
(This is a sample cover image for this issue. The actual cover is not yet available at this time.)

This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

The influence of intertidal location and temperature on the metabolic cost of
emersion in Pisaster ochraceus

Elizabeth K. Fly a,b,⁎, Cristián J. Monaco b, Sylvain Pincebourde b,c, Alexa Tullis a

a Department of Biology, University of Puget Sound, Tacoma, WA 98416, United States
b Department of Biological Sciences, University of South Carolina, Columbia, SC 29208, United States
c Institut de Recherche sur la Biologie de l'Insecte, IRBI CNRS UMR 7261, Université François Rabelais, Faculté des Sciences et Techniques, 37200 Tours, France

a b s t r a c ta r t i c l e i n f o

Article history:
Received 28 September 2011
Received in revised form 5 April 2012
Accepted 8 April 2012
Available online xxxx

Keywords:
Intertidal
Metabolism
Pisaster ochraceus
Respiration
Thermal stress
Zonation

Vertical zonation within the intertidal results from an interaction between the physical environment and an
organism's physiological limits. Bioenergetic costs of emersion are likely to vary based on an organism's ver-
tical location in the intertidal. The present study quantified the metabolic costs of microhabitat choice in the
important intertidal predator Pisaster ochraceus. Rates of oxygen consumption (VO2) were measured at a
range of ecologically relevant temperatures in both water and air. In both media, rates increased with in-
creasing temperature but, at any given temperature, aerial VO2 was approximately 50% that of aquatic VO2.
These rates, along with biomimetic body temperature data from two field sites in Bodega Bay, California,
were used to estimate the metabolism of sea stars at different vertical locations over a 10-day period in
the summers of 2006, 2007, and 2010. Results suggest that vertical location would have a much smaller effect
on sea star VO2 than would inter-annual temperature differences. The influence of higher body temperatures
experienced by sea stars at low tide in the mid-high intertidal, as compared to the low intertidal, was almost
negligible because aerial VO2 was lower than aquatic VO2. By contrast, the higher average water temperature
experienced by sea stars in 2006 yielded a 50% higher metabolic cost relative to sea stars in 2007 and 2010.
These results suggest that energetic demands of intertidal organisms can vary markedly according to global
environmental fluctuations such as El Niño and Pacific Decadal Oscillations.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The intertidal habitat is physiologically challenging because of the
dramatic temporal and spatial variations in temperature. The extent
to which an organism is subjected to large temperature changes de-
pends largely on its vertical location in the intertidal. At high tide or-
ganisms experience a relatively stable thermal environment because
of the high thermal inertia of the large body of seawater (Helmuth,
1998); by contrast, the low tide thermal environment shows compar-
atively large fluctuations (Broitman et al., 2009; Burnaford, 2004;
Helmuth and Hofmann, 2001; Pincebourde et al., 2008; Stillman and
Somero, 1996; Szathmary et al., 2009). Fluctuating air temperatures,
along with wind and solar radiation, during a summertime low tide can
affect the heat flux within an organism, causing body temperature to
change by 4–5 °C within a few hours (Helmuth, 1998; Szathmary et al.,
2009). In addition to temporal fluctuations, temperatures experienced
by intertidal organisms can vary dramatically over short distances
according to tidal height and local topography (Burnaford, 2004; Denny

et al., 2011; Harley, 2008; Helmuth and Hofmann, 2001; Schneider and
Helmuth, 2007; Szathmary et al., 2009). In some cases, these microhabi-
tat temperature differences can be nearly as extreme as seasonal temper-
ature fluctuations (Burnaford, 2004).

These temporal and spatial variations in temperature during aerial
exposure can have dramatic ecological consequences. The most obvi-
ous is the vertical zonation within the intertidal that results from the
interaction between the physical environment experienced by an or-
ganism and its physiological limits (Connell, 1972; Garza and Robles,
2010; Lewis, 1964; Somero, 2002). It is not surprising, therefore, that
a considerable amount of effort has gone into determining how tem-
perature influences the physiology of intertidal animals. One of the
most direct and pervasive effects of temperature on any ectotherm's
physiology is its influence on metabolic rate. In general, a 10 °C in-
crease in body temperature will result in a two- to three-fold increase
in metabolic rate until a critical temperature, above which metabolic
rate will begin to decrease because of the negative effects of high
temperature on physiological processes (Pörtner, 2002). In addition
to metabolic rate, temperature has also been demonstrated to affect the
growth rate (Sanford, 2002a), activity level (Dahlhoff et al., 2001;
Stillman and Somero, 1996), and conversion efficiency (Sanford, 2002a)
of intertidal animals. Finally, elaboration of a heat-shock response, an en-
ergetically costly process, has been shown tominimize thermally induced

Journal of Experimental Marine Biology and Ecology 422–423 (2012) 20–28

⁎ Corresponding author at: Department of Biological Sciences, University of South
Carolina, Columbia, SC 29208, United States. Tel.: +1 803 777 3938; fax: +1 803
777 4002.

E-mail address: efly@biol.sc.edu (E.K. Fly).

0022-0981/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.jembe.2012.04.007

Contents lists available at SciVerse ScienceDirect

Journal of Experimental Marine Biology and Ecology

j ourna l homepage: www.e lsev ie r .com/ locate / jembe



Author's personal copy

cellular damages in numerous intertidal species (Parsell and Lindquist,
1993; Tomanek, 2010). Collectively, these temperature-related effects
suggest that intertidal organisms incur energetic costs during periods of
emersion in which they experience thermal stress.

Accurate estimates of the energetic costs associated with emersion
are important for predicting how environmental factors such as tem-
perature contribute to shaping species distributions and intertidal
community structures. To this end, the present study examined the
effect of physiologically relevant thermal conditions on the metabolic
rate of the sea star Pisaster ochraceus (Brandt, 1835), an animal which
plays a critical role in the community dynamics of rocky intertidal
zones on the Pacific coast of North America. In wave-exposed areas
P. ochraceus is a keystone species that opens space and increases di-
versity by consuming competitively dominant mussels (Menge et
al., 1994; Paine, 1966). Although the sea star does not play a keystone
role in wave-protected areas, it is still an important predator of inver-
tebrates (Mauzey, 1966; Mauzey et al., 1968; Menge et al., 1994).

