. Ambrose, M. Georgée8, D. Lohse, C. M. Miner and S.
Murray, 2004. "Color change and consistency inseme staPisaster ochraceus
Integrative and Comparative Biology(6): 626-626.

Raimondi, P., R. Sagarin, Richard Ambrose, Chizl, Maya George, Steven Lee,
David Lohse, C. Melissa Miner and S. Murraypress Conspicuous color
patterns in the sea starsaster ochraceus13.

Rankin, J. C. and J. Davenport, 1981. Animal Osiondegion New York, Wiley.

Ricketts, E. F., J. Calvin and H. W. Joel, 1985wvien Pacific TidesStanford, CA,
Stanford University Press.

Roller, R. A. and W. B. Stickle, 1985. "Effectssalinity on larval tolerance and early
developmental rates of four species of echinodér@mnadian Journal of
Zoology63(7): 1531-1538.

Sabourin, T. D. and W. B. Stickle, 1981. "Effectsalinity on respiration and nitrogen
excretion in two species of echinoderms.”" Marinel®&jy 65: 91-99.

Sanford, E., 1999. "Regulation of keystone preaalip small changes in ocean
temperature.” Scien@835410): 2095-2097.

64



Sanford, E., 2001. "The effect of variation in watmperature on the keystone predator
Pisaster ochraceusAmerican Zoologis#1(6): 1576-1576.

Shick, J. M., 1983. Respiratory Gas Exchange inriécterms. Echinoderm Studidd.
Jangoux and J. Lawrence. Rotterdam-Salem, NH, Bafkema.l: 67-110.

Shirley, T. C. and W. B. Stickle, 1982. "Responsklseptasterias hexactis
(Echinodermata: Asteroidea) to low salinity: Il.théigen metabolism, respiration,
and energy budget." Marine Biolo§®: 155-163.

Shumway, S. E., 1977. "The Effects of Fluctuatiadjriities on Four Species of Asteroid
Echinoderms.” Comparitive and Biochemical Physigl6§A: 177-179.

Stickle, W. B., 1988. "Patterns of Nitrogen Exavetin The Phylum Echinodermata.”
Comparitive and Biochemical Physiolo§§A(2): 317-321.

Stickle, W. B. and W. J. Diehl, 1987. Effects ofiSity on Echinoderms. Echinoderm
Studies Vol. 2M. Jangoux, Lawrence, J. Brookfield, A.A. BalkerRa235-285.

Sweere, C., unpublished. Direct and Indirect EHexdtPisaster ochraceusn tide pool
communities, University of California Berkley.

Talbot, T. D. and J. M. Lawrence, 2002. "The efigcsalinity on respiration, excretion,
regeneration and production@phiophragmus filograneu&chinodermata :
Ophiuroidea).” Journal of Experimental Marine Bapyoand Ecolog@751): 1-
14.

Vevers, H. G., 1966. Chapter 11 Pigmentation. Riggy of EchinodermataR. A.
Boolootian. New York, Interscience Publishe267-275.

YSI-Incorporated. 2006. "Appendix C - Oxygen SolipiTables in YSI Model 52
Disolved Oxygen Meter Operations Manual.” from
http://www.ysi.com/extranet/EPGKL.nsf/599208548&8i9d85256a550047c2a2/
90a0378150c2d2dd85256a1f0073f295/$FILE/052010 Bgmifrch=%22ysi%20
air%20saturation%20tables%22

65



