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INTRODUCTION

Macroalgae that inhabit the intertidal zone of wave-
swept rocky shores must tolerate a wide range of
physiological stresses on a daily basis. When the tide
recedes, these marine organisms are exposed to terres-
trial conditions in which they face increased tempera-
ture, light, and desiccation stresses. Past studies have
shown that differences in tolerance to these environ-
mental stresses contribute directly to zonation pat-
terns, biogeographic distributions, and community
structure along the shore (Mathieson & Burns 1971,
Johnson et al. 1974, Smith & Berry 1986, Davison &
Pearson 1996). Thus, understanding physiological lim-

its of individual species may help explain current spe-
cies distributions and improve predictions of species
responses to environmental shifts associated with cli-
mate change (e.g. Mykles et al. 2010, Portner 2010,
Somero 2010).

Marine macroalgae possess a broad repertoire of
defenses to protect them from environmental stresses
during a typical low tide. For example, to combat tem-
perature stress, algae may upregulate heat-shock pro-
teins (HSPs) to maintain metabolic function as temper-
atures rise (e.g. Li & Brawley 2004, Henkel & Hofmann
2008). To slow dehydration, some algae retain water by
growing as a dense turf (Hay 1981, Padilla 1984, Tay-
lor & Hay 1984) or as a water-filled sac (Oates 1985,
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Matta & Chapman 1995). Other algae readily dehy-
drate, only to rehydrate and recover when the tide
returns (Bell 1993, Lipkin et al. 1993). To avoid pho-
toinhibition, macroalgae may adjust their pigment
composition in high light environments (e.g. Beach &
Smith 1996) or dissipate light energy as heat (Fork et
al. 1986).

However, when low tides occur on particularly hot,
sunny days, intertidal macroalgae often sustain physi-
ological damage and ‘bleach’ (e.g. Hodgson 1981, Kain
& Norton 1990, Scrosati & DeWreede 1998, Hunt &
Denny 2008). Algal bleaching results in a degradation
and loss of photosynthetic pigments, often leading to
death (Hodgson 1981, Davison & Pearson 1996; but see
Biebl 1952, Clark et al. 2004, Irving et al. 2004).
Although the consequences of bleaching events are
clear, the precise cause is not well understood, in part
because emersed algae experience some combination
of light, temperature, and desiccation stresses. Bleach-
ing may be caused primarily by one stressor or by an
interaction of multiple stressors (e.g. Matta & Chap-
man 1995). Assuming bleaching represents a break-
down of some physiological defense, we must pinpoint
the environmental cause of bleaching events before
we can explore physiological underpinnings and envi-
ronmental thresholds.

Subtidal studies have demonstrated that, by clearing
away surrounding kelp canopies, a sudden increase in
light intensity is sufficient to induce bleaching in
encrusting coralline algae (Irving et al. 2004). How-
ever, intertidal studies employing the same methodol-
ogy are more difficult to interpret (Figueiredo et al.
2000) as clearing intertidal kelp canopies simultane-
ously affects light, desiccation, and temperature re-
gimes. Experimental thinning of intertidal turfs (e.g.
Hay 1981, Padilla 1984, Scrosati & DeWreede 1998) are
similarly confounded; observations of tips of algal turfs
bleaching while moist, dark, cool cores remain healthy
are open to interpretation (Hunt & Denny 2008). Sud-
den shifts in the vertical distribution of intertidal algae
after exposure to high air temperatures (Harley &
Paine 2009) may be just as easily caused by increased
desiccation stress, since thallus temperature and desic-
cation are tightly linked (Bell 1995). Moreover, envi-
ronmental stressors can interact in unanticipated ways.
For example, dehydration has been shown to increase
high-temperature tolerance in some intertidal sea-
weeds (e.g. Smith & Berry 1986, Davison & Pearson
1996, Hunt & Denny 2008).