Several studies suggest that the effect of temperature on P. ochraceus
physiology is complex. Small decreases in water temperatures have
been shown to depress the feeding rates of sea stars (Sanford, 2002a,
2002b). In spite of the lower feeding rate, however, these animals still
gained biomass, due presumably to a cold-induced decrease in meta-
bolic costs (Sanford, 2002a). Studies examining the effects of aerial ex-
posure on P. ochraceus physiology revealed that acute exposure to high
temperatures positively influenced feeding rates, while longer term ex-
posure to the same temperatures negatively influenced both feeding
and growth rates (Pincebourde et al., 2008). Thus, the temporal pat-
terns of variation of aquatic and aerial body temperatures interactively
modulated the feeding response of P. ochraceus (Pincebourde et al.,
2012). Prolonged exposure to high aerial temperatures also caused
P. ochraceus to increase the water content of its coelomic fluid
(Pincebourde et al., 2009). The fact that this adjustment reduced the
rate at which body temperature increased during subsequent low tides
(Pincebourde et al., 2009) suggests that prolonged exposure to high aerial
body temperatures is potentially costly, and is actively resisted by the an-
imal through this fluid adjustment. In addition, results from a field study
showed that sea stars transferred from mid intertidal locations into the
high intertidal exhibited reduced feeding, weight loss, and substantial
mortality compared to non-transplanted individuals (Petes et al., 2008),
all ofwhich suggest some degree of physiological stress. The studiesmen-
tioned above provide indirect evidence that high body temperature at
low tide can be metabolically costly for P. ochraceus, but the metabolic
cost of emersion has not been measured under field conditions. This ab-
sence of direct measurement impedes quantitative assessment of bioen-
ergetic costs.

As an important step for determining the costs associated with pe-
riodic emersion, and to build on the studies mentioned above, the
present study measured the oxygen consumption of P. ochraceus in
both air and water under ecologically relevant thermal conditions.
This study focused on standard post-absorptive oxygen consumption
to estimate minimal energy requirements of this animal at a given
temperature. In this way, the cost of emersion was measured only
as it relates to how temperature influences metabolic rate. Insight
into this component is a necessary step in understanding the total
bioenergetic costs of emersion. Measurements of oxygen consump-
tion were paired with field observations of sea star location and
body temperature at low tide to better understand the effects of ver-
tical position and temperature on P. ochraceus energetics.

2. Methods

2.1. Field surveys

Fieldwork was conducted at two different sites within the Bodega
Marine Reserve, California (38° 19′ N, 123° 4′ W), between the low
and mid-high intertidal zones (roughly 0–1.9 m above mean lower

low water [MLLW]). In 2006 and 2007, fieldwork took place on the
rocky wave-protected shore of Horseshoe Cove while in 2010, it
took place on the wave-exposed rocky shore ~400 m north of Horse-
shoe Cove. Both of these areas have complex topography providing
heat-exposed (e.g. exposed to solar radiation on open, flat surfaces)
as well as heat-protected (e.g. protected from solar radiation within
crevices, tidepools or under algae) microhabitats. Tidepools in this
study were considered heat-protected because the majority were lo-
cated in the low intertidal out of direct sunlight and cooled by wave-
splash at both sites (Pincebourde, personal observation). Exposure to
solar radiation is a key component in determining an organism's heat
exposure, and this categorization is consistent with that used in many
previous studies (e.g. Burnaford, 2004; Harper and Williams, 2001;
Helmuth, 1998; Pincebourde et al., 2008; Seabra et al., 2011;
Williams and Morritt, 1995).

2.1.1. Population surveys
In 2007, 10 population surveys of P. ochraceus were conducted in

the wave-protected study area between 5/13 and 7/4 (Table 1). The
vertical height of each sea star within the intertidal was measured
using a Topcon rotating laser-level. Three intertidal zones were de-
fined relative to the position of the mussel bed within the study
area: low (b0.6 m), mid (0.6–1.1 m), and mid-high (>1.1 m above
MLLW). The microhabitat of each individual was categorized as either
heat-exposed or heat-protected. In 2010, four population surveys of
P. ochraceus were conducted in the wave-exposed site between 5/19
and 6/26 (Table 1). Methods were similar to those in 2007, but the
body mass of each individual was also recorded and grouped into
one of three size classes: small (b300 g), medium (300–500 g) and
large (>500 g). Intertidal zones at this site were low (b0.85 m), mid
(0.85–1.5 m), and mid-high (>1.5 m above MLLW). These ranges dif-
fered slightly from those used in the wave-protected site (see above)
because the mussel bed was generally located higher on the shore
(Monaco, personal observation).

2.1.2. P. ochraceus temperature biomimetics
In order to estimate the body temperatures P. ochraceuswere like-

ly to experience over several tidal cycles, biomimetic models that
mimicked the thermal properties of a medium-sized (300–500 g)
sea star (see Pincebourde et al., 2008 and Szathmary et al., 2009 for
detailed descriptions) recorded temperature every 10 min. These bio-
mimetics were placed on flat, heat-exposed surfaces within each in-
tertidal zone to determine the most extreme temperatures sea stars
were likely to experience.

In 2006 and 2007, biomimetics were placed at the wave-protected
site: three within the low intertidal zone, two within the mid intertidal,
and two within the mid-high intertidal (Table 1). Temperatures were
recorded from 7/24/06 to 8/21/06 and from 6/6/07 to 7/16/07. In 2010,
biomimetics were placed in the low, mid, and mid-high intertidal at the
wave-exposed site (Table 1). Due to inherent difficulties in working in
wave-exposed areas, complete and overlapping temperature data from
only onebiomimetic each in the low intertidal and themid-high intertid-
al were recovered. These data spanned from 5/13 to 5/24. While the

Table 1
Year, site, seasonal period, and type of data collected at the two sites in the Bodega Ma-
rine Reserve, California.

