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We used three laboratory experiments as well as measurements, throughout an entire growth season, of the
length and survival of sporophytes, sea temperature, and wave height at two subtidal sites in Newfoundland
(Canada), to investigate causal relationships between environmental variability, intracellular acidity, growth,
and mortality in the highly acidic (H2SO4), annual brown seaweed Desmarestia viridis (O.F. Müller) J.V.
Lamouroux. Light, grazing, and epibionts did not affect acidity. In the absence of waves, acid loss was threefold
lower in cold (6.5 °C) than warm (11 °C) water, and threefold higher in the absence than presence of waves
in warm (11 to 13 °C) water. There were three phases of change in frond length at both sites: (1) increase
[March to late June], (2) no change [July tomid-August], and (3) decrease [mid-August to lateOctober].Mortality
rates and sea temperature in Phase 1 were low, whereas the onset of increasing mortality at the end of Phase 2
coincidedwell with the end of a 2-week period duringwhich temperature increased rapidly, from 6 to 11 °C. Re-
sults strongly suggested the more severe wave climate at the most wave-exposed site in September, when tem-
perature was ~10 °C, facilitated the dispersal of the acid being released, which delayed mortality by ~10 days
compared to the other site. All sporophytes had disappeared at both sites in late October. This is thefirst integrat-
ed analysis of seasonal variation in growth and mortality of D. viridis sporophytes. The strong connections be-
tween laboratory and field data attest to the critical role that thermal and hydrodynamic environments play in
the life history of this unique seaweed.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Seaweeds are one of the most conspicuous and productive compo-
nents of shallow marine ecosystems worldwide (Duffy and Hay, 2000;
Duggins et al., 1990; Steneck et al., 2002). Despite a productivity that
can surpass that of the most productive terrestrial forests, fleshy sea-
weeds are routinely kept in check by herbivores (Carpenter, 1986; Cyr
and Pace, 1993; Hay, 1991;Mann, 1973). Like terrestrial and freshwater
plants (Dorenbosch and Bakker, 2011; Hanley et al., 2007; Howe and
Jander, 2008; Strauss and Agrawal, 1999; Zamora et al., 1999), sea-
weeds exhibit numerous adaptations to avoid or deter (impede)
grazing (Amsler and Fairhead, 2006; Amsler et al., 2009; Duffy and
Hay, 1990; Hay, 1996; Jormalainen and Honkanen, 2008). In general,
avoidance involves recruiting in habitat patches without grazers
(spatial avoidance) or exhibiting a complex life history thatmay include
amicroscopic stage (alternation of generations), which is not accessible
to grazers (Lubchenco and Cubit, 1980; Milchunas and Noy-Meir,
2002). Avoidance is common in habitats with low grazer abundance,
whereas deterrence is characteristic of herbivore-dominated communi-
ties (Bolser and Hay, 1996; Duffy and Hay, 1990; Hay and Steinberg,
+1 709 864 3220.
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1992; Lubchenco and Gaines, 1981). Deterrence mechanisms include
the production of structural and chemical defenses, and hence are gen-
erally regarded as energetically more costly strategies than avoidance
(Agrawal, 2000, 2005; Gagnon et al., 2006; Hay, 2009; Konar, 2000;
Konar and Estes, 2003; Steneck, 1986).

The annual, brown seaweed Desmarestia viridis (O.F. Müller) J.V.
Lamouroux (Desmarestiales), is one of the very few fleshymacrophytes
commonly found in shallow (b15 m deep) urchin-dominated barren
grounds in the northwestern Atlantic. The ability ofD. viridis to produce
and store high concentrations of sulfuric acid (H2SO4) in intracellular
vacuoles (down to a pH of 0.5, Gagnon et al., 2013; McClintock et al.,
1982; Sasaki et al., 1999) is unusual among seaweeds. Using D. viridis
sporophytes from Newfoundland (eastern Canada), Gagnon et al.
(2013) showed the acid is continuously and irreversibly accumulated
as the seaweed grows from a recruit in March, to adult, in June, and
that rising sea temperatures during summer coincide with the release
of the acid to the environment. The latter study uncovers synergistic,
pervasive effects of changes in water temperature and salinity on the
ability of D. viridis to produce and accumulate the acid. Yet, these two
factorsmay compoundwith others in affecting acid production, growth,
and survival. Specifically, light, wave action, and grazing can markedly
affect the distribution, growth, morphology, and chemical makeup of
seaweeds (Barko et al., 1982; Blanchette, 1997; Chapman and Craigie,
1977; Gagné et al., 1982; Twilley and Barko, 1990; Yñiguez et al., 2010).
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Effects of light and temperature on photosynthesis, growth, and re-
production in Desmarestiales are relatively well documented for spe-
cies endemic to the Southern Hemisphere, especially the Antarctic
region. For example, in the perennials Desmarestia anceps Montagne,
Himantothallus grandifolius (A. Gepp & E.S. Gepp) Zinova, and Phaeurus
antarcticus Skottsberg, gametophyte and sporophyte development is
chiefly controlled by light, temperature, and nutrient levels (Wiencke
and Clayton, 1990; Wiencke and tom Dieck, 1989; Wiencke et al.,
1996), whereas thermal tolerances are generally lower in sporophytes
than gametophytes (Wiencke et al., 1994). Growth and survival in the
phylogenetically related, though amphiequatorial, D. viridis are poorly
documented (but see Gagnon et al., 2003b, 2004). Furthermore, exper-
imental testing of effects of light, wave action, and their interactionwith
temperature on acidity is lacking. A few studies suggest that sulfuric
acid in D. viridis and a few sister species reduces grazing by urchins
(Gagnon et al., 2006; Molis et al., 2009; Pelletreau and Muller-Parker,
2002). However, it is unclearwhether grazing and epibionts affect acid-
ity. An integrated study of the factors that may affect acidity in D. viridis
and the relationships between growth, survival, and environmental
variability throughout its existence as a sporophyte, is required to fur-
ther identify the ecological causes and consequences of acid production.

