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ABSTRACT: Predicting the effect of climate change on communities requires an understanding of
the effects of environmental conditions on species and their interactions. We investigated the
potential for warming seawater temperature to modify the interactions of the gastropod mesograzer Lacuna vincta and the invasive bryozoan Membranipora membranacea with kelps in Nova
Scotia. The nutritional content (C/N) of the kelps Saccharina latissima, Laminaria digitata and
Agarum clathratum were unaffected by temperature (11, 18 and 21°C), and chemical defenses
(phlorotannins) were reduced only in A. clathratum after 1 wk exposure to 21°C. C/N and phlorotannin content increased over the season in S. latissima collected monthly in summer 2013 and
2014. The effect of temperature-induced changes in kelp on the grazing of L. vincta was assessed
using feeding experiments with S. latissima pretreated at 11 or 21°C. Snails consumed more kelp
pretreated at 21°C only when grazing rate was high. The quality of S. latissima as a food source
for L. vincta was not affected by temperature, as diets of kelp pretreated at 11 and 21°C supported
similar growth, reproduction, and survival of snails. Temperature also did not affect the quality of
kelp as a substrate for M. membranacea, since settlement rates were not different between
S. latissima pretreated at ambient temperature (9 to 14) and 21°C. The absence of temperatureinduced changes in kelp quality suggests that the effects of L. vincta and M. membranacea will act
additively with the direct effects of temperature and cause increased biomass loss from kelp beds.

KEY WORDS: Kelp · Climate change · Temperature · Saccharina latissima · Lacuna vincta ·
Herbivory · Membranipora membranacea · Bryozoans
Resale or republication not permitted without written consent of the publisher

Effects of climate change on community structure
and function will integrate environmental impacts on
individual species with changes in interactions
among species (Harley et al. 2006). Alteration of biotic interactions can have significant effects on community composition and ecosystem function that can
enhance or diminish the effects of climate change
(Zarnetske et al. 2012, HilleRisLambers et al. 2013).
Climate-driven changes in biotic interactions can
occur through introduction or loss of interacting spe-

cies due to changes in distributional range or phenology, or through changes in the strength of interactions due to alteration of behavior or physiology
(Zarneste etl al. 2012, HilleRisLambers et al. 2013,
Vergés et al. 2014). Changing climate also can facilitate the invasion of non-native species or exacerbate
their effects on native communities (Cockrell & Sorte
2013, Floerl et al. 2013). Alteration of biotic interactions can combine with the direct effects of climate
change on a species, resulting in impacts that may
not have been expected when considering the effect
of climate alone (HilleRisLambers et al. 2013).
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Globally, increasing seawater temperature has
been linked to range contractions and declines in kelp
populations (Andersen et al. 2011, Fernández 2011,
Tuya et al. 2012, Wernberg et al. 2013). Kelp (large
brown algae of the order Laminariales) are important
foundation species on temperate rocky reefs, supporting high community productivity and biodiversity
(Dayton 1985, Steneck et al. 2002). Direct effects of
increasing temperature on kelp include reduced
growth (Bolton & Lüning 1982, Gerard & Du Bois 1988,
Davison 1991, Andersen et al. 2013), weakening and
loss of kelp tissue (Simonson et al. 2015, this volume),
and mortality when physiological limits are exceeded
(Wernberg et al. 2013). Temperature-mediated
changes in kelp bed communities also may occur indirectly through the alteration of interspecific interactions (Harley et al. 2012, Vergés et al. 2014). The
interaction between herbivores and their algal food
sources can regulate kelp communities through the
consumption of algal biomass (Lubchenco & Gaines
1981), and may be altered by temperature stress due
to changes in either algal growth rate or consumption
(O’Connor 2009), or changes in algal palatability
(Harley et al. 2012). For example, warming seawater
temperatures in southern Japan have both impacted
kelp directly and enhanced feeding rates of herbivorous fish, triggering shifts from beds of Ecklonia
cava to barrens (Vergés et al. 2014).
Changes in the palatability of kelp, and thus its
vulnerability to herbivores, could be driven by temperature-induced changes to the morphological or
chemical characteristics of the kelp tissue. Herbivores alter both rate of consumption and feeding
preference based on the palatability of their food
sources, selecting foods that have fewer mechanical
or chemical defenses, or greater nutritional content
(Steneck & Watling 1982, Duffy & Paul 1992, Kraufvelin et al. 2006, Pansch et al. 2008). Warmer temperatures decreased palatability of Ecklonia radiata by
increasing the C/N ratio (Staehr & Wernberg 2009),
as herbivores tend to select food sources enriched in
nitrogen (Duffy & Paul 1992). In contrast, increases in
temperature prevented the induction of anti-herbivore defenses in the brown alga Fucus vesiculosus,
increasing consumption (Weinberger et al. 2011).
Kelp (and other brown algae) produce phlorotannins (polymers of phloroglucinol) that can act as a
chemical defense against herbivory (Steinberg 1984,
Targett & Arnold 1998). However, the effectiveness
of phlorotannins as a deterrent may depend on their
molecular size or structural characteristics (Boettcher
& Targett 1993, Van Altena & Steinberg 1992), as
well as herbivore tolerance (Kubanek et al. 2004).

