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Abstract: The sea star Pisaster ochraceus (Brandt, 1835) is among the most con-
spicuous members of northeastern Pacific rocky-shore fauna due to its dramatic
color variation, ranging from bright yellowish orange to brown to deep purple.
Despite a large body of ecological and developmental biology information on P.
ochraceus, few studies have rigorously examined color patterns or their causes
across its geographic range. We used thousands of observations of sea star color
and size taken from southern California to northern Oregon to show that the
frequency of orange sea stars is approximately 20% with little variation across
a broad latitudinal band. However, the frequency of orange sea stars in a popu-
lation increases with the size of the animals in most populations. We consider
several alternative hypotheses for these color patterns but find that the most par-
simonious explanation is that adult color is a selectively neutral genetic trait that
expresses itself ontogenetically. These novel findings point to the need for re-

newed study of the basic biology of this key ecological species.

ONE oF THE MosT immediately conspicuous
observations in northeastern Pacific tide pools
is the striking color differences in the sea star
Pisaster ochraceus (Brandt, 1835). Even at a
distance one can easily pick out orange and
purple sea stars as they line the rock walls
near intertidal mussel beds. Anecdotally, ex-
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perienced intertidal biologists have observed
that about one-fourth to one-third of the
P. ochraceus in any given site along the open
Pacific coast are orange, and the remainder
are some variant of brown, rust, or purple
(E. Sanford, J. Pearse, R. Strathmann, and
C. Harley, pers. comm. to R.D.S. 2004).
Although P. ochraceus is one of the most
extensively studied intertidal invertebrates,
with many published studies, for example, on
its development (George 1999), physiology
(Vasu and Giese 1966), diet (Feder 1959,
Menge 1972), effects on prey species
(Mauzey et al. 1968), parasitism (Leighton
et al. 1991), settlement patterns (Sewell
and Watson 1993), role as a ‘“keystone”
species (Paine 1966, Menge et al. 2004) and
in maintaining alternate community states
(Paine and Trimble 2004), and reactions
to climatic change (Sanford 1999), remark-
ably little is known about the basic bio-
logical foundations of its color variants nor
the ecological conditions that support pheno-
typic color polymorphism in this sea star.
Most of what we know about color morphs
in P. ochraceus stems from studies done more
than half a century ago on small numbers of
individuals from just one or two locations.
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Fox and Scheer (1941) confirmed that color
in P. ochraceus is determined by two carot-
enoid pigments, suggesting that diet plays a
role in coloration because animals generally
do not produce carotenoids. Beyond that pa-
per, an unpublished study of variaton in
color polymorphism by Forbes (1951), and a
review by Fox and Hopkins (1966), none of
the 128 published works on P. ochraceus in-
dexed by ISI Web of Knowledge between
1910 and 2005 nor the citations on P. ochra-
ceus reviewed in Intertidal Invertebrates of Cal-
ifornia (Morris et al. 1980) addressed color
patterns in P. ochraceus or the mechanisms
for them.

Phenotypic color polymorphism in other
organisms has been commonly observed (En-
dler 1986, Galeotd et al. 2003, Wente and
Phillips 2003) and has generated numerous
evolutionary explanations for why sometimes
strikingly different colors should be main-
tained. In almost all studies, the null hypoth-
esis that color polymorphism is selectively
neutral has been rejected. Although color
polymorphism without an obvious selective
mechanism is unexpected, it is not unprece-
dented. Oda and Ishii (2001) demonstrated
that color polymorphism in Conocephalus mac-
ulatus katydids is genetically determined but
not under environmental selection, and Finke
(1994) found no sexual, apostatic, or disrup-
tive selective mechanisms acting on female
color dimorphism in Enallagma damselflies.

Alternative hypotheses generally can be
classified as invoking either selective mecha-
nisms that have a persistent effect on popula-
tions or transient mechanisms that rely on
a phenotypically plastic trait. Alternative hy-
potheses with empirical support based on se-
lective mechanisms include (1) nonrandom
mating due to sexual selection or signaling
to prevent inbreeding (Houde 1987, Galeotti
et al. 2003); (2) apostatic selection, in which
rare morphs are more successful in hunting
prey or avoiding predators through the dis-
ruption of search images or advertisement
of distastefulness (Allen 1988, Gillespie and
Oxford 1998, Horth 2004); (3) disruptive
selection through crypsis in heterogeneous
backgrounds or physiological adaptation to
spatially or temporally variable environments
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(Nevo 1973, Hairston 1979, Etter 1988); and
(4) balancing trade-offs among these agents.
Mechanisms invoking plasticity include the
roles of (1) color plasticity in response to
environmental factors (Wente and Phillips
2003); (2) dietary differences resulting in
phenotypic differences (Tlusty and Hyland
2005); and (3) ontogenetic color change
(Booth 1990).