Year Site type Dates Survey Data

2006 Wave-protected 7/24–8/21 Temperature Biomemetic
2007 Wave-protected 5/13–7/4 Population Intertidal height

Microhabitat
6/6–7/16 Temperature Biomimetic

2010 Wave-exposed 5/19–6/26 Population Intertidal height
Microhabitat
Body size

5/13–5/24 Temperature Biomimetic
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number of biomimetics was low, this study focused on the extreme hab-
itats in which these sea stars are found, rather than on the entire range of
body temperatures experienced by the population.

Data collected by the Bodega Ocean Observing Node (BOON,
http://bml.ucdavis.edu/boon/index.html), provided by the University
of California, Davis, Bodega Marine Laboratory were used to examine
interannual variability in summer water temperatures. These data in-
cluded average daily shoreline water temperatures between 6/1 and
8/31 for 2006, 2007, and 2010.

2.2. Metabolic measurements

P. ochraceus individuals used to determine rates of oxygen con-
sumption (VO2) were collected from a rocky shore on Orcas Island,
Washington (48° 37′ 33.2″ N, 122° 52′ 38.0″ W). Water temperatures
in the San Juan Islands averaged between 10 and 12 °C during the col-
lection period (June 2004 and 2005; SST from meteorological obser-
vations at NOAA tide station 9449880 were obtained from http://
tidesandcurrents.noaa.gov). While this location is farther north than
where the field surveys were conducted (see Section 2.1.), biomimet-
ic results from previous studies suggest that northern P. ochraceus
populations experience very similar water, air, and body tempera-
tures to those recorded in the present study (see Section 3.1.2.,
Pincebourde et al., 2008; Broitman et al., 2009, and Szathmary et al.,
2009). In addition, since P. ochraceus larvae can live in the water col-
umn for as long as 228 days (Strathmann, 1987), populations occur-
ring throughout the entire distributional range have been shown to
be genetically homogeneous (Harley et al., 2006). Indeed, Harley et
al. (2006) suggest that local adaptation is unlikely, although acclima-
tion to a specific region is still a possibility.

2.2.1. Aquatic oxygen consumption
P. ochraceus individuals used to determine rates of aquatic VO2

were collected in early June 2004. Animals were maintained at Friday
Harbor Laboratories (FHL) in flow-through seawater tanks at ambient
temperatures (~12–14 °C) andwere fed purple varnish clams (Nuttallia
obscurata) every few days. Sea stars were fasted for at least 48 h prior to
oxygen consumption measurements, and were weighed prior to each
measurement.

Aquatic VO2 of sea stars (mean±SEM=403±23.9 g wet weight,
n=27) was measured at 10, 15, and 20 °C with closed system respi-
rometry (Ulbricht and Pritchard, 1972). To start each measurement,
an individual was placed in a 10-L plastic chamber filled with 1-μm
bag-filtered seawater at ambient temperature (12–14 °C). Water tem-
perature was adjusted to the desired experimental temperature at a
rate of ~1 °C every 10 min. During this time, the chamber was left
open and the water aerated to maintain normoxia. Upon reaching the
appropriate temperature, the chamber was sealed and an oxygen elec-
trode (OrionModel 1230; Orion Research Inc., Beverly, Maine) that had
been calibrated with its calibration sleeve according to manufacturer
specificationswas inserted. A stir-bar located beneath a perforated plat-
form at the bottom of the chamber circulated water during a trial. After
allowing the system to adjust for 20 min, dissolved oxygen concentra-
tion was recorded every 5 min for 70 min or until the oxygen content
within the closed chamber reached 80% of normoxic values, whichever
occurred first. This time period ranged from 20 to 70 min depending on
the individual and experimental temperature. The decline in oxygen
content with time was linear over the duration of the trials, and the
slope of these lines was used to calculate sea star VO2 (see Section 2.3.).
Control trials (n=7 per temperature), that were identical to experimen-
tal trials but lacked an animal, were performed and these values were
used to correct for any background oxygen consumption. Individual sea
stars were tested at all three temperatures, one temperature per day
over three consecutive days. The order of temperature treatments was
randomly determined for each individual.

2.2.2. Aerial oxygen consumption
Aerial VO2 was measured in 2005 on another set of P. ochraceus indi-

viduals collected from the same site as those collected in 2004. Aerial ox-
ygen consumption values collected during a pilot study in 2004were not
significantly different from those measured in 2005 at 10, 15, and 20 °C
(ANOVA; 10 °C: F1,25=3.56, p=0.071; 15 °C: F1,25=0.79, p=0.38;
20 °C: F1,25=2.26, p=0.15, n=5 individuals at each temperature).
Thus, any interannual variability in rates of oxygen consumptionbetween
2004 and 2005 should not impact the comparisons made in the present
study.

After being maintained for a short time at FHL, animals were
transported to the University of Puget Sound in Tacoma, Washington,
where they were kept in a re-circulating seawater holding aquarium
maintained at approximately 15 °C. Animals were given at least 24 h
but not more than five days in the holding aquarium before measur-
ing aerial VO2. Sea stars were not fed while at the University of Puget
Sound, and were weighed to the nearest 0.01 g prior to experiments.

Aerial VO2 of sea stars (mean±SEM=387±19.5 g wet weight,
n=22) was measured at 10, 15, 20, and 25 °C with flow-through res-
pirometry (Huang and Newell, 2002; Marsden and Weatherhead,
1998). Individual animals were placed into 4.5-L airtight containers
that were connected with Tygon tubing to one channel of a dual-
channel oxygen analyzer (model S-3A/11; AEI Technologies, Pitts-
burgh, PA). Air was pulled through the chambers at 57 mL min−1

with a flow controller (model R-2, AEI Technologies, Pittsburgh, PA).
A parallel path lacking an animal chamber led into a second channel
of the oxygen analyzer and served as a reference. Before entering
the oxygen analyzer, air from both paths (experimental and reference)
passed through filters containing Drierite (Acros Organics, Morris
Plains, New Jersey) and soda lime (Fisher Chemicals, Fair Lawn, New
Jersey) to remove water vapor and carbon dioxide, respectively. The
system was calibrated with ambient air prior to data collection, and
data were collected at 2 Hzwith a PowerLab 2e data acquisition system
(ADInstruments, Colorado Springs, Colorado).