In the present study, which builds upon findings by Gagnon et al.
(2013),we use three laboratory experimentswithD. viridis sporophytes
from Newfoundland to investigate causal relationships between abiotic
and biotic factors and intracellular acidity in D. viridis. Specifically, we
(1) examine individual and combined effects of water temperature
and light on acidity during senescence, (2) determine whether wave
action affects acidity and how this effect may change over time, and
(3) test the postulate that grazing and epibionts augment acidity. Fur-
thermore, we use measurements, throughout an entire growth season,
of the length and survival ofD. viridis sporophytes, sea temperature, and
wave height at two sites, to (4) characterize growth and mortality pat-
terns and their relationship with natural environmental variability.

2. Materials and methods

2.1. Study sites

This study was conducted with D. viridis at two sites in Bay Bulls on
the eastern side of the Avalon Peninsula, Newfoundland and Labrador
(Canada): Bread and Cheese Cove (BCC, 47°18′35″ N, 52°47′30″ W)
and Keys Point (KP, 47°18′15″ N, 52°48′24″ W). BCC is a small
(~0.1 km2) semi-protected cove on the northern shore of Bay Bulls,
whereas KP is located along the southern shore and is fully exposed to
offshore waves and swell. The two sites are ~1.4 km apart. The seabed
at both sites is composed of gently sloping bedrock to a depth of
~15 m (chart datum). Patchy kelp beds (mainly Alaria esculenta
(Linnaeus) Greville and Laminaria digitata (Hudson) J.V. Lamouroux)
dominate the 0–2 m depth range, followed in deeper water by exten-
sive urchin (Strongylocentrotus droebachiensis, O. F. Müller) barrens to
a depth of ~15 m. Dense populations of D. viridis establish every year
in these urchin barrens, as well as scattered patches of the perennial
conspecific Desmarestia aculeata (Linnaeus) J.V. Lamouroux and grazing
resistant kelp Agarum clathratum Dumortier (Gagnon et al., 2005). The
latter species develops dense beds at depths >15 m, where urchin
abundance is low.

2.2. Temperature and light (Experiment 1)

Tissue loss inD. viridis sporophytes during senescence is consistently
lower and slower in cold than warm water (Gagnon et al., 2013). To
further understanding about effects of temperature on intracellular
acidity during senescence and how these may interact with another
key environmental variable, light, we used a factorial experiment,
Experiment 1, in which frond tissues ofD. viridiswere exposed to either
of four treatments in glass tanks: (1) cold water and low light intensity
[C/L], (2) cold water and high light intensity [C/H], (3) warmwater and
low light intensity [W/L], and (4) warm water and high light intensity
[W/H]. Temperatures in the cold and warm water treatments were
6.6±0.2 °C and 11.1±0.1 °C, respectively, which reflects low-stress
(cold) and sub-lethal (warm) thermal conditions for the species
(Gagnon et al., 2013). Light intensity in the low and high light treat-
ments was 0.1 and 25 μmol photons m−2 s−1, respectively, and was
applied uninterruptedly (24 hday−1) throughout the experiment.
These intensities paralleled those in Fortes and Lüning (1980), while
corresponding to intermediate values at the deeper end of D. viridis dis-
tribution at our study sites (Blain and Gagnon, unpubl. data).

We ran the experiment from 2 to 12 September, 2011 with tissues
from 24 D. viridis sporophytes (~50 cm in length) collected (via
SCUBA diving) on 1 September at depths between 6 and 12 m at KP.
One piece of ~25 gwas cutwith scissors from the distal end of each spo-
rophyte and placed in rigid, 4-L plastic containers (one piece per con-
tainer) sealed under water to prevent contact of tissues with air at the
surface (which could have caused acid loss and tissue death). Tissues
from only those sporophytes that showed no sign of deterioration
(e.g. discoloration and sloughing) were collected. Containers were put
in large, opaque plastic bins and transported to the Ocean Sciences
Centre (OSC, Memorial University of Newfoundland) where they were
transferred to large holding tanks supplied with ambient (8.9±
0.6 °C), flow-through seawater pumped in from the adjacent embay-
ment, Logy Bay. On 2 September (within less than 24 h of collection),
we cut ~5 g of tissues from each piece in the tanks to determine their
intracellular pH (see below) at the beginning of the experiment. Each
remaining piece (~20 g) was transferred to either of 24, 75-L glass
aquaria and secured to the bottom with 12-g weights attached to the
stipe with a plastic cable tie. The aquaria were grouped in six blocks of
four aquaria each. Each tank in each block was randomly assigned to
one of the four experimental treatments (C/L, C/H, W/L, and W/H), for
a total of six replicates per treatment.

Each tank was surrounded by a thick, opaque canvas to standardize
light conditions. The desired light intensities were created with an in-
candescent, 100-Watt light bulb (Soft White, General Electric) posi-
tioned 45 cm above the water surface and controlled with dimmers.
We used a chiller to cool thewater in the coldwater treatments, where-
as seawater pumped in from the bay was used in the warm water
treatments. Temperature and light intensity in one randomly chosen
tank of each treatment was monitored with a temperature and light
logger (±0.5 °C, HOBO Pendent; Onset Computer Corporation)
throughout the 10 days that the experiment lasted. Tissues in the
tanks were gently agitated twice a day to prevent the accumulation of
sediments on their surface. Water was delivered to each tank at a rate
of 1 Lmin−1. The intracellular pH of D. viridis in each tank was deter-
mined again at the end of the experiment. Initial and final pH values
were used to determine changes in pH in each treatment. To increase
sample size, we reran the experiment (using the approach described
above) from 13 to 23 September, 2011 with tissues from 24 sporo-
phytes collected on 12 September. Therefore, each treatmentwas repli-
cated 12 times in total.