With so many potential mechanisms, it
may not be logistically feasible to study color
polymorphism in a species across a large
range using detailed mechanistic experiments
such as those used on smaller scales or on eas-
ily manipulated study systems (e.g., labora-
tory experiments with guppies). However, a
common theme to almost all alternative hy-
potheses is that color morphs are segregated
into different spatial, temporal, ontogenetic
or behavioral niches for which the different
color morphs are better adapted. This sug-
gests that broad-scale observations of color
morphs taken across an environmental gradi-
ent containing many of these niches, com-
bined with an understanding of the natural
history of an organism, can begin to elim-
inate the likelihood of certain hypotheses
while suggesting more-likely hypotheses that
could be addressed with specific mechanistic
studies. Here we use an unprecedented num-
ber of color and size observations obtained
over a wide latitudinal gradient to examine al-
ternative hypotheses related to the mainte-
nance of color polymorphism in P. ochraceus.

MATERIALS AND METHODS

Samples of Pisaster ochraceus size and color
were taken by three different groups of inves-
tigators that share data as part of the Multi-
Agency Rocky Intertidal Network (MARINe)
and the Partership for Interdisciplinary
Studies of Coastal Oceans (PISCO). Samples
were taken biannually between fall 2000 and
fall 2003 at 26 sites located between southern
California (33.71° N) and northern Oregon
(45.92° N) within permanent demarcated
plots in the low intertidal (Figure 1). Sizes of
the plots varied with site, ranging from 20
to 160 m?, depending on geomorphology
and available habitat. Because our goal was
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Ficure 1. Map of 26 study sites along the west coast of North America.
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specifically to measure and record the color
of many individuals at each site, plots were
chosen to represent a range of habitat types
(e.g., low intertidal crevices, rock walls, and
pools) where P. ochraceus of all postsettlement
life stages can be found, rather than a strati-
fied random plot design (which would be
more appropriate if the goal was to compare
population size estimates).

Sites were sampled by MARINe re-
searchers from University of California, Los
Angeles (UCLA), and the University of Cali-
fornia, Santa Cruz (UCSC), and PISCO re-
searchers from UCSC. Because our sampling
methodology is relatively simple and was con-
ducted by experienced intertidal researchers
who frequently communicate about sampling
issues, differences due to observer bias in re-
cording color or size across sites is unlikely.

Our study sites are wave-exposed open
coast areas that represent the most common
P. ochraceus habitat over most of its geo-
graphic range. We also used additional ob-
servations by ourselves and others from
protected-water sites in Puget Sound (Wash-
ington State) and Vancouver Island, British
Columbia, to gain insight into the open-coast
patterns we report. Along the 1,850-km
stretch of open coast from Baja California to
Oregon, and farther north, sea stars generally
occur in orange, purple, and brown color
morphs. All sampled sea stars were measured
and scored for color as either “orange” or
“purple” (all brown and darker shades were
scored in the “purple” category because field
tests determined that brown and purple forms
are difficult to differentiate consistently). Al-
though there is considerable color variation
among the darker forms in this species, we
use this simple orange/purple dichotomy in
our observations and analysis because it is
least likely to introduce sampling bias while
still offering the ability to evaluate the orange
color morph patterns observed in the field.

Size measurements were made with cali-
pers or rulers from the tip of the longest arm
to the center of the aboral disk and recorded
to the nearest 10 mm. Pilot data from 438 in-
dividuals confirmed a strong correlation be-
tween this radial measurement and oral disk
radius (Pearson correlation coefficient =
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0.879, P < .001) and width of the largest
arm (Pearson correlation coefficient = 0.904,
P < .001), indicating that maximum radius is
representative of size.

Our analysis was designed to focus on
color ratios and to avoid issues of noninde-
pendence that might arise from repeatedly
sampling individuals in permanent quadrats.
Hence, at each site we calculated the percent-
age of orange individuals for each sample pe-
riod and then averaged those percentages to
produce an overall site average. To examine
the percentage of orange individuals in popu-
lations of different sizes the mean number of
purple and orange individuals for each 10-
mm size bin across all sample periods was
calculated for each site. Means were then
summed for these color categories across all
sites and the percentage of orange morphs
was calculated. By aggregating our data, the
potential problem of near-zero or zero values
in the smallest and largest size categories was
avoided.