Here we examined the causes of bleaching in the
articulated coralline alga Calliarthron tuberculosum
(Postels & Ruprecht) E. Y. Dawson (Corallinales,
Rhodophyta), which grows in subtidal and intertidal
habitats throughout the northeast Pacific. Intertidal
fronds of C. tuberculosum generally live low on the

shore (<0.5 m tide height) or in mid-intertidal tide-
pools, where exposure to extreme temperature, desic-
cation, and light stresses is likely minimized during
low tide. Fronds of C. tuberculosum growing near the
surface of tidepools periodically bleach, revealing the
bright white calcium carbonate deposited within
coralline cell walls. Bleached segments of intertidal
C. tuberculosum do not recover when maintained in
re-circulating aquaria, and bleached fronds carefully
tracked in the field disappear entirely within a few
weeks (P. T. Martone unpubl. data). Thus, at least for
C. tuberculosum, bleaching signifies that some physio-
logical threshold has been irreversibly surpassed.
Bleaching in intertidal algae may generally represent
irreparable damage, since recovery from bleaching
events is often due to growth of new fronds from basal
crusts not re-pigmentation of bleached fronds (e.g.
Scrosati & DeWreede 1998, Harley & Paine 2009).
When basal crusts are damaged, then algae are likely
killed entirely (Harley & Paine 2009).

For Calliarthron. tuberculosum, bleaching events
are indicative of habitat constraints imposed by envi-
ronmental stressors, lending insight into why mid-
intertidal fronds rarely emerge from tidepools.
Coralline algae are central components of intertidal
communities around the world, occupying primary
space (e.g. Paine 1984, Steneck 1986) and providing
both habitat (Dommasnes 1968, Akioka et al. 1999,
Kelaher 2002) and settlement cues (e.g. Rumrill &
Cameron 1983, Williams et al. 2008) for many inverte-
brate taxa. Thus, understanding the precise environ-
mental cause of bleaching will help explain the distrib-
ution of C. tuberculosum along the shore and inform
the ecology of associated organisms.

In this study, we independently manipulated light,
temperature, and desiccation stresses in a series of lab-
oratory experiments to explore the causes of bleaching
in Calliarthron tuberculosum. We first tested whether
fronds bleach when submerged in tidepools, and then
explored the individual and combined effects of light,
temperature, and desiccation stresses on the rate and
extent of bleaching in emersed fronds.

MATERIALS AND METHODS

Sample collection. Fronds of Calliarthron tuber-
culosum were taken from a single mid-intertidal tide-
pool (ca. 1.5 × 0.5 × 0.5 m deep) at Hopkins Marine
Station (HMS) in Pacific Grove, California, USA
(36° 37’ 18.2’ N, 121° 54’ 14.7’ W) during July 2008.
Fronds were placed in a shaded outdoor water table for
1 to 2 d to stabilize after collection. The water table was
covered with a tan-colored tarp that allowed little sun-
light to penetrate (<50 µE m–2 s–1).
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Environmental factors. Coralline fronds were
bleached in the laboratory by exposing them to exper-
imentally controlled levels of humidity, temperature,
and light in fully factorial manipulations. Samples
were placed on elevated platforms inside plastic con-
tainers, which were then sealed with clear plastic wrap
(Fig. 1). For emersed treatments, relative humidity
(RH) was controlled by adding desiccant or water to
the bottom of the containers; 33% RH (representative
of extremely dry sunny days at HMS; M. W. Denny
pers. comm.) was maintained by adding an excess of
magnesium chloride hexahydrate to tap water and
100% RH was maintained by adding only tap water.
For submersed treatments, samples were submerged
by filling containers with seawater. For all treatments,
temperature was controlled by setting sample contain-
ers in a shallow temperature-controlled water bath.
Light was controlled by placing the water bath and
sample containers under 4 incandescent spotlights
(120 W, 120 V, 1600 Lumens, R40) (Fig. 1). A transpar-
ent tray of water was positioned below the light bulbs
to absorb infrared radiation, minimizing heat delivered
to samples and facilitating temperature control using
the water bath. Bulbs were physically lowered to yield
1000 W m–2 (representing full sun) or raised to yield

370 W m–2 (representing overcast skies). The effects of
UV radiation were not explored since preliminary
experiments conducted outside under full sunlight
yielded similar results (M. Alyono unpubl. data). For
dark treatments (0 W m–2), sample containers were
completely covered with aluminum foil.

