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INTRODUCTION

Climate change is having significant and diverse
impacts on the structure and function of marine
 ecosystems worldwide. The impacts of changing cli-
mate on habitat-forming species are of special con-
cern, as changes in populations of these species can
have drastic effects on their associated communities
(Jones et al. 1994). Environmental stresses imposed
by climate change are predicted to increase the im -
portance of habitat-forming species in maintaining
ecosystem function, as they can mitigate the effect
of stresses on the community (Bruno et al. 2003,
Halpern et al. 2007, Wernberg et al. 2010).

In coastal temperate waters, the shallow rocky
 subtidal zone is often dominated by kelp species
(large brown algae of the order Laminariales) that

form structurally complex beds or forests (Steneck et
al. 2002). These beds and forests form some of the
ocean’s largest biogenic habitats and support high
levels of productivity and species diversity, including
many commercially important species (Wharton &
Mann 1981, Dayton 1985, Steneck et al. 2002). The
predicted effects of climate change on kelp habitats
are wide-ranging and include range shifts and local
extirpation, changes in community structure and
species interactions, and declines in ecosystem ser -
vices such as productivity, nutrient cycling, and
coastal defense (Müller et al. 2009, Harley et al. 2012,
Smale et al. 2013).

The global distribution of kelp is primarily deter-
mined by water temperature (van den Hoek 1982,
Lüning 1984, Breeman 1988), and poleward range
shifts are predicted for many kelp species as a result
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of climate-driven ocean warming (Müller et al. 2009).
Increasing sea-surface temperature has also been
implicated in population declines of perennial algae
such as kelp and shifts towards communities domi-
nated by ephemeral turf algae (Connell & Russell
2010, Andersen et al. 2011, Moy & Christie 2012,
Wernberg et al. 2013). These turf communities repre-
sent a degradation of the habitat and are associated
with changes in community structure (Wernberg et
al. 2013) and reductions in density and diversity of
associated invertebrate species (Christie et al. 2009).
A recent extreme warming event in southern Aus-
tralia resulted in the range contraction of one habitat-
forming alga and shifts in the composition of associ-
ated algal and fish assemblages (Smale & Wernberg
2013, Wernberg et al. 2013). Gradual warming has
been implicated in population declines and range
contractions of kelp species in the eastern Atlantic,
including populations in Norway (Moy & Christie
2012, Andersen et al. 2013), Spain (Fernández 2011)
and Portugal (Tuya et al. 2012).

Increasing temperature can impact kelp popula-
tions by various potentially interacting mechanisms.
Reduced growth due to physiological changes to
photosynthesis is a direct effect of warming tempera-
ture (Bolton & Lüning 1982, Gerard & Du Bois 1988,
Davison 1991, Andersen et al. 2013). Kelp species
generally exhibit temperature-dependent growth,
with a thermal optimum above and below which
growth rate is reduced (Fortes & Lüning 1980, Bolton
& Lüning 1982, Gerard & Du Bois 1988, Davison
1991). As temperature rises, the rate of respiration
can increase more rapidly than that of photosynthe-
sis, resulting in a reduction in energy available for
growth (Staehr & Wernberg 2009). Growth is further
reduced at temperatures above the photosynthetic
optimum due to decreased photosynthetic efficien -
cy (Davison 1991). These reductions in individual
growth rate reduce the ability of both individuals and
populations to recover from a loss of biomass (Rot -
häusler et al. 2009, Wernberg et al. 2010).

Kelp tissue is continuously lost through the erosion
of the distal end of the blade and through breakage
during large wave events (Filbee-Dexter & Scheib-
ling 2012, Krumhansl & Scheibling 2012). Rates of
erosion and breakage depend on the material prop-
erties of the kelp tissue, such as strength and exten-
sibility. Predictions of breakage based on the meas-
ured breaking strengths of undamaged algae often
underestimate fracture rates observed in the envi-
ronment (Friedland & Denny 1995, Utter & Denny
1996, Kitzes & Denny 2005, Mach et al. 2011). High
rates of blade breakage in the field are attributed to

reductions in strength due to physical or physiologi-
cal damage (Krumhansl et al. 2011, de Bettignies et
al. 2013). Temperature stress induces the formation
of reactive oxygen species that cause lipid per -
oxidation and damage to cell membranes (Wang et
al. 2009, Zhou et al. 2010, Cruces et al. 2012), in turn
weakening tissues and leading to tissue loss. Al -
though the effect of temperature on the material
properties of kelp tissue is largely unknown, stat -
istical models provide evidence that temperature
directly affects blade erosion rate in Saccharina latis-
sima (Krumhansl & Scheibling 2011, Krumhansl et al.
2014). The balance between tissue loss and growth
will determine survival of kelp.

Although there has been no evidence of reduction
in the ranges of kelp species in the western Atlantic
in the past 100 yr (Merzouk & Johnson 2011),
declines in kelp populations and increasing domi-
nance of turf algae have been observed at some sites
along the Atlantic coast of Nova Scotia (K. Filbee-
Dexter et al. unpubl.). The coastal Northwest At -
lantic, including Nova Scotia, is an area of active
warming, with observed increases in sea-surface
temperature of 0.8 to 1.6°C over the past 3 decades
(Baumann & Doherty 2013) and continued warming
by an additional 4°C predicted by 2100 (Müller et al.
2009).