Finally, habitat use, aggregation by color,
and seasonal differences in color ratios were
tested using quantitative analyses (chi square
and analysis of variance [ANOVA]), special-
ized data collection efforts, and through qual-
itative observations made during sampling
visits.

RESULTS AND DISCUSSION

The monitoring data analyzed here, incorpo-
rating 14,720 observations of Pisaster ochra-
ceus, demonstrate both consistency of orange
color frequencies in adult sea stars over a
broad latitudinal gradient (Figure 2) and
changes in the frequency of orange morphs
from small to large sea stars at most sites
(Figure 3). The range in percentage orange
morphs for all sites was 12.6-27% (mean =
20.0 + 4.4% SD). Regression of percentage
orange against size was positive and highly
significant (R? = 0.74, P < .001).
Observations of 177 individuals from
Hopkins Marine Station (central California)
and Old Stairs (southern California) showed
no relationship between color and habitat
type (flat benches, vertical walls, or shaded
crevices) (Pearson chi-square = 1.38, df = 2,
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Frcure 2. Average percentage of orange sea stars (+SE) in the population at all sites, arranged from south to north.

P = .501). Similarly, clustering of color
morphs was not detected because 24% of
nonorange sea stars were found closest to or-
ange individuals and 78% of orange sea stars,
mirroring the overall color frequencies, were
found closest to nonorange sea stars. These
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Ficure 3. Percentage of orange sea stars in increasing
size bins. The mean number of purple and orange indi-
viduals for each 10-mm size bin across all sample periods
was calculated at each site. Means were summed for each
color across all sites and percentage orange was calcu-
lated.

results are in accordance with qualitative ob-
servations of the frequency of color morphs
in this species that we made during hundreds
of sampling visits. Finally, we found no evi-
dence of consistent seasonal differences in
the percentage of P. ochraceus orange color
morphs in our sampled populations (AN-

OVA, F =1.09, df =45, P = .364).

Selective Mechanisms

The wealth of knowledge on P. ochraceus
raises doubts about hypotheses that invoke
selective mechanisms as viable explanations
for color polymorphism in this species. These
sea stars are dioecious, broadcast spawners
with little visual ability beyond sensing light
and dark (Morris et al. 1980). Hence, it is un-
likely that color serves as a cue for sexual or
other forms of visually based selection. The
sea star’s main prey items are sessile and
use only size as an escape from predation,
or use their mobility to escape by responding
to chemical traces of the predator in the
water (Phillips 1975, Morris et al. 1980).
Thus, color differences would not afford any
color morph an advantage in obtaining prey.
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Among larger (>30-mm radius) individuals,
no P. ochraceus color morph is cryptic in inter-
tidal habitats. Greater mortality in purple P.
ochraceus could lead to an increase in the fre-
quency of orange sea stars in a population.
However, predation on sea stars is not com-
monly observed, although sea otters prey on
P. ochraceus, and seagulls are occasionally
observed pulling sea stars off intertidal rocks.
If relying on visual cues (whether color or
monochromatic), these visual predators would
likely target the more conspicuous orange sea
stars, which contrast more strongly with the
coloration patterns of intertidal habitats. Al-
though it is plausible that experience with sea
stars or some color-specific olfactory signal
could impart a preference for purple stars if
orange stars are less palatable, to date no one
has investigated this hypothesis. However, as
Ricketts and Calvin (1939:116-117) explained,
“Pisaster neither has nor seems to need pro-
tective coloration. Anything that can damage
this thoroughly tough animal, short of the
‘acts of God’ referred to in insurance policies,
deserves respectful mention.”

Across the geographic range of our
study sites, intertidal communities experience
widely different climatic conditions, tidal re-
gimes, and species assemblages, and yet the
ratio of orange morphs to other color vari-
ants remains similar. Moreover, the different
color morphs of P. ochraceus do not segregate
into different niches—spatially, temporally,
or behaviorally. Our observations collected
over 120 sampling visits, as well as those of
numerous intertidal ecologists, suggest that
color morphs do not separate into different
intertidal habitats, nor do they aggregate
preferentially, or show a seasonal component
to color dominance. These observations were
supported by our more-detailed scoring of
habitat use and aggregation by color at Hop-
kins Marine Station and Old Stairs sites, as
well as the quantitative analysis of our data
parsed by season. Finally, populations appear
to be well mixed genetically across their
range. Recent work by Harley et al. (in press)
revealed no geographic genetic population
structure across the species range, even when
comparing locations on alternate sides of
known biogeographic boundaries or known
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discontinuities in larval supply. These find-
ings suggest that genetic drift is not likely to
play a dominant role in affecting color morph
frequencies.