Monitoring bleaching over time. To track the rate
and extent of bleaching over time, 1 cm branches
including apical meristems (n = 9) were dissected from
each experimental frond (n = 5) and placed into 9 sam-
ple containers, corresponding to 0, 10, 20, 30, 40, 50,
60, 120, and 180 min time intervals (Fig. 1). Thus, each
sample container contained 5 meristems representing
5 replicate fronds. Sample containers were sealed and
then exposed to experimental bleaching treatments
simultaneously. According to the 9 time intervals,
1 container was immediately removed from the expe-
riment (t = 0 min) as a control. Other containers were
individually removed every 10 min for the first hour
and then after 2 and 3 h. Samples taken from contain-
ers removed from experimental treatment were imme-
diately quenched in 15°C seawater, representing the
return of the tide, and transferred back to the shaded
water table described in ‘Sample collection’. Samples
were left in running seawater for 5 d to recover or

bleach. This protocol permitted us to track
the temporal progression of bleaching in
individual fronds.

Thallus color and pigment analysis.
After 5 d, digital photos were taken of all
samples under precisely the same light
and camera settings. Sample color was
measured from digital images using
ImageJ software (v 1.36b, National Insti-
tutes of Health, Bethesda, Massachusetts,
USA), which yielded an average shade
value, from 0 (black) to 255 (white), for the
surface of samples. Samples were stored at
–80°C for future pigment analysis.

To correlate color value to pigment loss,
chlorophyll (chl) a content of a random
selection of samples (n = 50) was quantified
using spectrophotometric methods. The
dry mass of samples of varying raw color
value was recorded. Samples were then
extracted at 4°C in the dark in 90% ace-
tone overnight. Extract color was quanti-
fied using a spectrophotometer (Shimadzu
UV-Visible Spectrophotometer UV-1601).
Mass of chl a g–1 of calcified biomass was
calculated from spectrophotometric equa-
tions (Jeffrey & Humphrey 1975). Chl a
content was significantly correlated with
average color value (chl a = –0.0016 × color-
value + 0.3107, R2 = 0.68, p < 0.001), and
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Fig. 1. Experimental set-up. Branches dissected from individual fronds were
placed into separate sample containers, representing different time (min)
intervals. Containers were sealed to control humidity, placed in a water bath
to control temperature, and positioned under lights to control irradiance. 

See ‘Materials and methods’ for details 
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this equation was used to convert the color values of all
samples to chl a content. Loss of pigment over time was
quantified by dividing chl a content at each time step
by the chl a content of samples at t = 0, expressed as
percent original chl a. For each frond, percentages
were normalized by the highest percent chl a across all
times to ensure that values were always ≤ 100%.

Expt 1: Bleaching of submerged fronds. To explore
whether submerged Calliarthron tuberculosum fronds
bleach at high tide, sample containers were flooded-
with seawater. Temperature (2 levels: 15 and 30°C)
and light (3 levels: 0, 370, 1000 W m–2) were varied in
fully factorial manipulations. Meristems from 5 fronds
were subjected to each combination of environmental
parameters (6 treatments) and monitored over 3 h.
Bleaching of samples (n = 270 branches) was quanti-
fied as described above.

As little bleaching was documented in submerged
fronds (even the most bleached branch retained
approximately 74% pigmentation after 3 h), only data
from 10 and 180 min timepoints were compared. Per-
cent data were arcsin-squareroot transformed and
analyzed using a 3-way ANOVA with Temperature
(2 levels: 15 and 30°C), Light (3 levels: 0, 370, 1000 W
m–2), and Time (2 levels: 10 and 180 min) as orthogonal
fixed factors. ANOVA results were further analyzed
using Tukey’s HSD post-hoc comparisons.

Expt 2: Bleaching of emersed fronds. To explore the
induction of bleaching in Calliarthron. tuberculosum
fronds emersed at low tide, Temperature (2 levels: 15
and 30°C), Light (3 levels: 0, 370, 1000 W m–2), and
Humidity (2 levels: 33 and 100% RH) were varied in
fully factorial manipulations. Meristems from 5 fronds
were subjected to each combination of environmental
parameters (12 treatments) and monitored over 3 h.
Bleaching of samples (n = 540 branches) was quanti-
fied as described above.

Data were initially analyzed using repeated-
measures ANOVA, including Time as a factor. Not
surprisingly Time was significant, since pigmentation
changed over the course of the experiments, as were
most 2-, 3-, and 4-way interactions with other factors.
Results from this preliminary analysis are not included
here. Instead, to facilitate data interpretation and
presentation, data were analyzed separately for 30,
60, and 120 min time intervals, representing low
tides of 3 varying durations. Percent data were arcsin-
squareroot transformed and analyzed using 3-way
ANOVA with Temperature, Light, and Humidity as
orthogonal fixed factors. ANOVA results were further
analyzed using Tukey’s HSD post-hoc comparisons. To
explore the relative contribution of environmental
effects to bleaching, variance components and magni-
tude of effects (ω2) were calculated for each timepoint
(see Graham & Edwards 2001).