Groups of three to four individual animals, each animal in its own
airtight container, were tested at two temperatures each day (indi-
viduals in different groups did not respond differently to temperature
[RM ANOVA; between subjects, group, F6,15=1.364, p=0.291; with-
in subjects, temperature·group, F18,45=1.162, p=0.331]; therefore,
data collected on different days were combined). Because the tech-
nique of flow-through respirometry continually renews the oxygen
within an experimental chamber, aerial trials were run for 5–6 h,
which is typically the aerial exposure time for P. ochraceus during
low tide (Pincebourde et al., 2008). During this time, temperature
was controlled by immersing the chambers in a water bath, and the
rate of change between any two experimental temperatures was ~1 °C
every 10 min. Control trials run at a single temperature demonstrated
that sea star VO2 was not affected by the length of time they were main-
tained in experimental chambers (RMANOVA, effect of time, F1,9=0.506,
p=0.50; time·temperature interaction, F2,9=0.051, p=0.951). Al-
though the order of exposure to 10, 15, and 20 °C was random, sea stars
were never subjected to 25 °C as the first temperature because prelimi-
narywork suggested that this temperature caused themost physiological
stress (sea stars were limp and unresponsive after testing at this temper-
ature and many had extruded their stomachs). Steady-state oxygen con-
sumption at a given temperature was determined from the final
5–15 min of a trial when the oxygen content of the air exiting a chamber
remained stable (see Section 2.3). All animals used in the studywere test-
ed at all four temperatures.

2.3. Data analysis

Mass-specific aquatic VO2, in units of μmol O2 g−1 h−1, was calcu-
lated with the following equation:

VO2 ¼ Δ O2½ � � Vð Þ= t �mð Þ ð1Þ
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where Δ[O2] is the change in dissolved oxygen, V is the volume of the
chamber, t is time, and m is body mass.

Mass-specific aerial VO2, in units of μmol O2 g−1 h−1, corrected to
standard temperature and pressure in dry air (STPD), was calculated
using the following equation:

VO2 ¼ VE � ΔFO2ð Þ= 1−FIO2ð Þ �mð Þ ð2Þ

where VE is the flow rate of air exiting the respirometer, ΔFO2 is the
difference in oxygen content of air entering and exiting the respirom-
eter, FIO2 is the oxygen content of the air entering the respirometer
and m is body mass (Withers, 1977).

For both aquatic and aerial oxygen consumption, temperature
sensitivity was determined by calculating temperature coefficients
(Q10) from the following equation:

Q10 ¼ R2=R1ð Þ 10= T2−T1ð Þð Þ ð3Þ

where R1 and R2 are the VO2 measured at temperatures T1 and T2,
respectively.

Analyses of covariance (ANCOVA) were performed on the aerial
and aquatic VO2 data sets to determine if temperature or body mass
had a significant effect on sea star VO2 (SPSS version 17.0). For both
aerial and aquatic analyses, temperature was the fixed-factor and
body mass (wet weight) was the covariate. Post-hoc analyses using
the Sidak test examined the pair-wise comparisons of temperature's
effect on VO2.

To examine body size effects on VO2 and sea star energetics, both
the aquatic and aerial VO2 data were split based on the same size clas-
sifications used in the population surveys: small (b300 g), medium
(300–500 g) and large (>500 g) and average VO2 was determined
for each temperature for each size class (Table 2). Sample sizes in
the small and large size classes for these average VO2 values were
small (small: n=3 in water, n=4 in air; large: n=4 in water,
n=3 in air); however, they were used only to examine any patterns
related to body mass in a descriptive manner.

2.4. Calculations of energetic implications

To gain insight into whether or not location at low tide has potential
energetic ramifications, oxygen consumption for hypothetical sea stars
within different intertidal zones was estimated over a 10-day period in
each of the study years: 2006, 2007, and 2010. The time periods exam-
inedwere: 8/9/06–8/18/06, 6/7/07–6/16/07, and 5/15/10–5/24/10. This
analysis was restricted to the low-intertidal and mid-high intertidal
zones because these were representative of the vertical distribution
range of the sea stars. Using data from the biomimetics, estimations in-
cluded (a) how long a sea star in each zone would be submerged or
emersed, and (b) the time each would spend at, or near, each of the ex-
perimental temperatures in both water (10, 15, and 20 °C) and air (10,
15, 20, and 25 °C). Because the biomimetic temperature data were con-
tinuous, individual readings were rounded to the closest experimental

temperature such that a readingwithin±2.5 °C of a given experimental
temperature was considered to be that temperature (e.g., a biomimetic
temperature of 12.2 °C was rounded down to 10 °C, while a biomimetic
temperature of 12.7 °C, was rounded up to 15 °C).

To estimate sea star VO2 over each 10-day period, the time a sea star
was submerged or emersed at each temperature was multiplied by the
average aquatic or aerial VO2 at that temperature. These values were
multiplied by a wet weight to give the total volume of O2 consumed
for that amount of time at each temperature/mediumcondition. Adding
these values for a given individual yielded the total volume of oxygen
consumed during the 10-day period. Because body size influenced
VO2 (see Sections 3.2.1. and 3.2.2.), oxygen consumptionwas estimated
for three different sized sea stars: small (250 g), medium (400 g), and
large (550 g). The VO2 values used in each of these calculations corre-
sponded to the size class used (see end of Section 2.3.).