2.3. Wave action (Experiment 2)

To determine whether wave action affects intracellular acidity, we
conducted an experiment, Experiment 2, in an oscillatory wave tank
(a modified version of that shown in Gagnon et al., 2003a), which
mimicked the wave-induced sweeping motion of D. viridis fronds in
natural habitats. We inserted a panel in the center of the tank to cre-
ate two working sections (220 cm [L]×90 cm [W]×62 cm [H] each),
one with and one without waves. Each trial lasted 1 week (7 days)
during which six sporophytes (~50 cm in length), three in each of
the two sections, were exposed to either no waves (still water) or
20 wave cycles per minute, each with a peak horizontal velocity of
0.2 m/s (measured with a Doppler current meter [Vector Current
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Meter, Nortek]). Each sporophyte was assigned randomly to either of
the two wave treatments (with and without) and secured to the tank
bottom with a 2-kg weight attached to the stipe (~1 cm above the
holdfast) with a plastic cable tie. Sporophytes were distributed in
each working section so to eliminate contact with one another and
with the sides of the tank.

We ran 15 trials from 7 April to 25 September, 2011 (~6 months)
with freshly (b48 h) collected sporophytes (see Experiment 1 for collec-
tion and maintenance procedures prior to experimentation). Each trial
was run with flow-through seawater from Logy Bay and sporophytes
were exposed to indirect, natural light entering the lab through two
large (0.5 m in diameter) circular windows. Water temperature in the
tank was measured throughout with a temperature logger (±0.5 °C,
HOBO Pendent; Onset Computer Corporation). Tissue acidity was deter-
mined for each sporophyte (see below) prior to start and at the end of
each trial. Initial and final tissue pH values were used to calculate mean
changes in pH for each group of three sporophytes in each trial. Subse-
quent examination of temperature data indicated marked differences
in temperature ranges among blocks of 2 months: (1) 2.1 to 4.0 °C in
April–May [late spring], (2) 4.5 to 10.4 °C in June–July [early summer],
and (3) 11.2 to 12.8 °C in August–September [late summer], which
corresponded relatively well with pre- and post-onset-of-acid release
and senescence phases described by Gagnon et al. (2013). To detect
possible interactions between wave action and seasonality on acidity,
trials were divided into three groups based on the time they were run,
leading to five replicates for each wave treatment in each of late spring,
early summer, and late summer (see Statistical analysis).
2.4. Grazing and epibionts (Experiment 3)

To test the postulate that grazing and epibionts augment acidity, we
used a factorial experiment, Experiment 3, in which frond tissues of
D. viridis were exposed in glass tanks (same as those in Experiment 1)
to the presence (+) or absence (−) of grazers (G) and epibionts (E)
in four treatments: (1) absence of grazers and epibionts [G−E−],
(2) presence of grazers only [G+E−], (3) presence of epibionts only
[G−E+], and (4) presence of grazers and epibionts [G+E+]. We
used the green sea urchin, S. droebachiensis, and caprellid amphipod
Caprella sp., as the grazer and epibiont, respectively, since they are nat-
ural consumers or biofoulers of D. viridis in eastern Canada (Gagnon et
al., 2005, 2006), including at our study sites. Ten urchins (4-to-6 cm
in test diameter) and 20 caprellids (1-to-3 cm in length) were used in
treatments necessitating one or the other.

Urchins and caprellids were collected (via SCUBA diving) on 2
June at depths between 2 and 12 m at KP. They were transferred to
holding tanks supplied with ambient, flow-through seawater upon
arrival at the OSC and starved for 1 week (urchins) or 2 days
(caprellids) to standardize hunger levels in each species. We ran the
experiment from 9 to 19 June, 2011 with tissues from 24 D. viridis
sporophytes (~50 cm in length) collected on 8 June at depths be-
tween 6 and 12 m at KP (tissues were collect and transported to the
OSC as described in Experiment 1). Water temperature during accli-
mation in the holding tanks was 6.2±0.8 °C. Tissues were gently
groomed to remove epifauna, if any, prior to conducting the experi-
ment. On 9 June (within less than 24 h of D. viridis collection), we
cut ~5 g of tissues from each piece in the tanks to determine intracel-
lular pH (see below) at the beginning of the experiment. Each
remaining piece (~20 g) was weighted (blotted wet weight) and se-
cured to the bottom of either of the 24 glass tanks with a 12-g weight
attached to the stipe with a plastic cable tie. Tissue weight was deter-
mined in less than 20 s following emersion to minimize exposure to
air. The aquaria were grouped in six blocks of four aquaria each.
Each tank in each block was randomly assigned to one of the four
experimental treatments (G−E−, G+E−, G−E+, and G+E+),
for a total of six replicates per treatment.
The light environment in each tankwas created and controlled as per
the procedures described in Experiment 1, with the exception that a
daily cycle of 12 h of light (25 μmol photons m−2 s−1), followed by
12 h of darkness, was used. Water from Logy Bay was delivered to
each tank at a rate of 1 Lmin−1 and temperature (uncontrolled) in one
randomly chosen tank of each treatment was monitored with tempera-
ture loggers throughout the 10 days that the experiment lasted. Temper-
ature in the tanks during the experiment was 6.5±0.2 °C. The
intracellular pH and blotted wet weight of D. viridis in each tank was
again determined at the end of the experiment. Initial and final pH and
weight valueswere used to determine changes in pH and amounts of tis-
sues lost to grazing in each treatment. To increase sample size, we reran
the experiment from 25 June to 5 July, 2011, with tissues from 24 sporo-
phytes collected on 24 June, aswell as urchins and caprellids collected on
18 June. Therefore, each treatment was replicated 12 times in total.