To explore the rate of pigment loss under various
environmental stressors, bleaching data were ana-
lyzed to estimate the time required for fronds to lose
50% pigmentation. 15°C, 0 W m–2, and 100% RH were
considered non-stressful ‘null’ levels of temperature,
light, and humidity, respectively, whereas 30°C,
1000 W m–2, and 33% RH were considered stressful.
These stressors were respectively called ‘Hot,’ ‘Bright,’
and ‘Dry’. Bleaching trials exploring all combinations
of stressful and non-stressful treatments were ana-
lyzed. Treatment effects were described according to
deviations from null conditions (e.g. ‘Hot and Dry’
treatment was 30°C, 33% RH, and 0 W m–2; ‘Bright and
Dry’ was 15°C, 33% RH, and 1000 W m–2). Data docu-
menting the decline of branch pigmentation over time
were re-examined for each experimental frond (n = 5)
in each treatment, and the mean time interval at which
the pigment content of any branch dropped below
50% of initial pigmentation was noted. If pigment con-
tent of branches from any frond failed to drop below
50% during the 3 h experiment, the time to 50%
bleached was estimated from a linear extrapolation of
experimental data. Time data were log-transformed to
ensure normal distributions and analyzed with a 3-way
ANOVA with Temperature (2 levels), Light (2 levels),
and Humidity (2 levels) as orthogonal fixed factors.
ANOVA results were then analyzed using Tukey’s
HSD post-hoc comparisons.

Statistics. All statistical tests were performed using
JMPIN (Version 4.0.4, SAS Institute, Cary, North Car-
olina, USA).

RESULTS

Bleaching of submerged fronds

Submerged fronds bleached very little over the
course of the experiment. There was no significant ef-
fect of light on pigment loss, but there was a significant
interaction between temperature and time (Table 1).
After 3 h, fronds submerged in 15°C seawater did not
experience significant pigment loss (Fig. 2). Fronds
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Table 1. ANOVA results for submerged bleaching experi-
ment. Bold indicates significant effect. Temp: temperature

Effect df SS F ratio p

Time 1 0.35 16.86 <0.001
Light 2 0.01 0.17 0.85
Temp 1 0.11 0.63 <0.05
Time × Light 2 0.03 5.24 0.54
Time × Temp 1 0.18 8.54 <0.01
Light × Temp 2 0.03 0.72 0.49
Time × Light × Temp 2 0.01 0.35 0.71
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submerged in 30°C seawater experienced significantly
more bleaching than other treatments (Tukey’s HSD,
p < 0.05), yet still retained 74.1 ± 2.8% (mean ± SEM)
of original pigment content (Fig. 2).

Bleaching of emersed fronds

Emersed fronds were bleached in the laboratory
under various combinations of temperature, light, and
humidity. The individual and interactive effects of
environmental stressors varied through time.

After 30 min, there was a significant effect of humid-
ity (Table 2). Fronds held at 100% RH retained 87.8 ±
2.3% (mean ± SEM) of their original pigment, while
fronds held at 33% RH lost significantly more pigment,
retaining only 57.5 ± 2.4% of their original pigment
(Fig. 3A). In addition, there was a significant inter-
action between light and temperature (Table 2). The
30°C temperature treatment induced significantly
more bleaching (65.8 ± 5.1% pigment remaining), but
only when combined with bright light (Fig. 3B; Tukey’s
HSD, p < 0.05). Light did not significantly affect pig-
ment loss when samples were tested at 15°C.