Phlorotannins likely have multiple ecological roles
(Amsler & Fairhead 2006), as they also act as antioxidant compounds and can be induced by UV stress
(Cruces et al. 2012). Kelp may defend against cellular
damage caused by thermal stress by upregulating
antioxidant compounds, such as phlorotannins, to
combat the effects of reactive oxygen species. However, in the 3 species examined to date, thermal
stress was not observed to induce phlorotannins, and
at high levels may even inhibit phlorotannin production (Cruces et al. 2012, 2013). Phlorotannins have
also been implicated as chemical defenses against
epibionts (Wikström & Pavia 2004, Iken et al. 2009),
suggesting that temperature-induced changes in
phlorotannin content could affect the vulnerability of
kelp to both grazing and fouling.
In Nova Scotia kelp beds, the gastropod mesograzer
Lacuna vincta is a dominant herbivore that feeds by
creating surface excavations and perforations on kelp
blades (Johnson & Mann 1986). Grazing by L. vincta
removes kelp tissue not only directly, but also indirectly, by increasing erosion and breakage of blades
(Johnson & Mann 1986, Duggins et al. 2001, Krumhansl & Scheibling 2011, Krumhansl et al. 2011),
which can result in large-scale loss of kelp biomass
(Fralick et al. 1974, O’Brien et al. 2015). Although a
generalist herbivore, L. vincta exhibits dietary selectivity both among algal species and among tissue
types within species, with a strong preference for
Saccharina latissima and avoidance of tissues high in
phlorotannins (Johnson & Mann 1986, Chavanich &
Harris 2002, Toth & Pavia 2002, Dubois & Iken 2012).
Temperature-mediated changes in defensive chemicals, tissue toughness, or nutritional value of S. latissima could affect feeding rate and selectivity of L.
vincta and the impact of these snails on kelp beds.
The invasive bryozoan Membranipora membranacea also causes extensive biomass loss from Nova
Scotian kelp beds, by encrusting kelp blades, weakening the tissue and leading to blade breakage
(Krumhansl et al. 2011). Outbreaks of M. membranacea, combined with large wave events, result in the
large-scale defoliation of kelp beds (Saunders &
Metaxas 2008, Scheibling & Gagnon 2009). Since the
introduction of M. membranacea to the region in the
early 1990s, the extent of bryozoan outbreaks and
consequent damage to kelp beds have been closely
tied to warming temperatures (Scheibling & Gagnon
2009, Saunders et al. 2010), which result in earlier
settlement (Saunders & Metaxas 2007) and increased
colony growth of the bryozoan (Saunders & Metaxas
2009). The damage inflicted on kelp beds by M.
membranacea is an indirect effect of increasing tem-
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perature, which may act synergistically with the
direct effects of increased temperature on kelp.
Increased temperature also may limit population
growth of M. membranacea on kelp blades if it
causes a reduction in tissue quality that limits larval
settlement or the persistence of newly established
colonies. In the laboratory, larvae of M. membranacea exhibit settlement preferences, both for
algal species and for specific areas of kelp blade
(Matson et al. 2010), suggesting that they can detect
differences in substrate quality. Increases in temperature that degrade the structural integrity of blade
tissue, or increase phlorotannin content, could prevent settling larvae from attaching, resulting in an
antagonism between the direct effects of temperature on the kelp and the effects of temperature on the
interaction between kelp and M. membranacea.
We examined the potential for synergistic or antagonistic effects of L. vincta, M. membranacea and
warming seawater temperature on biomass loss from
Nova Scotia kelp beds. Specifically, we investigated
the impact of warming temperatures on the phlorotannnin content and C/N ratio of tissue of Saccharina
latissima, Laminaria digitata and Agarum clathratum
in a laboratory experiment, as changes in these chemical properties could potentially alter interactions of
the kelp with L. vincta or M. membranacea. We used
the feeding experiments to determine whether temperature-induced changes in kelp tissue quality altered the feeding rate of L.vincta. We predicted that
changes in the kelp tissue at warmer temperatures
would make kelp easier to consume or more palatable,
leading to increased feeding rate. Increases in feeding
rate would indicate a synergism where warming temperature both directly and indirectly (through herbivory) increases kelp tissue loss. We also examined the
effect of temperature-induced changes in kelp tissue
quality on settlement of M. membranacea, predicting
that settlement would be reduced on degraded kelp
exposed to warmer temperatures. Reduced settlement
rate would indicate an antagonism, whereby increasing temperature directly would result in increased loss
of kelp biomass, but at the same time mitigate loss
caused through encrustation by the bryozoan.

MATERIALS AND METHODS
Chemical composition of kelp tissue
Experimental design. Mature individuals of Saccharina latissima (1 to 1.5 m blade length), Laminaria
digitata and Agarum clathratum (0.5 to 1.0 m), were
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collected by SCUBA from 12 m depth at Splitnose
Point (44° 28’ 38.45” N, 63° 32’ 48.21” W) in June/July
2013. Kelp were transported to the laboratory in coolers, and stored upon arrival in a 3000 l circular tank
(1.87 m diameter, 1.08 m height) with continuously
flowing ambient seawater (flow rate: 430 l h−1) by fixing the kelp holdfasts with elastic bands to plastic
racks suspended within the tank. Within 24 h of collection, 9 individuals of each species were suspended
in experimental tanks of similar size and flow rate
(total: 27 individuals per tank) and exposed to 1 of 3
temperature treatments: 11, 18 or 21°C. These temperatures represent a growth optimum for S. latissima and L. digitata (11°C), a typical maximum average temperature experienced over 1 to 2 weeks
(18°C) (Scheibling et al. 2013), and an anticipated
maximum temperature based on climate change predictions (21°C) (Müller et al. 2009). Any herbivores
present on the surface of the kelp were removed
before placement in the temperature treatments.
Tissue samples (5.5 cm diameter) were collected
for chemical analysis from 3 individuals of each species within 24 h of field collection (before temperature treatment), from 3 individuals of each species
after 1 wk exposure to 11 and 21°C, and from another
3 individuals of each species after 2 wk exposure to
11 and 18°C (for phlorotannin content, % dry wt) or
3 wk exposure to 11 and 18°C (for C/N ratio) (Fig. 1).
Exposure time at which phlorotannins and C/N were
assessed differed because low survival after 3 wk at
18°C did not provide sufficient replicates for phlorotannin quantification. Tissue samples were excised
30 cm from the blade−stipe interface in S. latissima,
and 15 cm from the blade−stipe interface in L. digitata and A. clathratum, to control for any variation in
chemical properties along the length of a blade.
Three trials of the experiment were conducted in
June/July 2013 and all tissue samples were stored at
−80°C until further processing. Tissue samples for
determination of C/N were collected only in the first
trial (n = 3 individuals) and were dried at 60°C for
48 h until constant weight. Tissue samples for phlorotannin content were collected in all 3 trials (n = 9
individuals). During the trials, temperature was recorded in each tank with data loggers (Maxim Integrated Thermochron iButtons) as 11.6 ± 0.9, 18.2 ±
1.6, and 20.8 ± 1.1°C (mean ±1 SD, n = 58).
To track changes in the chemical composition of
kelp blades over the summer, 10 to 15 mature S. latissima (1.0 to 1.5 m blade length) were collected
monthly from 8 m depth at Splitnose Point, from 25
June to 27 August 2013 and from 30 June to 25 September 2014. Kelp were transported to the laboratory
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and packaged in known weights into
tin capsules. C and N content were
determined using a Costec ECS 4010
11°C
18°C
21°C
Ambient
CHNSO analyzer with acetanilide as a
standard (detection limit = 0.001 mg).
Phlorotannin analysis. To extract
C/N & Phlorotannins
phlorotannins, tissue samples were
1 wk
A. clathratum, L. digitata, S. latissima
first freeze-dried and ground to a fine
powder with a mortar and pestle. For
each sample, 100 mg dried tissue was
Growth,
Feeding Expts
Settlement Expts
placed in 5 ml 70% acetone and ex10 d
S. latissima &
S. latissima &
Reproduction &
tracted overnight with continuous
L. vincta
M. membranacea
Survival Expts
shaking (Koivikko et al. 2005). SamS. latissima &
Choice Expt
ples were then centrifuged for 10 min
L. vincta
at 3200 × g and 0.05 ml supernatant
was withdrawn for phlorotannin
quantification. Phlorotannin content
Snails No snails
was determined using the Folin-CioNo-Choice Expt
calteu assay (Van Alstyne 1995) with
phloroglucinol (1, 3, 5-trihodroxybenzene, Sigma-Aldrich) as a standard.
The 0.05 ml aliquot was mixed with
1.0 ml distilled water and 1.0 ml 40%
Folin-Ciocalteu reagent. After standing 5 min, 1.0 ml NaCO3 was added
Snails No snails
Snails
and samples were incubated for
30 min at 50°C. Absorbance was read
at 765 nm using a Cary WinUV 4000
Phlorotannins
2 wk
spectrophotometer (Agilent TechnoloA. clathratum, L. digitata, S. latissima
gies, detection limit = 0.23 mg).
Statistical analyses. The effect of
temperature treatment after 1 wk (11
C/N
and 21°C) or after 3 wk (11 and 18°C)
3 wk
A. clathratum, L. digitata, S. latissima
on C/N ratio was analyzed using 2tailed independent samples t-tests, for
Fig. 1. Schematic of temperature pretreatments and experimental design for
each
kelp species. Variance was hetquantification of C/N and phlorotannin in Agarum clathratum, Laminaria digerogeneous
for C/N ratio data for A.
itata and Saccharina latissima, feeding experiments and growth, reproduction
and survival experiments (Lacuna vincta on Saccharina latissima), and settleclathratum and L. digitata after 1 wk,
ment experiments (Membranipora membranacea on S. latissima). In feeding,
so the Welch-Satterthwaite modificagrowth, reproduction and survival, and settlement experiments, temperature
tion of degrees of freedom was used.
pretreatment of disks or half-disks is indicated by colour. Pairs of disks or halfThe effect of temperature treatment
disks sharing the same texture (hatched or open) come from one individual of
S. latissima. Pairs with one hatched and one open disk or half-disk are made
(1 wk at 11 or 21°C, or 2 wk at 11 or
up of 2 individuals. See text for full description of experimental design
18°C; fixed factors) and trial (random
factor) on phlorotannin content was exin coolers, and, immediately on arrival, 5.5 cm diaamined using 2-way ANOVA. If the trial × treatment
meter tissue samples were excised 30 cm from the
interaction was highly non-significant (p > 0.20), the
blade−stipe interface. Tissue samples were stored
interaction was removed and the main effects of temat –80°C until further processing. Temperature at the
perature and trial were tested against the pooled trial
collection site was continuously monitored over the
× treatment MS and residual MS (Winer et al. 1991).
collection periods using data loggers (Onset HOBO
Seasonal differences in phlorotannin content or C/N
Pendant) anchored to the seabed.
ratio among sampling dates were examined using 1C/N analysis. Dried algal tissue was ground to a
way ANOVA. Post hoc comparisons of sampling
fine homogeneous powder using a mortar and pestle
dates were performed using Tukey’s HSD test.
Choice
No choice