Procedures for collection, transportation, and maintenance of
D. viridis sporophytes in the laboratory described in the three experi-
ments were tested in a previous studywith no perceptible effects on in-
tracellular acidity (Gagnon et al., 2013). To determine whether
exposure of D. viridis tissues to air (whichwas inevitable in all three ex-
periments) affected acidity, we measured the change, over 7 days, in
the intracellular pH of sporophytes exposed to air for either 0, 10, or
20 s (n=10 for each exposure time). Sporophytes were collected at
KP on 24 July, 2012 (when the intracellular pH was fairly stable,
Gagnon et al., 2013) and transported to and maintained in holding
tanks the same way they were in Experiments 1, 2, and 3. After deter-
mining intracellular pH, each sporophyte was taken out of the tank,
gently squeezed with fingers to remove excess water, exposed to air
for the assigned duration, and reintroduced in thewater. The intracellu-
lar pH of each sporophyte was again determined on 31 August, 2012.
We found only very slight decreases in pH ranging from 0.0005±
0.0001 (10 s) to 0.002±0.001 (0 s) (F1,29=0.45, p=0.64). Therefore,
we assumed that intracellular acidity was not affected by our ap-
proaches to handling and weighing of sporophytes in the laboratory.

2.5. Intracellular pH

Every determination of intracellular pH of D. viridis sporophytes in
Experiments 1, 2, and 3 required the use of 4.8 to 5.3 g of tissues (blot-
ted wet weight, measured with a balance with a precision of ±0.01 g
[model PB-3002-S/FACT; Mettler Toledo]). Tissues were crushed for
60 s in 100 mL of distilled water with a high-speed blender (model
Magic Bullet; Homeland Housewares). The blend was suctioned
through a 25-μm filter paper (model 1004-070; Whatman) to remove
particulates and subsequently divided into three parts of 25 mL each.
The pH of each part was measured with a pH electrode (±0.02 pH
units, model Accumet AP72; Fisher Scientific). The three values were
averaged to estimate the raw pH of the tissue sample. The following
equation was used to estimate the intracellular pH of the tissue sample
(Gagnon et al., 2013; Sasaki et al., 2005): Intracellular pH=− log
(α×Dilution factor), where α is the concentration of protons in the fil-
tered blend calculated from the raw pH value ([H+]=antilog(-pH))
and Dilution factor is obtained from the equation: Dilution factor=
((distilled water [g]+tissue fresh weight [g])×water content [mL])/
(tissue fresh weight (g)×water content (mL)), where distilled water
is the weight (100 g) of distilled water in which D. viridis tissues were
blended, tissue fresh weight is the wet weight (between 4.8 and
5.3 g) of tissues, and water content is the volume (100 mL) of distilled
water in which tissues were blended.

2.6. Growth and mortality patterns

To characterize growth andmortality patterns and their relationship
with natural environmental variability, we measured, throughout an
entire growth season, the length and survival of D. viridis sporophytes,
sea temperature, and wave height at the two study sites. On 8 March,
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Table 1
Summary of two-way ANOVA (applied to square-root transformed data) examining
the effect of Temperature (cold and warm water) and Light (low and high intensity)
on changes in intracellular acidity of frond tissues of Desmarestia viridis over 10 days
in Experiment 1 (see Materials and methods for a description of the experiment).

Source of variation df MS F-value p

Temperature 1 0.95 88.32 b0.01
Light 1 0.00 0.20 0.66
Temperature×Light 1 0.00 0.37 0.55
Error 43 0.46
Corrected total 46
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2011we tagged (with numbered disks and eyebolts secured to the sea-
bedwithmarine epoxy [A-788 Splash Zone Compound; Carboline Com-
pany]), and measured the length (±0.5 cm) from the base of the
holdfast to the distal end of the frond, of 10 (BCC) and 15 (KP) small
(b10 cm) recruits at depths between 2 and 12 m. Subsequent length
measurements of surviving sporophytes were done biweekly from
8 March to up to 20 October, 2011, when all sporophytes had
disappeared. To compensate for mortalities, which were relatively fre-
quent within the first 2 months, we tagged, on 18 March, 1 April, and
16 May, an additional 15, 16, and 20 sporophytes at BCC and 10, 15,
and 16 sporophytes at KP, respectively, for a total of 61 (BCC) and 56
(KP) sporophytes. A sporophyte was considered dead when only the
holdfast was still present. Using length data, we calculated a specific
growth rate, SGR, for each sporophyte during each interval separating
two consecutive measurements with the equation: ((Lf−Lo)/Lo)/t,
where Lo and Lf are the initial and final lengths of the frond (from the
holdfast to the distal end of the frond), respectively, and t is the number
of days between the two length measurements. Accordingly, SGR is
expressed as a percentage of frond length per day (%day−1) and reflects
the change in length over a specific period, relative to the previous pe-
riod of assessment.

At each site, temperature was recorded every hour throughout the
survey by each of three temperature loggers (±0.5 °C, model HOBO
Pendent; Onset Computer Corporation) attached to eye bolts drilled
into the seabed at depths of 3, 6, and 9 m. Wave height, which we
used to estimate the severity of the hydrodynamic environment, was
also recorded every minute by a water level logger (±0.05 cm, model
HOBO U20 Water Level Logger; Onset Computer Corporation) secured
to the seabed with eyebolts at a depth of 12 m. Raw wave heights
were corrected for tidal elevation, barometric pressure, and depth of
the logger. Temperature data pooled across the three depths, as well
as significant wave height (SWH), defined as the average height of the
highest one-third of thewave data,were aggregated intomeandaily av-
erages. Preliminary data inspection indicated sporophyte length at both
sites generally increased (Phase 1) from March to early July, remained
relatively unchanged (Phase 2) from July to mid-August, and decreased
(Phase 3) afterwards until the end of the survey in mid-October. Ac-
cordingly, we aggregated, and analyzed differences in, SGR and mean
daily sea temperature and SWH within and between sites and phases
(see Statistical analysis).