To estimate whether differences in oxygen consumption could have
energetic ramifications, the total volume of O2 consumed was con-
verted to joules using 0.457 kJ mmol O2

−1 (Hill et al., 2008), assuming
that the animals were metabolizing a combination of proteins, fats,
and carbohydrates (Okumus and Stirling, 1998). The energetic yield of
a regularly eaten prey item, blue mussel (Mytilus spp.), was estimated
from the literature (Okumus and Stirling, 1998), and the amount of
mussel tissue necessary to replenish the energy the sea stars used
over a 10-day period in the different intertidal zones was calculated.

3. Results

3.1. Field surveys

3.1.1. Population surveys
The average daily number of sea stars counted in surveys was 49.5±

9.3 in 2007 and 278.3±17.6 in 2010. This difference in numbers is due to
a generally higher density of animals at the wave-exposed site (Pince-
bourde, personal observation). In both years, very few sea stars were
found in the mid-high intertidal zone. At the wave-protected site in
2007, only 5.2±5.1% of sea stars were found in the mid-high intertidal,
as opposed to 42.9±14.7% in the mid intertidal and 52.9±14.9% in the
low intertidal (all values=mean±SD). When categorized by microhab-
itat type, significantly more individuals were located in heat-protected
habitats than heat-exposed habitats at all tidal heights (Pearson Chi-
Square test: χ2=57.5, pb0.001; Fig. 1A). In the low intertidal, there
were more than 14-times as many sea stars in heat-protected areas
than in heat-exposed habitats (Fig. 1A). In the mid intertidal, there were
twice as many sea stars in heat-protected areas. Of the small number of
individuals found in the mid-high intertidal, approximately equal per-
centages were found in heat-protected and heat-exposed areas (Fig. 1A).

At the wave-exposed site in 2010, most sea stars, 64.6±22.2%, were
found in the mid intertidal, while 29.0±20.8% were in the low intertidal
and only 6.4±1.6% were in the mid-high intertidal (all values=mean±
SD). Significantly more sea stars were in heat-protected areas than heat-
exposed areas (Pearson Chi-Square test: χ2=35.8, pb0.001; Fig. 1B). As
with the 2007 data, nearly 14-times as many sea stars were in heat-

Table 2
Average aquatic and aerial oxygen consumption rates (μmol O2 g−1 h−1, ±SE) for P. ochraceus of different sizes at different temperatures.

Temperature
(°C)

Average oxygen consumption (μmol O2 g−1 h−1)

All sizes Small
(b300 g)

Medium
(300–500 g)

Large
(>500 g)

Aquatic 10 0.362±0.048 0.456±0.067 0.390±0.060 0.154±0.013
15 0.604±0.032 0.672±0.101 0.607±0.040 0.541±0.031
20 0.791±0.057 0.887±0.140 0.818±0.069 0.583±0.107

Aerial 10 0.203±0.015 0.214±0.042 0.211±0.017 0.149±0.044
15 0.349±0.026 0.449±0.096 0.342±0.024 0.254±0.047
20 0.535±0.020 0.617±0.034 0.543±0.018 0.384±0.020
25 0.627±0.025 0.769±0.086 0.611±0.017 0.513±0.055

Sample sizes: Aquatic: all sizes, n=27; small, n=3; medium, n=20; large, n=4. Aerial: all sizes, n=22; small, n=4; medium, n=15; large, n=3.
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protected areas in the low intertidal as compared to heat-exposed areas
(Fig. 1B). Over four times as many sea stars were located in heat-
protected areas in the mid-intertidal, while twice as many individuals
were heat-protected in the mid-high intertidal (Fig. 1B). When data
from tidepools were removed, the average percent of P. ochraceus found
in protected habitats within the low intertidal decreased, although there
were still nearly three times more sea stars in protected habitats relative
to exposed habitats (data not shown). This observation reveals the pres-
ence ofmanymore tidepools in the low intertidal, supporting the catego-
rization of tidepools as heat-protected microhabitats.

Surveys conducted during four spring tides in 2010 showed that mi-
crohabitat use also differed with body size. For example, significantly
more large sea stars (>500 g) occupied lower intertidal heights than
did the smaller sea stars (Pearson Chi-Square test: χ2=103.3, pb0.001;
Fig. 2A). Of those individuals in the low intertidal zone, 54.8±11.2%
were in the large size class, while only 16.4±8.9% were in the small
size class. In the mid-high intertidal, an average of 26.4±31.0% of sea
stars were large, 33.0±6.9% were medium-sized, and 40.6±34.5%
were small. The total number of sea stars located in heat-exposed habitats
did not differ by body size, but many more large sea stars were found in
tidepools than small or medium-sized individuals (Pearson Chi-Square
test: χ2=185.8, pb0.001; Fig. 2B). Conversely, fewer large sea stars
were found in crevices compared to the smaller animals (Fig. 2B).

3.1.2. Biomimetic temperatures and emersion times
Water temperatures measured by immersed biomimetics differed

among the three years examined (Fig. 3). At the wave-protected site in
Horseshoe Cove, average daily water temperature was 14.5±1.4 °C be-
tween 7/24/06 and 8/21/06. By contrast, water temperature in 2007 av-
eraged only 11.6±1.5 °C from 6/6/07 and 7/16/07. In 2010, average
water temperature on the exposed coast was 9.7±0.6 °C between
5/13/10 and 5/24/10. Data collected by the Bodega Ocean Observing
Node indicates that the higher water temperatures recorded in 2006
were part of a general trend in this area, and not solely the result of col-
lecting the data later in the summer (BOON, http://bml.ucdavis.edu/
boon/index.html).