No kelp

11° kelp 21˚ kelp

Temperature pretreatment
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Temperature-induced changes in kelp as a
food source
Material collection and preparation. Lacuna vincta were collected along with associated S. latissima
from 8 to 12 m depth at Splitnose Point in June/July
2013. Snails and kelp were transported to the laboratory in coolers. Within 24 h of collection, L. vincta
were removed from the kelp blades and placed
within fine mesh bags in a tank with flow-through
ambient seawater. Once cleaned of snails, thalli of
S. latissima were suspended in the temperature
treatment tanks (as in temperature experiment) and
pretreated for 10 d at either 11 or 21°C before use in
feeding or survival, growth and reproduction experiments. S. latissima were placed in temperature pretreatments within 24 h of collection for use in feeding experiments, and within 2 wk of collection for
the survival, growth and reproduction experiment.
Before the start of the feeding experiments, L.
vincta were fed kelp ad libitum for 7 d, and then
starved for 3 d.
Feeding experiments. The effect of temperatureinduced changes in kelp tissue quality on L. vincta
feeding rate and preference were examined by
conducting choice and no-choice feeding experiments with 2 diet treatments: S. latissima pretreated
at 11 or 21°C. Two disks of kelp (5.5 cm diameter)
were excised 30 cm from the blade−stipe interface
from each of 8 individuals of S. latissima (maintained for 10 d in the experimental temperatures),
and then cut in half. In the choice experiment, the
initial blotted wet weight of each half-disk was
recorded, and half-disks from the 2 diet treatments
were paired by weight (Fig. 1). Each set of paired
half-disks was placed in a flow-through cylindrical
container (10 cm diameter, 8 cm height, with
0.2 cm holes) with a mesh top (n = 8). Four of the
containers were randomly designated as autogenic
controls to record changes in kelp mass in the
absence of snails. Groups of 8 snails (shell length 4
to 7 mm) were individually measured (0.1 mm precision) and added to each of the other 4 containers.
In the no-choice experiment, half-disks from the
same individual of S. latissima were paired,
weighed and placed together in 16 flow-through
containers. Eight containers (4 with S. latissima
pretreated at 11°C, 4 with S. latissima pretreated at
21°C) were randomly designated as autogenic controls and the remaining 4 containers for each diet
treatment received groups of 8 snails from the
same population and size range as those in the
choice experiment (Fig. 1).
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The containers were weighted and submerged,
and randomly interspersed in the same flow-through
seawater table, where they were maintained for 5 d.
The mass of algal tissue grazed in each container was
calculated as the change in blotted wet weight
(0.001 g precision) of the half-disk(s) from the beginning to the end of the 5 d period. For both the choice
and no-choice experiments, 3 trials with 3 to 4 replicate containers were conducted in June and July
2013. Water temperature during each trial was (°C,
mean ± SD, n = 6): trial 1, 7.89 ± 1.27; trial 2, 10.17 ±
0.68; trial 3, 8.96 ± 1.58. Because of a recording failure within the Aquatron facility at Dalhousie University, temperature during each trial was obtained from
average daily seawater temperature at 8 m depth at
Splitnose Point (~15 km from the Aquatron seawater
intake, and at the same depth). Temperatures in
Aquatron during August 2013 were generally within
1°C of those at Splitnose Point (mean ± SD difference
in temperature: 0.11 ± 0.86°C; n = 28)
Survival, growth and egg production. The effect
of temperature-induced changes to kelp tissue quality on the survival, growth and reproduction of L.
vincta was determined in an 8 wk laboratory experiment (13 July to 5 September 2013). Groups of 8
snails were placed in flow-through containers (as in
feeding experiments) and randomly assigned 1 of 3
diet treatments: S. latissima pretreated at 11°C, S.
latissima pretreated at 21°C, or starved controls (n =
15 containers for each treatment). All containers
were randomly placed in a flow-through seawater
table. Fed treatments were provided 5.5 cm diameter
disks of kelp pretreated for 10 d in the 11 or 21°C
temperature treatments, as in the feeding experiments. Kelp disks were replaced weekly. Snails were
marked with nail polish and their individual growth
rates recorded by measuring changes in shell length
from digital photographs, taken initially and then at
biweekly intervals for 8 wk. Shell length was measured using image analysis software (ImageJ). Initial
shell lengths were 3 to 8 mm, and did not differ
among treatments (1-way ANOVA: F2, 357 = 0.33, p =
0.72). Growth was calculated as the change in shell
length over each 2 wk sampling interval. Dead snails
and egg masses were counted and removed at each
measurement interval. Reproductive output per snail
for each container was calculated as the number of
egg masses produced divided by the number of
snails. Upon termination of the experiment, a subset
of surviving snails (from 30 containers) was sexed.
Sex ratio in the sampled containers did not differ
among treatments (1-way ANOVA, F2, 27 = 0.11, p =
0.90) and the mean (± SD) proportion of females was