2.7. Statistical analysis

We used a two-way ANOVA with the factors Temperature (cold and
warm water) and Light (low and high intensity) to examine effects of
temperature and light intensity on the intracellular acidity of D. viridis
(Experiment 1).We applied the analyses to the square-root transformed
data to correct for heteroskedasticity. As mentioned above, we ran the
experiment twice in September, 2011. Prior to running this analysis,
we had used a four-way ANOVA with the factors Run (each of the two
September runs), Block (each of the six blocks of tanks in each run), Tem-
perature (cold and warm water), and Light (low and high intensity), to
determine whether results differed between blocks within trials. There
was no significant interaction between the factors Run and Block
(F5,32=0.63; p=0.68), and hence we applied the two-way ANOVA to
the pooled data from both runs. We used a two-way ANOVA with the
factors Waves (with and without waves) and Time (late spring, early
summer, and late summer) to analyze effects of wave exposure and sea-
sonality on the intracellular acidity ofD. viridis (Experiment 2). The anal-
ysis was applied to the raw data since they met the ANOVA postulates.

We used two two-way ANOVAs with the factors Grazers (presence
and absence of urchins) and Epibionts (presence and absence of
caprellids) to examine effects of grazing and epibionts on the intracellu-
lar acidity and loss of tissues of D. viridis (Experiment 3). The two anal-
yses were applied to the raw data since they both met the ANOVA
postulates. As mentioned above, we ran the experiment twice in June,
2011. Prior to running these two-way ANOVAs, we had used two
four-way ANOVAs (one for acidity and one for tissue loss) with the fac-
tors Run (each of the two June runs), Block (each of the six blocks of
tanks in each run), Grazers (presence and absence of urchins) and
Epibionts (presence and absence of caprellids), to determine whether
results differed between runs and blocks. There were no significant in-
teractions between the factors Run and Block in both analyses (F5,33=
0.61; p=0.63 and F5,33=0.82; p=0.54, respectively), and hence we
applied the two two-way ANOVAs to the pooled data from both runs.

We used three two-way ANOVAs with the factors Site (BCC and KP
study sites) and Phase (the three phases of change in frond length) to
investigate differences in specific growth rate (SGR) of D. viridis sporo-
phytes and mean daily sea temperature and significant wave height
(SWH) between sites over time. Since no transformations corrected
for the heteroskedasticity detected in the raw data on SGR and temper-
ature, the ANOVAs were also applied to the rank transformed data. Be-
cause analyses on both raw and ranked-transformed data gave similar
results, we present results from analyses of the raw data as suggested
by Conover (1980). We applied the analysis of SWH to the raw data,
which met the ANOVA postulates.

In all analyses, normality was verified using Shapiro–Wilk's sta-
tistics and homogeneity of variance by examining the graphical distri-
bution of residuals and using Levene tests (Snedecor and Cochran,
1989). To detect differences among levels within a factor, we used
Tukey HSD multiple comparison tests (comparisons based on
least-square means) (Sokal and Rohlf, 2012). A significance threshold
of 0.05 was used for all statistical tests. All analyses were conducted
with JMP 7.0 and Minitab 16.
3. Results

As shown by Gagnon et al. (2013), an increase in intracellular
pH in D. viridis is always accompanied by a decrease in pH of the sur-
rounding water. Such simultaneous, opposite changes in pH are indic-
ative of acid loss to the environment. Therefore, where appropriate,
we report changes in mean intracellular pH of D. viridis over time in
raw pH units, or in terms of gain (decrease in pH) or loss (increase
in pH) of acid.
3.1. Temperature and light

Analysis of data fromExperiment 1with frond tissues ofD. viridis ex-
posed 10 days to either of four combinations of water temperature
(cold and warm) and light intensity (low and high) indicated changes
in intracellular pH varied with temperature only (Table 1). Tissues re-
leased acid to the environment in all four treatments as shown by in-
creases in pH of 0.13±0.02 units (Cold/High) to 0.40±0.02 units
(Warm/High) (Fig. 1). Yet, mean loss was approximately threefold
higher in warm than cold water, regardless of light levels (LS means,
pb0.001, data pooled across temperature treatments) (Fig. 1). Overall,
these results indicate that tissues were less stressed in cold than
warm water.

http://dx.doi.org/10.1007/s00227-012-2101-8


Fig. 1. Increase in mean (+SE) intracellular pH (denoting a decrease in acidity or loss of
acid) of frond tissues ofDesmarestia viridis (from initial mean value of 0.81±0.02) exposed
for 10 days to either of 4 combinations ofwater temperature (Cold [6.6 °C±0.2] andWarm
[11.1 °C±0.1]) and light intensity (Low [0.1 μmol photons m−2 s−1] and High [25 μmol
photons m−2 s−1]) (Experiment 1) (n=12 for each treatment, except for Warm/High
where n=11).

Fig. 2. Change inmean (+SE) intracellular pH of frond tissues ofDesmarestia viridis (from
initial mean value of 0.77±0.01) exposed 7 days to either the presence (0.2 m/s) or ab-
sence (0 m/s) of waves in late spring (Apr–May), early summer (Jun–Jul), and late
summer (Aug–Sep) (Experiment 2). Negative and positive changes in pH denote in-
creases and decreases in acidity, respectively. Bars not sharing the same letter are different
(LS means tests, pb0.05; n=5 for eachWave×Time treatment, except for early summer
where n=4). □ waves, ■ no waves.

Table 3
Summary of two-way ANOVAs (applied to raw data) examining the effect of Grazers
(presence and absence of urchins) and Epibionts (presence and absence of caprellids)
on changes in intracellular acidity, and wet weight as a percentage of initial wet weight,
of frond tissues of Desmarestia viridis over 10 days in Experiment 3 (see Materials and
methods for a description of the experiment).
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3.2. Wave action

Analysis of data fromExperiment 2with frond tissues ofD. viridis ex-
posed for 7 days to either the presence or absence of waves, indicated
that changes in intracellular pH varied with time (late spring, early
summer, and late summer) between wave treatments (a significant in-
teraction between the factors Waves and Time, Table 2). Whether
waves were present or not, tissues consistently produced and accumu-
lated acid in late spring and early summer, when temperature ranged
from 2.1 °C to 10.4 °C, as shown by increases in intracellular acidity of
0.08±0.02 (Waves/Early summer) to 0.10±0.02 (No waves/Early
summer) pH units (Fig. 2). Acid loss occurred in late summer only,
when temperature ranged from 11.2 °C to 12.8 °C, and was on average
0.13 pH units higher in the absence (0.18±0.04) than presence
(0.05±0.02) of waves (LS means, p=0.0021, Fig. 2).