In general, emersion time of the biomimetics increased with increas-
ingheight in the intertidal. Between 7/24/06 and 8/21/06, the biomimet-
ics in the low intertidal were exposed an average of 1.5±1.4 h each day,
those in the mid intertidal were exposed 4.9±2.3 h, while biomimetics
in the mid-high intertidal were exposed for 9.1±0.8 h (mean±SD,
n=29 days for each zone). Emersion times in 2007 also increased with
tidal height: 2.1±1.7 h in the low intertidal, 5.0±1.5 h in themid inter-
tidal, and 9.0±2.4 h in the mid-high intertidal (mean±SD, n=28 days
for low andmid-high, n=14 days formid). On the exposed coast, emer-
sion times followed the samepatternwith tidal height, although the time
spent emersed at a given height tended to be less; between 5/13/10 and
5/24/10, the low intertidal biomimetic was exposed an average of 1.1

Fig. 1. Average percent of heat-exposed or heat-protected P. ochraceus found within
the designated intertidal heights during the low tides surveyed. A) 2007, wave-
protected site (n=10 tides; B) 2010, wave-exposed site (n=4 tides). Individuals cat-
egorized as heat-protected (black bars) were located in shaded crevices or other areas
out of direct sunlight. Individuals categorized as heat-exposed (gray bars) were located
fully exposed to the sun and elements. Values are mean±SD.

Fig. 2. Average percent of different sized P. ochraceus found during four spring–tide
surveys in 2010, (A) within the designated intertidal heights, and (B) within different
microhabitat types. Size classes were categorized as follows: small (b300 g, black bars),
medium (300–500 g, gray bars), and large (>500 g, white bars). Values are mean±SD.
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±2.0 h, while the mid-high intertidal biomimetic was exposed 5.9±
1.8 h (mean±SD, n=12 days for each zone).

As well as being emersed for shorter periods, biomimetics in the low
intertidal recorded lower maximum temperatures than those in the mid
or mid-high intertidal for all years investigated (Fig. 3). In 2006, mean
daily maximum aerial body temperature ranged from 16.7±1.8 °C in
the low intertidal to 19.0±3.5 °C in the mid-high intertidal (mean±
SD, n=29 days for each zone; ANOVA with intertidal height as factor:
F1,86=8.29, p=0.001). In 2007, temperatures were higher, ranging
from 19.1±4.9 °C in the low intertidal to 24.1±3.4 °C in the mid-high
intertidal (mean±SD, n=28 days for each zone; ANOVAwith intertidal
height as factor: F1,71=17.53, pb0.0001). Thewave-exposed site investi-
gated in 2010 showed cooler temperatures with non-significant differ-
ences but similar patterns: 13.8±4.1 °C in the low intertidal to 15.4±
3.7 °C in the mid-high intertidal (mean±SD, n=12 days for each
zone; ANOVA with intertidal height as factor: F1,15=0.565, p=0.465).
Overall, maximum aerial body temperature measured by biomimetics
was obtained at the mid-high intertidal height: 27 °C in 2006 and 35 °C
in 2007 at the wave-protected site, but only 22.3 °C at the wave-
exposed site in 2010.

3.2. Metabolic measurements

3.2.1. Aquatic oxygen consumption
There was no significant interaction between temperature and

body mass on aquatic VO2 (ANCOVA, temperature·mass, F2,81=2.10,
p=0.13), thus the effects of temperature and body mass were exam-
ined separately. Temperature had a significant effect on sea star aquatic
VO2 (ANCOVA, F2,80=24.20, pb0.0001; Fig. 4). Over the entire range of
temperatures tested, aquatic VO2 more than doubled between 10 and
20 °C (Table 2, “All sizes”), and post-hoc analysis showed that sea star
VO2 at each temperature was significantly different from one another
(Sidak test, pb0.001 for each comparison). The Q10 value for aquatic
oxygen consumption was 2.18 from 10 to 20 °C.

Mass-specific aquatic VO2 decreased with increasing sea star body
mass (ANCOVA, F1,80=12.10, p=0.001), though the exact nature of
the relationship between body mass and VO2 differed among the
three experimental temperatures (Appendix A). To refine the esti-
mates of sea star aquatic VO2 for energetic calculations (Section
3.3), the aquatic VO2 data were separated into three groups based
on the size classifications used in the field data: small (300 g), medi-
um (300–500 g) and large (>500 g). Averaging the values for each
size class clearly shows that VO2 per gram decreased with increasing
body size at each temperature tested (Table 2).

3.2.2. Aerial oxygen consumption
As with aquatic VO2, there was no significant interaction between

temperature and body mass for the aerial data (ANCOVA, tempera-
ture·mass, F3,87=2.29, p=0.084), and temperature had a significant
effect on sea star aerial VO2 (ANCOVA, F3,87=111.39, p b0.0001;
Fig. 4). Over the entire range of temperatures examined, average VO2

of P. ochraceus in air increased over three times between 10 and 25 °C
(Table 2). Post hoc analysis showed that VO2 at all temperatures were
significantly different from one another (Sidak test, pb0.001 for each
comparison). The Q10 values for aerial VO2 were 2.63 from 10 to 20 °C,
and 2.12 over the entire range tested (10–25 °C).

Mass-specific rates of aerial VO2 also decreased significantly with
body mass (ANCOVA, F1,87=42.96, pb0.0001). Although the strength
of the relationship varied among the different experimental tempera-
tures (Appendix A), when averaged by size class, there is a clear trend
of decreasing mass-specific VO2 with increasing body size at all tem-
peratures tested (Table 2).

3.3. P. ochraceus energetics

Combining field biomimetic measurements of body temperatures
and emersion times with laboratory measurements of VO2 enabled pre-
dictions of the energy expenditure of hypothetical sea stars over a typical
10-day period during the summer. Based on these calculations, a
medium-sized sea star (400 g) would have consumed 45–50%more ox-
ygen in 2006 than in 2007 and 2010 (Fig. 5, Table 3). Calculations also
suggest that this difference is size-dependent, such that larger individ-
uals would consume approximately 120–210% more oxygen in 2006
than they would have in 2007 and 2010, while small individuals would
have consumed approximately 30–40% more oxygen in 2006 than in
2007 and 2010 (Fig. 5, Table 3). In all cases, the increased oxygen con-
sumption estimated for 2006 was primarily caused by a higher average
water temperature (~15 °C in 2006 versus 10 °C in 2007 and 2010;
Table 3). Comparing the predicted oxygen consumption values for
2010 with those for 2006 and 2007 suggests that there is no systematic
difference in the oxygen consumption of sea stars located in a wave-
protected site (2006 and 2007) versus a wave-exposed site (2010;
Fig. 5, Table 3).