110

Mar Ecol Prog Ser 537: 105–119, 2015

0.51 ± 0.29 (n = 123). The sex ratio in each container
was therefore assumed to be 1:1.
Statistical analyses. Analysis of feeding experiments incorporated the controls for autogenic
changes in kelp mass as described in Peterson &
Renaud (1989). In the no-choice experiment, mass
changes (mg d−1) of half-disks were analyzed using
3-way ANOVA with diet treatment (pretreatment at
11 or 21°C) and herbivore (presence, absence) as
fixed factors, and trial as a random factor. There was
a significant trial × herbivore × diet interaction (F2, 32
= 11.42, p < 0.001), so trials were analyzed separately
with 2-way ANOVA. Data in trial 3 were log transformed to meet the assumption of homogeneity of
variance (Levene’s test, p > 0.05). In the choice experiment, the difference in mass change between diet
treatments was calculated for each replicate container, and the differences for containers with and
without snails were compared using a 2-way
ANOVA with herbivore (presence, absence) as a
fixed factor and trial as a random factor. Although the
interaction between trial and herbivore was not significant (F2,16 = 13.03, p = 0.11), the trials were analyzed separately using 1-way ANOVA for consistency with the no-choice feeding experiment. Data in
trial 3 did not meet the assumption of homogeneity of
variance even after transformation, and results from
untransformed data are presented.
Differences in growth rate of L. vincta between diet
treatments (S. latissima pretreated at 11 or 21°C;
fixed factor) and among weeks (random factor), with
repeated measures within weeks, were examined
using repeated-measures ANOVA on the average
length change (mm) of snails within each container
over each 2 wk interval. Similarly, differences in the
effect of diet (kelp pretreated at 11 or 21°C; fixed factor) on the number of egg masses snail−1 and proportion of snails surviving over each 2 wk interval (random factor) in each container were analyzed using
repeated measures ANOVA, with repeated measures within weeks. The proportion of snails surviving
violated the assumption of sphericity (Mauchly’s test,
p < 0.05), and the Greenhouse-Geisser adjustment
was used for p-values.

Temperature-induced changes in kelp as a
substrate
Material collection and preparation. The effect of
the temperature-induced changes in kelp tissue on
settlement of Membranipora membranacea was
examined with a settlement choice experiment. Lar-

vae of M. membranacea were isolated from plankton
samples collected from St. Margaret’s Bay (~35 km
west of Splitnose Point) in October/November 2013
and July/August 2014. S. latissima was collected over
the same periods from 8 to 12 m depth at Splitnose
Point, and pretreated for 10 d in experimental tanks
with either ambient (see below) or 21°C seawater
(tank set up as in temperature experiment). Tissue
samples (trials 1 and 2: 11 cm2 half-disks; trials 3 to 5:
8 cm2 disks) were excised from pretreated kelp,
30 cm from the blade-stipe interface, paired and
placed in 250 ml beakers with filtered seawater. Pairs
consisted either of 2 samples pretreated at ambient
temperature, 2 samples pretreated at 21°C, or 1 sample pretreated at ambient temperature and 1 sample
at 21°C (Fig. 1). Groups of 30 competent larvae of M.
membranacea were visually identified and isolated
from the plankton samples using a dissecting microscope (20× magnification), and then added to each
beaker and allowed 72 h to settle on the kelp substrates. During this time, beakers were placed in a
continuous-flow seawater table to maintain the
beakers at ambient seawater temperature. After 72 h,
the kelp was examined microscopically and the number of larvae that settled on each sample was
counted. 3 trials were conducted in October to
November 2013 (mean ± SD ambient water temperature: 14.4 ± 2.2°C, n = 30) and 2 trials in July to
August 2014 (9.3 ± 2.1°C, n = 20). Ambient water
temperature was recorded in the pretreatment tank
at 1 h intervals with data loggers (Maxim Integrated
Thermochron iButtons). A total of 28 larvae were
scored, and all were observed to settle on one of the
2 kelp substrates. Although area of tissue varied
among trials, total settlement within beakers did not
differ with total area available for settlement (1-way
ANOVA, F1,18 = 0.02, p = 0.40). The number of settlers on each sample was divided by the area of the
sample, giving settlers cm−2.
Statistical analyses. The effect of the temperaturemediated quality of the kelp tissue on settlement of M.
membranacea was determined by comparing the
number of larvae that settled on a substrate (kelp pretreated at ambient temperature or 21°C) when larvae
were given a choice of substrates to the number of larvae that settled on that substrate when there was no
choice. Beakers in which no settlement occurred were
not included in the analyses. For the comparisons using kelp pretreated at ambient temperature, all 5
trials were included in the analysis. However, for the
comparisons using kelp pretreated at 21°C, only 3 trials (those with settlement in both choice and nochoice beakers) were included. In the no-choice
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beakers, settlement did not differ between the 2 tissue
samples within each beaker (paired t-tests, ambient
beakers: t5 = 0.31, p = 0.77; 21°C beakers: t4 = −0.93,
p = 0.41); to maintain independence of replicates, 1
sample was randomly selected from each no-choice
beaker for the analysis. The effect of treatment
(choice, no-choice; fixed factor) and trial (random factor) on the number of settlers cm−2 was examined using 2-way ANOVA for each temperature pretreatment
(ambient, 21°C). Because there was no treatment by
trial interaction (p > 0.20) at either temperature, the
interaction was removed and treatment and trial were
tested against pooled treatment × trial MS and residual MS (Winer et al. 1991).
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content increased throughout the summer (Fig. 3),
although there were no significant differences
among sampling dates (Table 2). In 2014, phlorotannin content of S. latissima increased slightly from
June to August and then decreased significantly by
0.6% dry wt in September (Fig. 3, Table 2).