Nonetheless, a limited temporal and spa-
tial perspective could mask selective pressures
affecting these populations. For example, sub-
tidal populations, which were not sampled,
could have different overall color ratios due
to selective pressures on color. However, this
appears even less likely than in intertidal
habitats because P. ochracens would be less af-
fected by environmental conditions such as
heat stress while immersed and coloration
could only be affected by selective sea otter
predation at the small number of our sites
supporting otter populations. Alternately,
color polymorphisms observed at one time
may be under selection toward the domi-
nance of one form (e.g., Stolz et al. 2003).
The samples we analyzed do not represent a
time series long enough to determine conclu-
sively if the observed color ratios vary over
time. However, observations of color ratios
of 1,327 P. ochraceus (across all sizes) by biol-
ogy student Clifford Forbes in 1951 indicated
orange frequencies of 20% in Trinidad, Cali-
fornia (41.07° N), and 25% at Hopkins
Marine Station (36.62° N) (Forbes 1951),
mirroring the values we observed in our
samples.

Size-Related Plasticity

The size-related shift in the frequency of or-
ange color morphs, which has not previously
been documented, seems to indicate pheno-
typic plasticity in this trait. The color shift
could arise from diet, ontogenetic differences
in mortality, or ontogenetic color change.
Adults of both color morphs were consis-
tently observed congregating on the same
prey items (e.g., Mytilus californianus). Feder
(1959) demonstrated that regardless of geo-
graphic location or habitat, P. ochraceus over-
whelmingly eats the prey it is primarily found
with, suggesting that these sea stars feed pri-
marily on the California mussel (M. califor-
nianus) throughout its range. Nonetheless, P.
ochraceus also will feed opportunistically on
many other prey items in our study range
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Ficure 4. Purple (Jef?) and orange (right) Pisaster ochraceus photographed at low tide at Carpinteria, California, March
2004, by R.D.S. Scale bar approximately 10 cm. Note purple (dark) arm tips on the orange sea star.

(E. Sanford, pers. comm. 2006). Although
it is conceivable that mussels of different
quality (e.g., reproductive individuals) might
affect color or that alternative prey items
might impart different color pigments to
their predators, it is not clear how (or why)
only one sea star color morph would con-
sistently target one type of mussel or alterna-
tive food source. However, food sources of
juvenile P. ochraceus, which are unknown,
might ultimately affect adult color patterns.
In lobsters, for example, juvenile diet has
been shown to affect color patterns through
both genetically determined and phenotypi-
cally plastic pathways (Tlusty and Hyland
2005).

Hypothetically, P. ochraceus could change
color ontogenetically, a phenomenon that oc-

curs in other taxa (Booth 1990). Although di-
rect observations of color change have not
been made, support for ontogenetic color
change in P. ochraceus comes from frequent
observations of intermediate-size orange sea
stars with purple arm tips (Figure 4), and
observations of orange stars regenerating a
mostly purple arm bud. Ontogenetic color
change in limited parts of an organism’s body
has been observed in other marine inverte-
brates (e.g., Tlusty and Hyland 2005). The
delayed onset of orange coloration may be
related to the cryptic coloration afforded to
very small (<30 mm), nonorange-colored sea
stars on coralline algae in our study range,
where they are often found as newly settled
recruits. This is analogous to Cancer irvoratus
rock crabs, where coloration is conspicuous in
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adults but cryptic in newly settled juveniles
(Palma and Steneck 2001). Moreover, other
investigators (E. Sanford, pers. comm. 2006)
and we ourselves have noted that most small
(e.g., <30 mm) sea stars tend to be grayish
purple or grayish brown along the exposed
Pacific coast, indicating that adult purple and
brown stars also change color but perhaps not
as dramatically as orange adults. Apparently, a
different pattern is seen in some habitats in
the northeastern Pacific where small sea stars
are more commonly orange, a color that is
more cryptic on their preferred settlement
habitat there (R. Paine, pers. comm.), but
extensive observations of color ratios at dif-
ferent sizes have not been made for those
populations.