3.3. Grazing and epibionts

Analysis of data from Experiment 3 with frond tissues of D. viridis
exposed for 10 days to either of four combinations of grazers (presence
and absence of urchins) and epibionts (presence and absence of
caprellids) treatment, indicated that changes in intracellular pH oc-
curred independently of both factors (Table 3). Tissues lost acid in all
treatments, as shown by increases in pH of 0.005±0.022 units
(G+E−) to 0.045±0.019 units (G−E+) (Fig. 3). There was a general
trend towards smaller pH increases in treatments with than without
grazers, but these differences were not significant (Table 3, Fig. 3). Tis-
sues were lost in all treatments, as shown by decreases in wet weight
of 11.6±3.5% (G−E−) to 40.1±4.7% (G+E+). Yet, losses were at
least twice higher in treatments with than without grazers (LS means,
Table 2
Summary of two-way ANOVA (applied to raw data) examining the effect of Waves
(with and without waves) and Time (runs conducted in late spring, early summer,
and late summer) on changes in intracellular acidity of frond tissues of Desmarestia
viridis over 7 days in Experiment 2 (see Materials and methods for a description of
the experiment).

Source of variation df MS F-value p

Waves 1 0.0099 2.85 0.11
Time 2 0.13 38.25 b0.01
Waves×Time 2 0.015 4.43 0.024
Error 22 0.0035
Corrected total 27
pb0.001, data pooled across grazers treatments; Fig. 3). Tissue loss in
the presence of epibionts only (G−E+) was not different than that in
the control treatment (G−E−) (Table 3). Overall, these results indicate
that epibionts had considerably less effect, if any, on the chemistry and
physical integrity of D. viridis, than grazers.

3.4. Growth and mortality patterns

Analysis of field data collected throughout the 2011 growth season
showed unimodal patterns of change in the length of fronds of D. viridis
at the two study sites (Fig. 4). Frond length at BCC and KP increased at
decelerating, though comparable rates, fromMarch, whenmean length
was 11.1±2.0 cm [BCC] and 7.6±0.8 cm [KP], to early July,whenmean
length was 58.6±1.7 cm [BCC] and 58.8±2.1 cm [KP] (Fig. 4). This
phase of increase (Phase 1) was followed by a period of ~1.5 months
(early July to mid-August) during which length remained relatively
unchanged (58.9±0.8 and 58.9±1.0 cm at BCC and KP, respectively)
(Phase 2). The last phase (Phase 3) was marked by an accelerating de-
crease in length that seemed more pronounced at BCC than KP
(Fig. 4). Despite a greater variation in March and April, mortality rates
at both sites were relatively low (b15%) and stable throughout Phases
1 and 2 (Fig. 4). The dramatic increase in mortality characterizing
Phase 3was delayed by ~10 days at KP throughoutmuch of September.
There were only a few sporophytes (three at BCC and five at KP) left on
the last sampling day (13 October). Although these sporophytes were
Source of variation df MS F-value p

Intracellular pH
Grazers 1 0.0095 1.87 0.18
Epibionts 1 0.0017 0.33 0.57
Grazers×Epibionts 1 b0.001 b0.01 0.98
Error 44 0.0051
Corrected total 47

Weight
Grazers 1 6948.53 25.14 b0.01
Epibionts 1 228.73 0.83 0.37
Grazers×Epibionts 1 7.13 0.03 0.87
Error 44 12159.58
Corrected total 47

image of Fig.�1
image of Fig.�2


Fig. 3. Increase (denoting a decrease in acidity or loss of acid) in mean (+SE) intracel-
lular pH (from initial mean value of 0.59±0.01) and decrease in mean (+SE) wet
weight as a percentage of initial wet weight, of frond tissues of Desmarestia viridis ex-
posed 10 days to the presence (+) or absence (−) of grazers (G) [10 green sea urchins,
Strongylocentrotus droebachiensis] and epibionts (E) [20 caprellid amphipods Caprella
sp.] (Experiment 3) (n=12 for each treatment). □ pH, ■ weight.

Table 4
Summary of two-way ANOVAs (applied to raw data) examining the effect of Site (BCC
and KP study sites) and Phase (the three phases of change in frond length) on differ-
ences in specific growth rate (SGR) of Desmarestia viridis sporophytes and mean daily
sea temperature and significant wave height (SWH), from 8March to 13 October, 2011.

Source of variation df MS F-value p

SGR
Site 1 3.077 0.58 0.45
Phase 2 910.21 171.055 b0.01
Site×Phase 2 3.15 0.59 0.55
Error 717 3815.25
Corrected total 722

Temperature
Site 1 1.023 0.20 0.65
Phase 2 2275.44 455.88 b0.01
Site×Phase 2 1.10 0.22 0.80
Error 430 4.99
Corrected total 435

SWH
Site 1 0.65 84.35 b0.01
Phase 2 0.012 1.49 0.23
Site×Phase 2 0.11 14.47 b0.01
Error 407 0.0077
Corrected total 412
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still relatively tall, ~35 to 45 cm (Fig. 4), most tissues had sloughed,
leaving only dying, bare stipes and laterals. The seaweed had completely
disappeared at both sites on our final visit on 20 October.