Temperature-induced changes in kelp as a
food source
In the no-choice feeding experiment, kelp loss was
greater in the presence of Lacuna vincta, and auto-

RESULTS
Chemical composition of kelp tissue
There was no effect of temperature
on C/N ratio for any of the 3 kelp species after 1 wk exposure between 11
and 21°C, or after 3 wk exposure between 11 and 18°C (Fig. 2, Table 1).
There was a trend of increasing C/N
ratio over the summer in both 2013
and 2014 (Fig. 3), although differences among sampling dates were
not significant (Table 2).
Phlorotannin content of Agarum
clathratum was significantly lower
after 1 wk exposure to 21°C compared to 11°C (Fig. 2, Table 3), but
there was no difference after 2 wk exposure between 11 and 18°C (Fig. 2,
Table 3). Phlorotannin content in
Laminaria digitata and Saccharina
latissima was approximately 10% and
25% that of A. clathratum, respectively (Fig. 2). Phlorotannin content of
L. digitata was slightly lower (by
~0.2% dry wt) at 18°C than 11°C,
after 2 wk exposure. There was no
difference in phlorotannin content for
S. latissima species after 1 wk exposure between 11 and 21°C, or after
2 wk exposure between 11 and 18°C
(Fig. 2, Table 3). Phlorotannin content
of S. latissima collected from Splitnose Point was higher in 2013 than
in 2014 across all sampling dates
(Fig. 3). During 2013, phlorotannin

Fig. 2. Mean (+ 1 SE) C/N ratio (n = 3) and phlorotannin content (% dry wt; n =
9) of Agarum clathratum, Laminaria digitata and Saccharina latissima immediately after collection from the field (initial) and after 1 wk exposure to 11 and
21°C, and 2 wk or 3 wk exposure to 11 and 18°C in the laboratory

Table 1. Results of independent samples t-test to examine differences in C/N
ratio between 11 and 21°C temperature treatments after 1 wk exposure, or between 11 and 18°C treatments after 3 wk exposure, for each kelp species
Species

Exposure Temperature
(wk)
(°C)

t

df

p

Agarum clathratum

1
3

11 vs. 21
11 vs. 18

1.24
1.37

2.1a
4

0.34
0.24

Laminaria digitata

1
3

11 vs. 21
11 vs. 18

1.45
−0.73

2.0a
4

0.28
0.51

Saccharina latissima

1
3

11 vs. 21
11 vs. 18

−3.76
1.17

4
4

0.73
0.30

a

Welch-Satterthwaite adjustment due to unequal variance (F-test, p < 0.05)
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although the direction of differences
was consistent (Fig. 4, Table 5). As in
the no-choice experiment, autogenic
mass loss was greater for kelp pretreated at 21°C in the choice experiment (Fig. 4).
At the end of the 8 wk growth extperiment, mean growth (change in
shell length) in containers of snails
fed either of the 2 kelp diets was an
order of magnitude higher than the
mean growth of starved controls
(Fig. 5a). There was no effect of kelp
diet (S. latissima pretreated at 11 or
21°C) on the growth of snails over
the 8 wk experiment, and no interaction between kelp diet and sampling
week, although growth did differ
among sampling weeks (Table 6).
There was no production of egg
Fig. 3. Mean (± 1 SE) C/N ratio (n = 3) and phlorotannin content (% dry wt; n =
masses in the starved controls after
10) of blade tissue of Saccharina latissima collected monthly in summer 2013
week 2, and egg production snail−1
and 2014 from 8 m depth at Splitnose Point (black squares), and mean daily
temperature at the collection site
increased with sampling week in
containers fed either kelp diet
(Fig. 5b). There was no difference in
the number of egg masses produced snail−1 between
Table 2. Results of ANOVA comparing phlorotannin content
(Phl) or C/N ratio of blade tissue of Saccharina latissima in
containers fed kelp pretreated at 11°C and those fed
the field, among sampling dates (2013: 18 and 25 June, 15
kelp pretreated at 21°C (Table 6). Egg production did
July (Phl only), 28 July, 27 August; 2014: 30 June, 31 July, 27
differ among weeks, but there was no interaction
August, 25 September). Significant results are shown in bold
between kelp diet and sampling week (Table 6).
Mean survival of snails in the experiment was high,
Year Variable
F
df
p
Tukey HSD
exceeding 90% over the first 6 wk in all diet treat2013
C/N
3.70
3, 8
0.06
ments (Fig. 5c). After 8 wk, mean survival of the
Phl
2.61
4, 31 0.09
starved controls declined to 75% (Fig. 5c). There was
no difference in the survival between the 2 kelp
2014
C/N
1.46
3, 8
0.30
diets, and no interaction between diet and sampling
Phl
4.08
3, 24 0.001 Sep < Aug = Jul
week, but there was a difference in survival among
weeks (Table 6).
genic loss of kelp pretreated at 21°C was greater
than for kelp pretreated at 11°C (Fig. 4, Table 4). In
trial 1, a significant diet by herbivore interaction indicated that grazing rates of L. vincta were greater on
kelp pretreated at 21°C than at 11°C (Fig. 4, Table 4).
There was no difference in grazing rates between
diets in trials 2 and 3, as indicated by the non-significant interaction term (Fig. 4, Table 4). In the choice
experiment, the difference in mass change between
half-disks of kelp pretreated at 11 and 21°C was significantly greater in treatments with L. vincta than
without L. vincta in trial 1, indicating that snails fed
preferentially on kelp pretreated at 21°C (Fig. 4,
Table 5). This was not the case in trials 2 and 3,