After 60 min, there were significant interactions
between humidity and temperature and between
humidity and light (Table 2). Humidity had a strong
effect on pigment loss. Samples held at 100% RH lost
significantly more pigment under bright lights than
under dark or dim conditions (Fig. 4A; Tukey’s HSD,
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Fig. 2. Calliarthron tuberculosum. Effect of temperature and
time on pigment loss (mean ± SE) of submerged fronds. Dif-
ferent letters indicate significant differences (Tukey’s HSD, 

p < 0.05)

Fig. 3. Calliarthron tuberculosum. Pigment lost (mean ± SE)
after 30 min of emersion stress. (A) Effect of desiccation and
(B) interactive effects of light and temperature. Different
letters indicate significant differences (Tukey’s HSD, p < 0.05)

Fig. 4. Calliarthron tuberculosum. Pigment lost (mean ± SE)
after 60 min of emersion stress. (A) Interactive effects of desic-
cation and light, and (B) interactive effects of desiccation and
temperature. Different letters indicate significant differences

(Tukey’s HSD, p < 0.05)
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p < 0.05). However, when humidity was reduced to
33% RH, the amount of pigment lost by fronds was not
different across light levels (approx. 50%; Fig. 4A).
Samples held at 100% RH lost significantly more pig-
ment at 30°C than at 15°C (Fig. 4B). However, when
humidity was reduced to 33% RH, pigmentation was
significantly reduced compared to high humidity treat-
ments and was not different among temperatures
(Fig. 4B; Tukey’s HSD, p < 0.05).

After 120 min, there was a significant 3-way inter-
action among environmental stressors (Table 2).
Tukey’s HSD was unable to resolve significant differ-
ences among most treatments, so all comparisons were
made to the least stressful cold-dark-humid treatment.
Reducing humidity to 33% RH induced sig-
nificant bleaching (ca. 40 to 50% pigment
remaining) across all temperature and light
levels (Fig. 5; Tukey’s HSD, p < 0.05).
Regardless of humidity and temperature,
bright light caused significant bleaching,
and dim light caused significant bleaching
only at 30°C. Across all light and humidity
treatments, elevated temperature did not
significantly affect pigment loss (Fig. 5).

In sum, temperature, light, and desicca-
tion stresses explained 60 to 70% of the
variation in pigment loss over time (Fig. 6).
After 30 min, desiccation was the primary
cause of bleaching, explaining 52.8% of the
variation in pigmentation, while light and

temperature had little effect (0.1% and
3.4%, respectively). The effect of desic-
cation remained significant but decrea-
sed slightly through time, explaining
33.8% of pigment loss after 60 min and
28.0% of pigment loss after 120 min
(Fig. 6). Conversely, the effect of light
increased over time, explaining 12.6%
of pigment loss after 60 min and 30.2%
of pigment loss after 120 min. Temper-
ature had a negligible effect on pig-
ment loss over time, explaining just
1.0% of the variation after 60 min and
0.0% of the variation after 120 min
(Fig. 6). Interactive effects among stres-
sors increased over time, explaining
5.8% of pigment loss after 30 min,
13.3% of pigment loss after 60 min, and
15.4% of pigment loss after 120 min.

Time to 50% bleached

Fronds monitored in the dark at
15°C and 100% RH (‘Null’ treatment)

did not significantly bleach over the course of the
experiments, and were predicted to retain pigmenta-
tion for at least 5 h, on average, and perhaps longer
(Fig. 7). Individually, bright light and low humidity
caused bleaching to significantly accelerate, causing
fronds to bleach in 58.1 ± 9.1 min (mean ± SEM) and
42.0 ± 4.9 min, respectively. Increased temperature
alone did not significantly affect bleaching rate
(Fig. 7; Tukey’s HSD, p < 0.05). Pairwise combina-
tions of environmental stressors did not cause fronds
to bleach significantly faster than bright light or low
humidity alone. The most stressful treatment (30°C,
1000 W m–2, 33% RH) caused fronds to bleach after
24.0 ± 5.1 min (Fig. 7).
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Fig. 5. Calliarthron tuberculosum. Pigment lost (mean ± SE) after 120 min of
emersion stress, illustrating the interactive effects of desiccation, light, and
temperature. Different letters indicate significant differences (Tukey’s HSD, 

p < 0.05)

Table 2. ANOVA results after 30, 60, and 120 min of emersion stress. Bold indi-
cates significant effect. Temp: temperature

Duration Effect df SS F Ratio p

30 min Light 2 0.06 1.05 0.36
Temp 1 0.17 6.41 <0.01
Humid 1 2.23 84.64 <0.001
Light × Temp 2 0.20 3.86 <0.05
Light × Humid 2 0.02 0.29 0.75
Temp × Humid 1 0.02 0.64 0.43
Light × Temp × Humid 2 0.01 0.10 0.90