This analysis also suggests that vertical location in the intertidal
has a much smaller effect on sea star oxygen consumption than do
interannual temperature differences (Fig. 5). For example, oxygen
consumption generally differed by only ~5% for sea stars located in
the low versus the mid-high intertidal, the one clear exception
being a 26% difference for large sea stars in 2007. Finally, there was
no obvious pattern as to whether a sea star's oxygen consumption
would be higher in the low or the mid-high intertidal zone (Fig. 5)

The potential energetic implications of differences in oxygen con-
sumption were determined by converting the volumes of oxygen

Fig. 3. Average daily maximum temperature recorded by P. ochraceus biomimetics in
the water and in the low, mid, and mid-high intertidal zones at the wave-protected
site (2006 [black bars] and 2007 [gray bars]), and at the wave-exposed site (2010
[white bars]). Values are mean±SD.

Fig. 4. Oxygen consumption rates (μmol O2 g−1 h−1) of P. ochraceus in water (solid
line) and air (dashed line). Points represent means±SE (water: n=27 individuals
tested at all three temperatures; air: n=22 individuals tested at all four temperatures).
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consumed into kilojoules of energy (Table 4). This conversion shows
that sea stars used between 9.4 and 30.1 kJ over 10 days (Table 4). In-
terestingly, both the lowest and highest values estimated were for
large sea stars in the low intertidal; the lowest was during 2010
while the highest was during 2006 (Table 4). This range of energy ex-
penditure would require between 2 and 6.5 g mussel tissue. Calcula-
tions also suggest that large sea stars could have lower energy
requirements than most small and all medium-sized sea stars over
the 10 days examined in 2007 and 2010 (Fig. 5, Table 4).

4. Discussion

4.1. Oxygen consumption of P. ochraceus

Aquatic VO2 and associatedQ10 values for P. ochraceus (Fig. 4, Table 2)
are similar to values for aquatic respiration reported for other sea stars
tested within a similar temperature range (Cole and Burggren, 1981;
McElroy et al., 2012; Murphy and Jones, 1987;Webster, 1975). Compar-
ison of aerial respiration data is more limited given the scarcity of previ-
ous research. One notable exception is a study on Asterina gibbosa, a
subtidal species found off the West coast of Great Britain (Murphy and
Jones, 1987). Aerial VO2 values for A. gibbosa were roughly four times
higher than those for P. ochraceus, a difference that could be largely due
to A. gibbosa being over 100-times smaller by weight than P. ochraceus.
The Q10 for aerial VO2 was very similar between the two species: 1.90
for a 30 g A. gibbosa from 15 to 25 °C (Murphy and Jones, 1987), versus
1.80 for an average 400 g P. ochraceus across the same temperature range.

The metabolic response of intertidal animals to aerial exposure is
variable, with some species exhibiting an increase in VO2 relative to
aquatic values while others show a decrease. P. ochraceus falls within
the latter group, with aerial VO2 being about 50% of that in water
(Fig. 4, Table 2). A similar ratio was found for two intertidal snails
(McMahon and Russell-Hunter, 1977). Although most intertidal organ-
isms exhibit a lower VO2 in air than in water, a few species show higher
VO2 in air (e.g., Pollicipes polymerus, Petersen et al., 1974). Interestingly,
A. gibbosa, the only other asteroid species for which these data are avail-
able, increased its VO2 in response to aerial exposure (Murphy and Jones,
1987). The difference between P. ochraceus and A. gibbosa could be due
to differences in body size, typical habitat, and phylogeny, among other
more subtle factors. The hypothesis that body size may influence the
metabolic response to aerial exposure has precedence in a study demon-
strating that metabolism of porcelain crabs responds somewhat differ-
ently to air exposure depending on body mass (Stillman and Somero,
1996).

The mechanism by which the VO2 of P. ochraceus decreases in air
relative to water is unknown. Studies on other asteroid species dem-
onstrated that gas exchange in seawater occurs over both the aboral
and oral surface through papulae and tube feet, respectively (Cole and
Burggren, 1981). Observations indicated that the podia of A. gibbosa re-
tract in airwhile the papulae become limp and rest on the aboral surface
(Murphy and Jones, 1987), presumably rendering them less efficient at
gas exchange by decreasing surface area and increasing diffusion dis-
tance. If such a change also occurs in P. ochraceus, it could provide a
mechanism to explain the reduced VO2 in air. Lower VO2 in air relative
to water could also indicate increased reliance on anaerobic energy
sources, a phenomenon observed in some intertidal bivalves and barna-
cles (Newell, 1973; Shick et al., 1988). There is evidence that anaerobic
pathways may contribute to overall metabolism in echinoderms under
all environmental conditions (Greenwood, 1980; Miller and Mann,
1973; Shick, 1983), but this rate appears to beunaffected by aerial expo-
sure (Stickle, 1988). Therefore, a shift to more anaerobic sources by
P. ochraceus during aerial exposure is unlikely.

4.2. Cost of emersion

4.2.1. Effects of intertidal location
Estimates of sea star VO2 during the summers of 2006, 2007, and

2010 revealed only modest energetic differences between low and
mid-high intertidal locations (Fig. 5, Tables 3 and 4). These small dif-
ferences are due to two interconnected reasons: (1) the sea stars in
both zones spend substantially more time each day submerged than
emersed, and (2) their aquatic VO2 is nearly twice their aerial VO2

at any given temperature (Table 2). Thus, the oxygen consumed in
water would dominate that consumed in air, minimizing the energet-
ic differences between sea stars located in the low and mid-high in-
tertidal. This result seems counter-intuitive, since the mid-high zone
is generally regarded as a much harsher location for sea stars than
the low zone. Indeed, very few sea stars were located high in the in-
tertidal zone at low tide (Fig. 1). Garza and Robles (2010) found

Fig. 5. Total oxygen consumption (mmol O2) estimated for different sized sea stars lo-
cated in the low (black bars) and mid-high (white bars) intertidal over 10 days during
the summers of 2006, 2007, and 2010.