The two-wayANOVA on SGR indicated growth rates varied similarly
between sites, while being different between phases (Table 4). Accord-
ingly, SGR estimates pooled across sites in Phases 1, 2, and 3, averaged
2.9±0.1%day−1 (positive), −0.02±0.08%day−1 (virtually null), and
−0.7±0.1%day−1 (negative), respectively, and differed statistically
from each other (Table 4). Like SGR, mean sea temperature was similar
between sites, though differed between phases (Table 4), being 7 °C
Fig. 4. Change in mean frond length (±SE) of Desmarestia viridis sporophytes (A), mortality (
wave height (SWH) (D) at the two study sites (BCC and KP), from 8 March to 13 October,
spectively, with three temperature loggers and a water level logger secured to the seabed
length of all sporophytes measured on the corresponding date (n=3 to 39 [SGR] and 3
that disappeared relative to the previous sampling date (n=5 to 46). Arrows (B) indicate
Frond length curves (A) are the quadratic fits to these data: BCC; y=2.506+0.745x−0.0
pb0.0001, n=17).Vertical dashed lines indicate the commencement or end of each of th
Phase 1 (increase), Phase 2 (no change), and Phase 3 (decrease). o BCC, ▽KP, - - - BCC, 2 K
warmer in Phase 3 (9.9±0.1 °C) than Phase 1 (2.9±0.2 °C) (LS
means, pb0.001, data pooled across sites; Fig. 4). Simultaneous onsets
of decrease in frond length, increasing mortality, and negative SGR
values at both sites coincidedwell with the end of a 1- or 2-week period
during which sea temperature increased rapidly from ~6 to ~11 °C
(Fig. 4). Significant wave height (SWH) differed between sites and
phases (a significant interaction between the factors Site and Phase;
Table 4, Fig. 4). It was 63% and 22% higher (LS means, pb0.001) at KP
B), daily sea temperature and specific growth rate (SGR, ±SE) (C), and daily significant
2011. Sea temperature and wave height data were acquired every hour or minute, re-
at each site. Each SGR and frond length data point is the average of growth rates and
to 40 [frond length]). Each mortality data point is the proportion (%) of sporophytes
days on which new sporophytes were tagged at each site to maintain sample sizes.

03x2 (r2=0.964, pb0.0001, n=17) and KP; y=3.063+0.705x−0.002x2 (r2=0.980,
e three phases of change in frond length suggested by preliminary data inspection:
P.

image of Fig.�3
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than BCC in Phase 1 and Phase 3, respectively, though similar between
sites in Phase 2 (LS means, p=0.068; Fig. 5). Comparable peaks of
0.65 m (BCC, 31 July) and 0.62 m (KP, 28 September) were noted be-
tween sites (Fig. 4).

4. Discussion

We demonstrated synergistic effects of sea temperature and the hy-
drodynamic environment on the ability of the annual, brown seaweed
D. viridis to accumulate and retain sulfuric acid (H2SO4) throughout its
existence as a sporophyte. A first indication of this was provided by
our findings that in the absence of waves, acid loss to the environment
(which is an indication that the seaweed is stressed, Gagnon et al.,
2013), was threefold lower in cold (~6.5 °C) than warm (~11 °C)
water (Experiment 1), while being more than threefold higher in the
absence than presence of waves in warm (11 to 13 °C) water
(Experiment 2). These results agree with our finding, in a concurrent
study, that D. viridis is intolerant to temperatures above ~12 °C, while
reinforcing the suggestion of a snowball effect whereby the seaweed
is vulnerable to the release of its own acid, unless waves and currents
dissipate the discharged acid before it deteriorates the remaining
healthy tissues (see below and Gagnon et al., 2013). They also
uncover similar upper thermal tolerances to those in sporophytes of
the Antarctic, perennial, sister species D. anceps, P. antarcticus, and
H. grandifolius (Wiencke and tom Dieck, 1989; Wiencke et al., 1994).

We found no convincing evidence that light retards or accelerates
acidity in D. viridis during senescence (Experiment 1). This result may
seem counterintuitive in view of the predominant influence of abiotic
controls such as nutrients, salinity, temperature, light, and hydrody-
namic conditions, on key biological aspects of seaweeds (e.g. Barko et
al., 1982; Blanchette, 1997; Brown and Richardson, 1968; Chapman
and Craigie, 1977; Fortes and Lüning, 1980; Twilley and Barko, 1990).
Yet, it may simply mean that metabolic pathways for acid production
or release in D. viridis are independent of light, as also suggested by
McClintock et al. (1982). Alternatively, the two artificial light regimes
we used may have been too similar to induce different responses, or
too different from those in natural environments to induce light-
related changes in acidity. Further experimentalworkwith sporophytes
collected prior to senescence and exposed to a broader range of light in-
tensities are required to clarify effects of light on acid production and re-
lease in D. viridis.

The Induced Defense Model (IDM) predicts that the production of
defenses in primary producers will increase with increasing threat
Fig. 5.Mean (+SE) daily significantwave height (SWH) in each phase of change (Phase 1
[increase], Phase 2 [no change], and Phase 3 [decrease]) in frond length of Desmarestia
viridis sporophytes at the two study sites (BCC and KP). Each bar is the average daily
SWH from 8 March to 7 July, 8 July to 15 August, and 16 August to 13 October, 2011
(see Materials and methods for details). Bars not sharing the same letter are different
(LS means tests, pb0.05; n=115 [Phase 1], 38 [Phase 2], and 52 [Phase 3]).□ BCC,■ KP.
from grazers (Ceh et al., 2005; Hay, 1996; Karban and Baldwin, 1997;
Karban and Myers, 1989; Karban et al., 1999). Accordingly, in habitats
with consistently high herbivore abundances, like at our two study
sites, defenses should be constitutive, as opposed to inducible, even
though this may result in higher energetic costs and risks of
autotoxicity. Our hypothesis that grazing and epibionts augment acidity
was not supported. Indeed, despite tissue losses of up to 40% (wet
weight) to grazing by the green sea urchin, S. droebachiensis, and fouling
by up to 20 caprellids Caprella sp., the change in intracellular pH of the
remaining D. viridis tissues remained similar to that of ungrazed or
unfouled sporophytes (Experiment 3). This finding has important im-
plications for our understanding of the chemical ecology of D. viridis.
Firstly, it provides the first clear evidence that (heavy) grazing does
not induce a higher production of acid, and hence that the alleged
anti-grazing function of sulfuric acid in D. viridis, and perhaps other
acid-producing Desmarestiales (Anderson and Velimirov, 1982;
Dayton, 1985; Gagnon et al., 2006; Himmelman and Nédélec, 1990;
Molis et al., 2009; Pelletreau and Muller-Parker, 2002), is a fixed,
inherited trait with no relationship to grazing intensity, i.e. that the
acid is indeed produced constitutively. Secondly, it demonstrates that
localized tissue death does not extend to remaining tissues as only a
thin (b1 mm) band of tissues around grazed portions immediately
turned green, which is indicative of acid discharge. Lastly, that heavily
grazed sporophytes did not increase acid production over 10 days
(duration of trials in Experiment 3), which is ample time for complete
destruction by denser urchin populations in natural habitats where
D. viridis occurs (Gagnon et al., 2003b, 2004; Himmelman and Nédélec,
1990), also implies thatD. viridis survival depends on some other factors
(see below and Gagnon et al., 2006, 2013).