Temperature-induced changes in kelp as a
substrate
There was no difference in the number of larvae of
Membranipora membranacea cm−2 that settled on S.
latissima pretreated at 21°C or at ambient temperature when it was offered as a choice, compared to
when it was offered without a choice (Fig. 6, Table 7).
The lack of a difference between choice and nochoice treatments indicates that larvae of M. membranacea have no preference for, or avoidance of,
kelp pretreated at 21°C compared to kelp pretreated
at ambient temperature.
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Table 3. Results of 2-way ANOVA to examine differences in
phlorotannin content (% dry wt) between 11 and 21°C temperature treatments (fixed factor) and trials (random factor)
after 1 wk exposure, or between 11 and 18°C treatments after
2 wk exposure, for each kelp species. Temperature and Trial
were tested against pooled Temp. × Trial MS and residual
MS. Significant results are shown in bold
Exposure
(wk)

Source of variation

df

MS

F

p

1
2
2
10

4.27
0.43
0.38
0.73

6.37
0.64
0.51

0.03
0.54
0.61

Temp. (11 vs. 18)
Trial
Temp. × Trial
Residual

1
2
2
12

0.30
2.16
0.47
1.53

0.22
1.56
0.31

0.64
0.24
0.74

Laminaria digitata
1
Temp. (11 vs. 21)
Trial
Temp. × Trial
Residual

1
2
2
12

0.27
0.14
0.05
0.11

2.64
1.38
0.50

0.13
0.28
0.62

Temp. (11 vs. 18)
Trial
Temp. × Trial
Residual

1
2
2
11

0.15
0.06
0.04
0.03

5.28
2.20
1.65

0.04
0.15
0.23

Saccharina latissima
1
Temp. (11 vs. 21)
Trial
Temp. × Trial
Residual

1
2
2
12

0.43
1.02
0.46
0.65

0.69
1.65
0.71

0.42
0.23
0.51

1
2
2
12

0.09
0.67
0.31
0.46

0.21
1.51
0.66

Agarum clathratum
1
Temp. (11 vs. 21)
Trial
Temp. × Trial
Residual
2

2

2

Temp. (11 vs. 18)
Trial
Temp. × Trial
Residual

0.65
0.25
0.54

Fig. 4. Mean (+ 1 SE) rates of mass loss of Saccharina latissima
pretreated for 10 d at 11°C or 21°C in the presence of Lacuna
vincta, or in controls without L. vincta in 3 trials of choice and
no-choice feeding experiments (trial 1: n = 3; trials 2 & 3: n = 4)
Table 4. Results of 2-way ANOVA examining effects of diet
(Saccharina latissima pretreated for 10 d at 11 or 21°C) and
herbivore (presence or absence of Lacuna vincta) on rate of
kelp mass loss (mg d−1) in 3 trials of the no-choice feeding
experiment. Significant results are given in bold
Trial

Source

1

Diet
Herbivore
Diet × Herbivore
Diet
Herbivore
Diet × Herbivore
Diet
Herbivore
Diet × Herbivore

2

3a

DISCUSSION
Effects of temperature on chemical composition of
kelp tissue
The increase in C/N ratio observed in Saccharina
latissima over the summer follows the expected pattern of seasonal variation in this species (Gevaert et
al. 2001, Nielsen et al. 2014). This pattern results
from both a decrease in N and an increase in C over
the summer (see Fig. S1 in the Supplement at www.
int-res. com/articles/ suppl/ m537 p105_ supp. pdf,
Gevaert et al. 2001, Nielsen et al. 2014). Over winter,
when growth is light-limited, N is stored and then
used to support growth in spring and summer
(Nielsen et al. 2014). During N-limited growth in

df

F

p

1, 8
1, 8
1, 8
1, 12
1, 12
1, 12
1, 12
1, 12
1, 12

45.81
30.55
23.53
13.25
6.08
0.00
33.89
18.91
3.87

< 0.001
< 0.001
0.001
0.003
0.03
0.99
< 0.001
< 0.001
0.073

a
Mass change log-transformed to meet assumption of
homoscedasticity

Table 5. Results of 1-way ANOVA comparing difference in
rate of mass change (mg d−1) of Saccharina latissima pretreated for 10 d at 11 vs. 21°C between herbivore treatments
(presence or absence of Lacuna vincta) in 3 trials of the choice
feeding experiment. Significant results are given in bold
Trial
1
2
3a
a

df

F

p

1, 4
1, 6
1, 6

102.6
0.016
0.605

< 0.001
0.91
0.47

Data heteroscedastic even after transformation.
Untransformed data are presented
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Fig. 5. (a) Mean (± 1 SE) growth (length change) of Lacuna
vincta relative to initial shell length when fed 3 diets: Saccharina latissima pretreated 10 d at 11°C, S. latissima pretreated 10 d at 21°C, or no kelp. SE represents the variation
among 15 containers. (b) Mean (+ 1 SE) egg masses snail−1
produced by L. vincta when fed 3 diets (as above; n = 15 containers). (c) Mean (± 1 SE) proportion of L. vincta surviving
(relative to initial number of individuals) when fed 3 diets (as
above; n = 15 containers)

summer, C is stored as carbohydrates to allow for
continued growth through the winter (Nielsen et al.
2014). It has been suggested that changes in temperature also may contribute to this pattern. A decrease
in N content with increasing temperature has been
observed for S. latissima from Helgoland (Olischläger et al. 2014) as well as in the kelps Eklonia
radiata (Staehr & Wernberg 2009) and Eisenia
arborea (Matson & Edwards 2007). We found that
neither 1 wk exposure to 21°C nor 3 wk exposure to
18°C changed the C/N ratio in any of the species we
examined, relative to 11°C. N content (% dry wt) of
field-collected kelps at the start our experiment
(mean ± SE: Agarum clathratum, 1.29 ± 0.02; Laminaria digitata, 0.92 ± 0.05; S. latissima, 0.67 ± 0.08)
was less than the critical value of 1.8%, below which