60 min Light 2 0.48 10.59 <0.001
Temp 1 0.06 2.46 0.12
Humid 1 1.19 52.43 <0.001
Light × Temp 2 0.06 1.26 0.29
Light × Humid 2 0.27 5.94 <0.01
Temp × Humid 1 0.19 8.56 <0.01
Light × Temp × Humid 2 0.10 2.11 0.13

120 min Light 2 0.99 35.24 <0.001
Temp 1 0.01 1.04 0.31
Humid 1 0.91 64.63 <0.001
Light × Temp 2 0.07 2.63 0.08
Light × Humid 2 0.35 12.56 <0.001
Temp × Humid 1 0.00 0.03 0.86
Light × Temp × Humid 2 0.13 4.75 <0.01
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DISCUSSION

Intertidal seaweeds must cope with a suite of physio-
logical stressors when low tides coincide with hot
sunny weather (Davison & Pearson 1996). Increased
irradiance, temperature, and desiccation stresses may
act independently or in combination to damage algal
thalli and cause them to ‘bleach’ (e.g. Hodgson 1981,
Kain & Norton 1990, Scrosati & DeWreede 1998, Hunt
& Denny 2008). Some intertidal seaweeds, such as the
coralline Calliarthron tuberculosum, are commonly re-
legated to tidepools, suggesting that one or more of
these physiological stressors limits their emergence. In
the present study, we carefully controlled environmen-
tal parameters in the laboratory to explore their indi-

vidual and combined effects on pigment degradation
and, for the first time, describe the underlying cause of
bleaching events in the field.

Submerged intertidal fronds rarely bleach

Although fronds of the coralline alga Calliarthron
tuberculosum are often found bleached near the peri-
phery of tidepools, data presented here suggest that
significant bleaching does not occur when fronds of
C. tuberculosum are submerged. Although experimen-
tal fronds started to bleach when submerged in 30°C
seawater for 3 h, it is unlikely that tidepools at HMS
reach and sustain this high temperature for longer than
3 h to induce additional pigment loss. Nevertheless,
Helmuth & Hofmann (2001) recorded a maximum tem-
perature of 29.8°C in a small tidepool at HMS, and we
cannot rule out the possibility that slightly cooler tem-
peratures sustained for a longer duration may also
induce bleaching. Our data suggest that bleached
fronds were more likely to have been physiologically
stressed when emersed during previous low tides and
then lost pigmentation over the course of re-immersion.
Experimentally stressed fronds would often appear
healthy for several hours after treatment, but would
slowly lose pigmentation over several days when sub-
merged in flowing seawater.

That submerged Calliarthron tuberculosum fronds
do not bleach is in contrast to anecdotal accounts of
subtidal C. tuberculosum fronds bleaching when kelp
canopies are removed (M. Foster pers. comm.) and ob-
servations (P. T. Martone pers. obs.) of bleached C. tu-
berculosum growing deeply submerged (ca. 20 cm)

within tidepools along Vancouver Island,
British Columbia, Canada. This suggests
that fronds may exhibit local adaptation
and differ in their susceptibility to envi-
ronmental parameters, such as light. For
example, intertidal fronds growing in
central California, may be well-adapted
to high light conditions and may be less
susceptible to sudden increases in light
exposure, possibly explaining why light
did not have a strong effect on bleaching
in experimental fronds. However, C. tu-
berculosum populations growing sub-
tidally or intertidally under cloudy skies
in coastal British Columbia are perhaps
better adapted to low-light conditions
and, therefore, more susceptible to
bleaching when light suddenly increa-
ses. Future experiments could compare
subtidal and intertidal populations or
intertidal populations along a latitudinal
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Fig. 6. Calliarthron tuberculosum. Relative contribution of en-
vironmental stressors to bleaching of emersed fronds over time

Fig. 7. Calliarthron tuberculosum. Time (mean ± SE) to 50% pigment loss of
emersed fronds under different stressor combinations. See ‘Materials and
methods’ for details. Experimental fronds emersed in the ‘Null’ treatment
(15°C, 0 W m–2, and 100% RH) were predicted to retain pigmentation after 5 h
of emersion. Different letters indicate significant differences (Tukey’s HSD, 

p < 0.05)
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gradient to resolve this putative effect of local adap-
tation and differential responses to environmental
stress.