Therewas a loss of acid in all treatments in Experiment 3, whichwas
conducted in June, when acid concentration normally increases within
sporophytes (Gagnon et al., 2013). Sporophytes were exposed to
only low water turbulence created by the seawater entering each
tank. This pattern, along with our field data and finding that sporo-
phytes, in June, in a much larger volume of seawater (wave tank),
gained acid both in the presence and absence of waves (Experiment
2), reinforces the notion that water circulation is critical for the buildup
and prevention of release of acid in D. viridis (Gagnon et al., 2013). In-
terestingly, sporophytes at our two study sites, BCC and KP, grew at a
decelerating rate from March to late June (Phase 1), during which
time the acid was also being produced and accumulated at a decelerat-
ing rate (Gagnon et al., 2013) and sea temperature was low (b8 °C).
It is not until mid-August (onset of Phase 3), when sea temperature
reached and surpassed, for a few days, the lethal 12 °C for the species
(Gagnon et al., 2013), that mean specific growth rates (SGR) of sporo-
phytes became negative (indicative of tissue loss) and mortality rates
dramatically increased from highest lows of ~15%, to complete eradica-
tion (100% mortality) in late October. Similar seasonal patterns of deg-
radation in D. viridis were reported or suggested in the northeastern
Pacific (Chapman, 1972; Konar, 2000), northwestern Atlantic (Gagnon
et al., 2003b; van den Hoek, 1982), and northeastern Atlantic (van
den Hoek, 1982), though their relationship with environmental vari-
ability was not examined.

Technically, senescence is the growth phase from full maturity to
death. Our data indicated that senescence in D. viridis includes a transi-
tion phase (Phase 2) of ~1 month (July) during which growth ceases
(which we interpret as the attainment of full maturity), and mortality
increases slightly before picking up in mid-August. Because we did
not measure photosynthetic rates, we cannot ascertain that sporo-
phyteswere systematically dying during the transition phase. However,
that a large proportion of sporophytes exhibited a slight change in
coloration from dark to lighter brown, as well as in toughness from
firmly attached branches to increasingly brittle tissues, was indicative
that they were under stress. Any sporophytes that initiated such
changes irreversibly worsened over time, with a few ones changing
and disappearing in shallower, warmer water, as early as mid-July.

http://dx.doi.org/10.1007/s00227-012-2101-8
http://dx.doi.org/10.1007/s00227-012-2101-8
http://dx.doi.org/10.1007/s00227-012-2101-8
http://dx.doi.org/10.1007/s00227-012-2101-8
http://dx.doi.org/10.1007/s00227-012-2101-8
http://dx.doi.org/10.1007/s00227-012-2101-8
http://dx.doi.org/10.1007/s00227-012-2101-8
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We experimentally demonstrated that tissue loss in D. viridis at the
end of the natural senescence phase is about twice lower in cold
(~3 °C) than warm (~11 °C) water (Gagnon et al., 2013). This pattern,
together with our finding, in the present study, that significant wave
height (SWH) was significantly higher at KP (wave-exposed site) than
BCC (semi-protected site) from mid-August to the end of October
(Phase 3), help explain the less pronounced decrease in frond length
and ~10-day delay in D. viridis mortality in September at KP than BCC.
We propose that themore severe hydrodynamic environment that char-
acterizedKP at that timeof yearwhenmean sea temperature neighbored
the stressful value of 10 °C (Gagnon et al., 2013) at both sites, facilitated
the dispersal of the acid that was being released by the sporophytes,
which ultimately slowed down the decay of tissues. This suggestion
was also corroborated by results of the experiment in the wave tank
(Experiment 2, see above). Additional field studies should include repli-
cation of sheltered and exposed sites to strengthen these conclusions.

In summary, this study provides the first detailed analysis of season-
al variation in growth and mortality of D. viridis sporophytes and its re-
lationship with abiotic (temperature, light, and wave action) and biotic
(grazing and epibionts) factors. The strong connections between labo-
ratory and field data attest to the critical role that thermal andwave en-
vironments play in the life history of this unique seaweed.We provided
further evidence that the acid is produced constitutively and irrevers-
ibly, regardless of grazing, which provides new insights into the ecolog-
ical and evolutionary causes and consequences of acid production in
Desmarestiales. Further studies with members of this intriguing group
of seaweeds are required to determine the tradeoffs that may exist be-
tween acid production, resource allocation to the various primary and
secondary life processes such as photosynthesis and reproduction, and
morphological adaptability. Specifically, investigations of how nutrient
levels and ongoing changes in ocean temperature and stoichiometry
may interfere with these processes must be conducted to better deter-
mine and anticipate changes in populations of Desmarestiales and their
effects on other components of cold-water coastal ecosystems.
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