the growth of S. latissima is N-limited (Chapman et
al. 1978). This suggests that upon collection any
stores of N had already been consumed and the kelps
were N limited throughout the experiment.
Phlorotannin content in Agarum clathratum and
L. digitata was reduced after 1 wk exposure to 21°C
and 2 wk exposure to 18°C, respectively. Phlorotannins are a known antioxidant defense in brown
algae, induced by exposure to ultraviolet radiation
(Gómez & Huovinen 2010, Cruces et al. 2012, 2013).
In these studies, phlorotannins were not induced
under thermal stress for periods of up to 72 h,
despite increased lipid peroxidation indicative of a
rise in activity of reactive oxygen species (Cruces et
al. 2012, 2013). Furthermore, temperature stress (20
and 28°C) was found to inhibit induction of phlorotannin by ultraviolet radiation (Cruces et al. 2012,
2013), suggesting that high temperatures may hinder the ability of kelp to produce phlorotannins,
possibly by damaging the membranes of the GolgiER complex, where phlorotannins are produced
(Schoenwaelder & Clayton 2000).
Temperature did not effect phlorotannin content of
S. latissima and had only a small effect on phlorotannin content of L. digitata. The observed ~0.2% dry wt
decrease in phlorotannin content in L. digitata, is
unlikely to be ecologically significant, as concentrations of phlorotannins below 1% dry wt have not
been reported to deter herbivores (Targett & Arnold
1998). Phlorotannin content of S. lattisima and L. digitata were low, although similar to previously reported levels in these species: 0.9 − 2.5% dry wt and
0.15 − 0.3% dry wt, respectively (Johnson & Mann
1986, Connan et al. 2006, Dubois & Iken 2012),
reducing our ability to detect any effect of temperature. Measurement of non-phlorotannin compounds
may have further hindered our ability to detect any
effect of temperature (Van Alstyne 1995).
In the field, there was a pattern of increasing phlorotannin content over the summer in Saccharina
latissima, followed by a decrease in September in
2014. Although phlorotannin content was similar in
summer and winter in S. latissima, and unrelated to
irradiance or nutrient availability (Dubois & Iken
2012), in other brown algae (primarily the order
Fucales) phlorotannin content peaks in the spring or
summer (Steinberg 1995, Stiger et al. 2004, Kamiya
et al. 2010). Higher phlorotannin content in summer
has been attributed to increased grazer density,
which can induce phlorotannin production (Van Alstyne 1988), or greater energy availability for phlorotannin production during periods of growth limitation (Steinberg 1995, Stiger et al. 2004). Phlorotannin
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Table 6. Results of repeated-measures ANOVA comparing proportion of
Lacuna vincta surviving, average growth (length change) and egg production (egg masses snail−1) between 2 diets (Saccharina latissima pretreated
at 11 or 21°C; fixed factor). Repeated measures were taken at 2 wk intervals
(2, 4, 6 and 8 wk). Significant results are given in bold
Variable

Source

Proportion survivinga

Between Subjects
Diet
Container(Diet)
Within Subjects
Week
Week × Diet
Week × Container(Diet)

df

F

p

1
28

0.0003

0.98

3
3
84

13.73 < 0.001
0.90
0.42
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content of S. latissima was higher in 2013
than in 2014, by ~1% dry wt. Interannual
variation in phlorotannin content can
reflect changes in environmental conditions, such as grazer densities, irradiance
or nutrient availability (Van Alstyne
1988, Pavia & Toth 2000).

Effects of temperature on kelp as a
food source

Lacuna vincta consumed more kelp
pretreated at 21 than at 11°C in trial 1 of
Growth
Between Subjects
both the choice and no-choice feeding
Diet
1
0.52
0.48
experiments, but not in the other 2 trials.
Container(Diet)
28
The rate of consumption of kelp in trial 1
Within Subjects
was more than twice that in trial 2 or 3 in
Week
3
11.28 < 0.001
the choice experiment. The rate of conWeek × Diet
3
0.71
0.55
Week × Container(Diet) 84
sumption of kelp pretreated at 21°C in
trial 1 was at least 2.5-fold greater than
Egg production
Between Subjects
Diet
1
0.21
0.65
that in trials 2 or 3 in the no-choice exContainer(Diet)
28
periment. Differences in ambient temWithin Subjects
perature among trials could have caused
Week
3
8.25 < 0.001
these differences in feeding rate in
Week × Diet
3
1.05
0.37
response to metabolic demand; however,
Week × Container(Diet) 84
temperature in trial 1 was lower than that
a
in trial 2 or 3.
Assumption of sphericity violated (Mauchly’s test p < 0.001), and
Greenhouse-Geisser adjustment applied
The greater feeding rate of L. vincta on
kelp pretreated at 21°C in trial 1 could
reflect a temperature-induced change in
the palatability of kelp tissue that is apparent only at
high feeding rates. Given that the chemical quality of
S. latissima was unaffected by temperature, temperature-induced changes to the mechanical properties
of kelp may account for the observed increased feedTable 7. Results of 2-way ANOVA examining the effect of
treatment (choice of substrates or no-choice; fixed factor)
and trial (random factor) on the settlement of larvae of Membranipora membranacea in 2 temperature treatments, ambient (9.3−14.4°C) and 21°C. Treatment and Trial were tested
against pooled Treatment × Trial MS and residual MS.

Fig. 6. Mean (+ 1 SE) number of settlers of Membranipora
membranacea cm−2 on Saccharina latissima pretreated for
10 d at ambient temperature, or S. latissima pretreated for
10 d at 21°C, when a choice of substrates was offered and in
a control with no choice of substrates (data from 5 trials
pooled, n = 5 to 9). Ambient temperature (mean ± SD): 14.4 ±
2.2°C for 3 trials in Oct/Nov 2013; 9.3 ± 2.1°C for 2 trials in
Jul/Aug 2014

Temperature Source of variation

df

MS

Ambient

Treatment
Trial
Treatment × Trial
Residual

1 0.0019 0.31 0.59
4 0.0048 0.76 0.57
4 0.0088 2.05 0.23
5 0.0043

21°C

Treatment
Trial
Treatment × Trial
Residual

1 0.0006 0.12 0.74
2 0.0031 0.60 0.57
2 0.0054 1.04 0.42
5 0.0052

F

p
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ing rate. Higher grazing rates on kelp pretreated at
21°C in both the choice and no-choice experiments
indicate that L. vincta did not have an active preference for this tissue, but rather that kelp pretreated at
21°C is easier to consume. L. vincta has a taenioglossan radula that is more efficient on softer tissues (Steneck & Watling 1982), and prefers young tissue, even
in the absence of any difference in C/N ratio or phlorotannin content, likely due to differences in tissue
toughness (Toth & Pavia 2002, Chenelot & Konar
2007). Increasing temperature damages and weakens kelp tissue (Table 8), and this weaker tissue may
be easier for L. vincta to consume.
The greater consumption of kelp pretreated at
21°C in trial 1 indicates that the effect of temperature
on the palatability of kelp tissue may depend on the
feeding rate of L. vincta, and that the direct effects of
temperature on kelp tissue loss and temperatureinduced changes in herbivory of L. vincta can be synergistic when feeding rates are high. However, when
feeding rates are lower (as in trials 2 and 3) there is
no evidence for temperature-induced changes in
palatability of S. latissima, and the impacts of temperature and L.vincta on kelp tissue loss will likely be
additive.
S. latissima is a nutritious food source for L. vincta
that supports greater growth rates than other algal
diets (Chavanich & Harris 2002). In our study, survival, growth and egg production of snails were unaffected by temperature-induced changes in kelp tissue, indicating that the nutritional quality of kelp did
not change, as evidenced by the lack of variation in
C/N between temperature pretreatments. Mean

growth rate of fed snails in our experiment (0.04 to
0.23 mm wk−1) were similar to those previously
recorded in the laboratory on a diet of S. latissima
(0.04 to 0.12 mm wk−1; Chavanich & Harris 2002).
The similarity in the success of L. vincta (similar
growth rates, survival, and reproductive output) fed
kelp diets pretreated at 11 and 21°C suggests that
populations of L. vincta will likely remain stable with
increasing temperature, as long as kelp is available:
i.e. there are no indirect effects of temperature that
affect growth, survival or reproduction of snails.