Causes of bleaching in emersed corallines

Although temperature and light stresses exacerba-
ted the extent of bleaching through time, data pre-
sented here suggest that desiccation is the strongest
driver of bleaching in intertidal Calliarthron tuberculo-
sum fronds. The low humidity treatment was sufficient
to induce bleaching in C. tuberculosum fronds regard-
less of light or temperature: desiccating fronds even
bleached in complete darkness at 15°C. This conclu-
sion is supported by several other studies that also
found desiccation to be the most harmful intertidal
stress affecting seaweeds (Hodgson 1981, Smith &
Berry 1986, Matta & Chapman 1995) and a significant
driver of intertidal zonation patterns (e.g. Biebl 1952,
Johnson et al. 1974). Susceptibility of C. tuberculosum
to desiccation stress during low tides may be linked to
its sparsely branched morphology and low water con-
tent (28.3% wet mass) (Padilla 1984, Bell 1995) and
may explain why mid-intertidal C. tuberculosum are
rarely found growing out of tidepools, even in shaded
habitats or cooler climates, such as the Pacific coast of
Vancouver Island.

The extent of bleaching due to desiccation was
undoubtedly linked, at least in part, to the extremely
low humidity (33% RH) selected for the experiments.
Although extreme, this RH value is not unrealistic. The
average RH recorded at HMS every 10 min from 1 Au-
gust 2006 to 5 May 2009 was 80.6 ± 11.6% (mean ± SD)
(M. W. Denny pers. comm.). However, warm sunny
weather often led to a significant reduction in relative
humidity. From 2006 to 2009, when air temperature
exceeded 20°C the average RH was 50.2 ± 15.5%, and
when air temperature exceeded 25°C the average RH
was 31.8 ± 9.8%. At 50 and 80% RH, desiccation would
likely occur more slowly, perhaps reducing the rate or
extent of bleaching and, concomitantly, the statistical
significance of this experimental factor. This uncer-
tainty and inability to predict responses to alternative
untested treatments is one major limitation of the fac-
torial experimental design used here. Nevertheless,
because coralline algae predominantly bleach during
warm sunny weather, desiccation stress is expected to
be highly significant.

Desiccation increases the production of reactive oxy-
gen species (ROS), which are known to cause signifi-
cant intercellular damage (Vicré et al. 2004, Kranner &
Birtic 2005). In particular, ROS have been directly
linked to pigment degradation in coralline algae;
bleaching in the coralline Corallina officinalis was sig-

nificantly reduced by the addition of antioxidants
(Latham 2008). Desiccation also adversely affects cel-
lular membranes (e.g. Dhindsa & Bewley 1977, Hurd &
Dring 1991) and may be especially damaging to the
plasmalemma of coralline algal cells, which are
encased within rigidly calcified cell walls that do not
shrink with water loss. As coralline cells dehydrate,
contract, and recede from surrounding calcified walls,
plasma membranes may tear. Such plasmolysis has not
been reported in desiccating corallines, but it has been
documented in desiccating plants (Vicré et al. 2004)
and osmotically stressed algae (Biebl 1962, Lobban &
Harrison 1997), and is often, but not always, irrepara-
ble (see Pollock & Pickett-Heaps 2005). It is interesting
to note that the closely-related articulated coralline
Corallina vancouveriensis is able to survive out of tide-
pools and live much higher on the shore because its
finely branched morphology traps water and thereby
delays desiccation during low tides (Padilla 1984).

Although desiccation had the strongest effect on pig-
ment degradation, light played an increasingly impor-
tant role through time (Fig. 6). For example, after
30 min of emersion, bright light only induced bleach-
ing when combined with high temperature (Fig. 3A).
However, after 1 h of emergence, the amount of
bleaching induced by the bright light and low humid-
ity treatments was not significantly different (Fig. 4A),
and after 2 h of emergence, variance in light and
humidity explained a similar amount of the overall
variation in frond pigmentation (Fig. 6). Although light
quantity and quality have been shown to affect pig-
mentation in marine macroalgae (e.g. Beach & Smith
1996, Häder & Figueroa 1997, Clark et al. 2004) includ-
ing corallines (e.g. Algarra et al. 1991, Irving et al.
2004), light stress may have less of an effect on photo-
synthetic performance than desiccation (Hodgson
1981, Matta & Chapman 1995). Results presented here
support these conclusions.