Table 3
Estimates of the oxygen consumed (mmol) by hypothetical sea stars in different intertidal zones over 10 days during the summers of 2006, 2007, and 2010.

Year Intertidal
zone

Small (b300 g) Medium (300–500 g) Large (>500 g)

O2 consumed
in water

O2 consumed
in air

Total O2

consumed
O2 consumed
in water

O2 consumed
in air

Total O2

consumed
O2 consumed
in water

O2 consumed
in air

Total O2

consumed

2006 Low 35.7 2.3 38.0 51.5 3.1 54.6 62.8 3.1 65.9
Mid-high 29.9 6.8 36.7 43.2 9.0 52.2 53 9.0 62.0

2007 Low 24.2 2.4 26.7 33.2 3.4 36.6 18.1 3.4 21.5
Mid-high 16.3 12.1 28.4 22.3 16.3 38.5 22.3 16.7 29.0

2010 Low 25.8 1.0 26.9 35.3 1.4 36.7 19.1 1.4 20.6
Mid-high 22.6 3.8 26.4 30.9 5.1 36.0 16.8 5.1 21.9
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that P. ochraceus actively avoided being emersed high in the intertidal
by moving with the tides. The results of the current analysis suggest
that the direct cost of emersion alone cannot explain the vertical dis-
tribution of sea stars at low tide (see below).

Comparing results of the analysis for 2007 and 2010, two years
with similar water temperatures, also suggests that the direct ener-
getic costs seen in wave-protected and wave-exposed sites can be
very similar. However, subtle differences do seem to exist. For exam-
ple, predictions show that while sea stars within the low-intertidal
zone at both sites are predicted to use about the same amount of en-
ergy over the 10-day periods in 2007 and 2010, those in the mid-high
zone would have greater energy requirements in the wave-protected
site than in the wave-exposed site. This difference is due to greater
aerial temperatures at the wave-protected site relative to the wave-
exposed site. Indeed wave splash induced lower aerial body temper-
atures for any intertidal height compared to wave-protected sites
(Fitzhenry et al., 2004). Moreover, predictions show that this effect
appears to increase with increasing body mass (Table 4).

4.2.2. Effects of temperature
While these calculations predict very modest differences in direct

energetic costs to sea stars at different intertidal heights, they showed
much larger differences between the years examined. All sizes of hypo-
thetical sea stars consumedmuchmore oxygen in 2006 than in 2007 (at
the same site) or 2010 (at the wave-exposed site; Fig. 5). At the wave-
protected site, aerial temperatures were warmer in 2007 than in 2006,
but water temperature averaged 3 °C higher in 2006, causing a large in-
crease in oxygen consumed while submerged (Table 3). Therefore,
slight water temperature variations appear to have much larger effects
on sea star oxygen consumption than do large differences in aerial body
temperature. Nevertheless, Pincebourde et al. (2008) reported that ex-
posure to a single warm low tide event over an eight-day period caused
a 60% increase in feeding rate in P. ochraceus. The amplitude of this in-
crease is similar to the increase in oxygen consumption between the
15 and 25 °C temperature treatments found in the present study. This
result, therefore, corroborates the hypothesis that P. ochraceus compen-
sate for the energetic costs associated with an acute exposure to high
aerial body temperature by increasing feeding rate (Pincebourde et al.,
2008, 2012). Pincebourde et al. (2008) also showed that prolonged in-
creases in aerial body temperature (from 16 °C to 26 °C) have substan-
tial negative effects on feeding rate that cannot be explained by these
metabolic rate estimates. This result suggests that energetic costs
other than those associated with changes in metabolic rate probably
play a large role in determining the energetic and behavioral responses
to emersion (Robles et al., 2009). Sanford (1999) found that a 3 °C in-
crease in water temperature caused P. ochraceus to consume 29%
more mussels at 12 °C than at 9 °C. The current work shows that in-
creasing water temperatures increased oxygen consumption and,
therefore, energetic expenditure. To avoid energetic deficits, sea stars
likely need to increase their feeding rates to match the higher energetic
cost of warmer water temperatures. The calculations presented here sug-
gest that sea stars needed to consume 2–4 g more mussel tissue over
10 days to meet energetic demands in 2006 versus 2007 or 2010

(Table 4). This increase of about 30% for an average-sized sea star is nearly
identical to Sanford's (1999)finding. A pertinent next step is to determine
whether a 30% increase in feeding rate is enough to alter community
structure.

Along the California coast, water temperatures naturally vary with
events such as El Niño and the Pacific Decadal Oscillation (PDO).
Water temperatures in the summer of 2006 were warmer than in
2007 and, in fact, the summer of 2006 marked an El Niño phase that
had passed by the summer of 2007 (Southern Oscillation Index of El
Niño phase for 2006 and 2007 was obtained from http://www.ncdc.
noaa.gov/sotc/enso). Therefore, P. ochraceus energetic demands would
fluctuate greatly with these natural environmental cycles, which may
have implications for rocky intertidal community structure. This fluctu-
ation in P. ochraceus energetics with environmental cycles has also been
documented by Sanford (2002a,b), as well as by other investigators for
other intertidal organisms (e.g. Helmuth, 2002; Urban and Tarazona,
1996; Wethey et al., 2011; Yamane and Gilman, 2009). Indeed, the bio-
energetic approach such as developed in this study supports the fact
that global environmental fluctuations in aquatic media can be a rea-
sonable proxy to determine the effects of global climate on the metab-
olism of intertidal organisms, at least for those organisms living in the
low intertidal. Measuring the metabolic rate during each lifetime
phase of an organism can provide important insights into how environ-
mental fluctuations modulate the bioenergetics of organisms.

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.jembe.2012.04.007.
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