Effects of temperature on kelp as a substrate

Temperature pretreatment of kelp tissue did not
affect larval settlement of Membranipora membranacea. Abundance of settlers observed on kelp pretreated at ambient temperatures and that pretreated
at 21°C (mean: 0.05 to 0.07 settlers cm−2) were comparable to the abundance of settlers on S. latissima in
the field during peak settlement (mean: 0.03 to 0.19
settlers cm−2; Saunders & Metaxas 2007).
Larvae of M. membranacea demonstrate settlement preferences both among kelp species and
among locations on the kelp thallus (Brumbaugh et
al. 1994, Matson et al. 2010). They also exhibit finescale searching behaviour along the kelp substrate,
which suggests they are able to detect differences in
substrate quality (Matson et al. 2010). Across kelp
species, larvae of M. membranacea show a preference for settlement on young tissue proximal to the
blade meristem (Brumbaugh et al. 1994, Denley et al.
2014). The cues attracting larvae to
Table 8. Effects of temperature treatments (11, 14, 18 and 21°C) on chemical
young tissue are unknown, but the
and mechanical metrics of kelp tissue quality (C/N, phlorotannin content [%
persistence of the preference when
dry wt], blade tissue strength [MPa] and blade tissue extensibility [% length
flow is reversed suggests that larvae
change]) for Agarum clathratum, Laminaria digitata and Saccharina latissima. Quality metrics were significantly decreased by exposure to the listed
use a physical or chemical charactertemperatures
istic of the substrate to cue settlement
(Brumbaugh et al. 1994). PhloroProperty
Species
Temperature
Reference
tannins have been suggested as a
chemical cue preventing the settleC/N
A. clathratum
No effect
This study
ment of fouling organisms (Wikström
L. digitata
& Pavia 2004). Because the phloroS. latissima
tannin content of S. latissima was
Phlorotannin
A. clathratum
21°C
This study
L. digitata
No effect
unaffected by temperature, the kelp
S. latissima
substrates in our experiment (preStrength
A. clathratum
No effect
Simonson et al. (2015)
treated at 21°C and pretreated at
L. digitata
18, 21°C
ambient temperature, 9.3−14.4°C)
S. latissima
14, 18, 21°C
had similar levels of chemical deterExtensibility
A. clathratum
No effect
Simonson et al. (2015)
rents. Brumbaugh et al. (1994) found
L. digitata
21°C
that damage to the blade reduced
S. latissima
18, 21°C
settlement and postulated that lar-
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vae may avoid older sections of the blade due to
greater levels of physical damage there. Temperature stress of 21°C also damages and weakens kelp
tissue (Table 8), however we saw no effect of this
damage on settlement preference.
The lack of any temperature-induced changes in
kelp quality as a substrate for settlement of M. membranacea suggests that increased population growth
rate due to warming seawater temperatures (Saunders & Metaxas 2007, 2009) will not be retarded by
lower settlement rates. The direct effects of temperature on kelp combined with temperature-mediated
increases in M. membranacea populations are likely
to cause large-scale biomass loss from kelp beds in
Nova Scotia. However, this biomass loss could be
mitigated if temperature-induced changes in substrate quality affect post-settlement mortality. Temperature-induced damage to the meristoderm could
cause it break and peel away with the associated
bryozoan colonies. Peeling of the outer layer of cells
has been documented as a mechanical defense
against fouling in several algal species (Sieburth &
Tootle 1981, Nylund & Pavia 2005). Even in the
absence of changes to post-settlement mortality, the
loss of kelp biomass may in turn limit further outbreaks of M. membranacea by limiting the availability of preferred substrate.

We predict that the direct effects of temperature on
kelp tissue, herbivory by L. vincta and encrustation
by M. membranacea will act additively to increase
biomass lost from kelp beds as seawater temperature
increases. Warmer temperatures are expected to increase both outbreaks of M. membranacea (Scheibling & Gagnon 2009, Saunders & Metaxas 2007,
2009) and metabolic rates, and therefore feeding, of
herbivores (O’Connor 2009). Encrustation by bryozoans, herbivory by L. vincta, and temperatureinduced damage all weakened kelp tissue and increased vulnerability to wave forces (Krumhansl et
al. 2001, Table 8). No antagonistic effects were manifested through the inhibition of feeding by snails or
settlement by M. membranacea that would mitigate
other temperature effects on kelp. Using future climatic conditions (warming temperatures and larger
waves), models of kelp detrital production have also
predicted a loss of kelp biomass in Nova Scotia
(Krumhansl et al. 2014). Reductions in standing kelp
biomass could impact both habitat availability and
community productivity (Dayton 1985, Steneck et al.
2002), while changes in the production and export of
kelp detritus will impact adjacent coastal and deepwater ecosystems (Krumhansl & Scheibling 2012).
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CONCLUSIONS
An understanding of the simple and cumulative
effects of environmental conditions on species interactions is imperative for predicting the effects of climate change on community function. We expected
that warming seawater temperature would alter kelp
tissue quality, which would in turn affect interactions
between kelp and the mesograzer L. vincta and encrusting bryozoan M. membranacea. However,
higher temperature did not affect the quality of S.
latissima as a substrate for M. membranacea, and
we observed temperature-induced changes in the
palatability of kelp only when grazing rates of L.
vincta were high. Nutrient content and chemical
defense of both S. latissima and Laminaria digitata
were not strongly affected by temperature, suggesting that the quality of these species as a food and a
substrate would be similarly unaffected by increases
in temperature. A temperature-induced reduction in
the chemical defenses of Agarum clathratum at 21°C
suggests that this species might become more vulnerable to damage by L. vincta or M. membranacea
at high temperatures.
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