Temperature had little effect on bleaching in Calli-
arthron tuberculosum compared to light and desicca-
tion. Although high temperatures have been previously
shown to induce bleaching in submerged coralline al-
gae, fronds had to be heated for several days to cause
significant pigment loss (Latham 2008), a result that has
little relevance for tidepools along temperate rocky
shores. Past studies have also reported only a marginal
effect of high temperature stress on the photosynthetic
performance of emersed intertidal macroalgae (Hodg-
son 1981, Smith & Berry 1986, Matta & Chapman 1995).
For example, Smith & Berry (1986) noted that tempera-
ture tolerance was not a good predictor of intertidal
zonation patterns and suggested that other physiologi-
cal indicators, e.g. desiccation resistance, might be
more useful in predicting vertical distributions. Surpris-
ingly, although not statistically significant, data suggest
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that elevated temperatures may slow bleaching rates
when combined with light or desiccation stresses
(Fig. 7). This result is intriguing and merits further
study. One hypothesis would be that an up-regulated
heat shock response delays damage incurred by light
and desiccation stress. HSPs are known to protect or-
ganisms from a variety of abiotic stressors (Feder &
Hofmann 1999, Sorensen et al. 2010) and, specifically,
recent studies have commented on the beneficial ef-
fects of HSP up-regulation in resisting desiccation
stress (Pearson et al. 2009, Mizrahi et al. 2010).

Coralline bleaching vs. coral bleaching

Bleaching in coralline algae is not to be confused
with bleaching observed in tropical coral reefs. Unlike
bleaching in coralline algae, bleaching in corals gener-
ally results from the dissociation of symbiotic unicellu-
lar algae from animal host tissue, although in some
cases, the photosynthetic pigments of the algal sym-
bionts are also affected (reviewed in Brown 1997). Past
research has clearly demonstrated that temperature
and light stresses both induce bleaching in corals (e.g.
Hoegh-Guldberg & Smith 1989, Lesser et al. 1990,
Brown et al. 1994, Fitt & Warner 1995, Lesser & Farrell
2004), and recently Anthony & Kerswell (2007) demon-
strated that, like many intertidal corallines, intertidal
corals are also susceptible to desiccation stress. During
an extreme low tide, wave-exposed corals that were
wetted by incoming waves maintained their coloration
whereas wave-protected corals dried out and bleached
(Anthony & Kerswell 2007). Bleaching in corals is often
caused by oxidative stress imposed by ROS generated
by climatic stressors (Lesser et al. 1990, Lesser 1996,
Lesser & Farrell 2004), as demonstrated for the coral-
line Corallina (Latham 2008) and argued here for the
coralline Calliarthron tuberculosum. Thus, although
mechanistically distinct, bleaching in corals and coral-
line algae may be physiologically comparable.

Bleaching predictions

Physiological data, such as those presented here, are
needed to generate mechanistic models of ecological
responses to environmental perturbations, including
future climate scenarios (Denny & Helmuth 2009,
Denny et al. 2009). For example, data on the individual
and interactive effects of environmental stressors on
Calliarthron tuberculosum pigmentation could be used
in conjunction with tide and weather data to predict
the frequency of bleaching events along the shore.
Such ‘ecomechanical’ models would lend quantitative
insight into the observed distribution of C. tuberculo-

sum along the shore and would allow various ‘what-if’
climate scenarios to be explored using newly emerging
statistical methods (Denny et al. 2009). For example, if
thallus desiccation is the primary cause of bleaching
and desiccation is affected by wind speed, air temper-
ature, and irradiance (Bell 1995), future studies could
predict the likelihood that intertidal fronds might
bleach when exposed by low tides on windy, bright,
sunny days. Further, they could explore potential
increases in bleaching frequency if air temperatures
were 2°C warmer or if desiccating winds blew 10 mph
(16 km h–1) faster (see Denny et al. 2009). On the other
hand, if submerged fronds are buffered from the
effects of increased temperature and light, then fronds
growing deep within tidepools might be impervious to
the anticipated climatic effects of global warming.
Given the likely impact of coralline bleaching on the
structure of intertidal communities, such ecomechani-
cal predictions could contribute directly to larger-scale
ecological predictions.
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