Differences with Protected-Water Populations

The frequencies of color morphs in P. ochra-
ceus populations from protected waters in the
northeastern Pacific are in stark contrast to
those we observed for open-coast popula-
tions, which might shed light into the mecha-
nisms underlying color polymorphism in this
species. First, protected-water populations are
much more variable in color ratios, and indi-
vidual sites tend to be dominated by one color
morph or another. For example, on San Juan
Island (48.5° N, 123° W), purple stars domi-
nate. Of 250 individuals sampled at six sites
on San Juan Island by R.D.S. in September
2005, only 4.8% were orange. Likewise,
purple individuals dominate populations in
Georgia Strait (D. Eernisse, pers. obs.) (Har-
ley et al. in press) and at sites along the Inside
Passage of southeastern Alaska (C. Baxter,
pers. obs.). Yet, on Orcas Island, adjacent to
San Juan Island, populations are dominated
by orange individuals (R. Strathmann, pers.
obs.). In addition, the purple stars in these
protected-water populations are far more
vivid than their open-coast counterparts,
although small numbers of brightly colored
purple stars have been observed at open-coast
sites (E. Sanford, pers. comm.). At protected
sites, orange individuals are much paler in
color, and the brown color morph seen on the
open coast is largely absent (RDS, pers. obs.).
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Wave exposure, water chemistry, and
available food resources differ substantally
between protected and outer-coast sites. Lo-
cal differences in wave exposure might be-
come manifest through differences in larval
settlement patterns. In the embayments of
Puget Sound and other protected waters,
founder effects might dominate so that infre-
quent settlement events skewed by chance to-
ward one color morph or another could result
in similarly skewed adult sea star populations.
This hypothesis is supported by data on the
size structures of P. ochraceus populations at
six San Juan Island sites, which showed that
sea stars <70-mm radius were absent from
250 sampled individuals compared with 27%
of all observations for the open coast. This
finding suggests that recruitment events are
more episodic in these protected waters. Sa-
linity and pH are likely to be different in pro-
tected waters compared with open-coast sites,
but at present we do not know the effects
of water chemistry on sea star pigmentation.
Pisaster ochraceus populations in quiet water
environments also likely differ from open-
coast populations in diet, because Mytilus cal-
ifornianus, a prominent bed-forming space oc-
cupier on much of the open Pacific coast, is
not found in great densities on San Juan Is-
land or at other protected-water sites. Differ-
ences in diet could hypothetically result in
different color ratios and different color tones
in open- versus protected-water populations,
but dietary differences do not explain how
polymorphism is maintained with such con-
sistency across the broad geographic range
represented by our outer-coast study sites.
Moreover, observations from protected-water
populations must be taken with caution be-
cause it has been suggested (Ricketts et al.
1985) that these populations are a subspecies
of P. ochraceus (i.e., P. ochraceus confertus).

CONCLUSIONS AND FUTURE DIRECTIONS

In 1959, Feder lamented, “Although the star-
fish Pisaster ochraceus is one of the most con-
spicuous animals to be found along the rocky
shores of the Pacific Coast ... its natural
history is poorly known” (Feder 1959:721).
Nearly 50 yr later, because of Feder and
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others, knowledge of the natural history
of P. ochraceus has increased, but causes of a
most obvious characteristic—its striking color
polymorphism—remains a mystery.

Several of the key questions raised by our
observations can become the focus of a re-
newed effort to understand patterns of color
in P. ochraceus. Elucidation of the gene(s) and
pigment complexes responsible for color is a
fundamental gap in our understanding of
color patterns. Mating experiments involving
crosses of variously colored parents might
help determine the inheritance patterns of
color, although typically high mortality in
laboratory cultures may confound interpreta-
tion of results. Basic biological questions need
to be assessed in an ecological context, con-
sidering how variation in diet, water chemis-
try, and biological interactions can affect
pigmentation and the occurrence and mecha-
nisms of color change. Moreover, under-
standing the extent to which larval dispersal
effectively mixes populations will provide in-
sight into the role that genetic drift could
play in skewing color ratios. Clarification of
population genetic structure and phylogeo-
graphic patterns will help to address the ques-
tion of whether protected-water populations
are genetically distinct from one another and
from open-water populations. Although ad-
dressing these questions will be a challenge,
improved understanding of the mechanisms
of color variation in this common sea star
would be greatly appreciated by the many
amateur naturalists and professional biologists
who have been intrigued by this conspicuous
tide-pool animal.
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