We examined the effects of temperature on the 3
dominant kelp species, Agarum clathratum, Lami-
naria digitata and S. latissima, in Nova Scotia. In the
laboratory, we subjected kelp to temperature treat-
ments to determine the effect on growth, tissue loss
and survival. We used histological techniques to
examine temperature-induced changes to the tissue
structure. We also measured the material properties
of the kelp tissue including breaking stress (tensile
strength) and maximum strain (extensibility of the
tissue) after exposure to the temperature treatments
in the laboratory and with seasonal changes in tem-
perature in the field. We predicted that increasing
temperature will both reduce kelp growth and dam-
age kelp tissue, compromising both tissue strength
and extensibility and resulting in greater tissue loss
at higher temperatures.

MATERIALS AND METHODS

Experimental design

Mature individuals of Saccharina latissima (blade
length: 1 to 1.5 m) and Laminaria digitata and Aga -
rum clathratum (blade length: 0.5 to 1 m) were col-
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lected using SCUBA in June and July 2013 at 12 m 
depth from Splitnose Point (44° 28’ 38.45”N, 63° 32’ 
48.21”W), 20 km south of Halifax, Nova Scotia. Kelp 
were transported in coolers to the laboratory, where 
they were fixed by their holdfasts to plastic racks 
using elastic bands and suspended in a 3000 l circu-
lar tank (1.87 m diameter, 1.08 m height) with contin-
uously flowing ambient seawater (flow rate: 430 l 
h−1). Within 24 h of collection, 9 replicate individuals 
of each of the 3 species were transferred and hung 
similarly in each of 4 additional experimental tanks 
of similar size and flow rate for a total of 27 individual 
kelps per tank. Each experimental tank was main-
tained at one of 4 temperature treatments: 11, 14, 18 
or 21°C. These levels represent a growth optimum for 
S. latissima and L. digitata (11°C) (Bolton & Lüning 
1982), a commonly experienced summer tempera-
ture (14°C) (Scheibling et al. 2013), a likely maximum 
average temperature experienced over 1 to 2 wk 
(18ºC) (Scheibling et al. 2013) and an anticipated 
maximum temperature based on climate change pre-
dictions (21°C) (Müller et al. 2009). Three trials of the 
experiment were conducted in June and July 2013. 
To assess potential tank effects, a single trial was 
conducted in June 2014 with all 4 tanks at 11.5°C. No 
differences were detected among tanks, except in 
1 case out of 12 (growth of L. digitata in Week 2, 
Table S1 and Figs. S1 & S2 in the Supplement at www. 
int-res.com/articles/suppl/m537 p089_supp. pdf).

Mean temperature (±1 SD) in each treatment tank, 
recorded with data loggers (Maxim Integrated 
Thermo chron iButtons) throughout the experiment, 
was 11.6 ± 0.9, 14.4 ± 0.8, 18.2 ± 1.6 and 20.8 ± 1.1°C, 
respectively. Light was provided at a 12 h light:12 h 
dark cycle by overhead fluorescent fixtures. Mean 
photon irradiance (±1 SD, n = 4) in each tank, meas-
ured at the attachment point of the kelp (~30 cm from 
the water surface) 4 times during the experiment, was 
9.6 ± 2.3, 8.9 ± 2.0, 9.7 ± 1.2 and 9.6 ± 1.1 µmol m−2 s−1, 
respectively, and did not differ among tanks (ANOVA, 
F1,14 = 0.07, p = 0.80). Average summer daylight light 
levels at 8 m within a Nova Scotia kelp bed were 
measured as 50 to 75 µmol m−2 s−1 (Gagné et al. 1982).

Growth, tissue loss and mortality

To quantify growth, each individual was labeled 
and holes were punched 10 cm from the blade−stipe 
interface before placement in the temperature treat-
ments. Three individuals of each species from each 
temperature treatment were sampled without re- 
placement weekly for 3 wk. The distance of the

punched hole from the blade−stipe interface was re-
measured upon sampling, and growth rate (mm d−1)
was calculated as the change in the position of the
hole punch (mm) divided by the length of exposure to
the temperature treatments (d) (Fig. S3 in the Sup-
plement). Tissue loss was determined by measuring
the blade length of each individual before ex posure
to the temperature treatments and upon re moval
from the treatments and then calculating the change
in length (cm) (Fig. S3). If kelp in a given temp -
erature treatment showed signs of massive tissue loss
and imminent mortality, it was sampled prior to the
set sampling interval and deemed not to have sur-
vived to the next interval. As trials of the experiment
overlapped, the total number of individuals per tank
varied between 18 and 36. Light levels re mained
constant when density was reduced from 27 to 18 in-
dividuals per tank (ANOVA, F1,3 = 4.04, p = 0.14).

Mechanical properties

Mechanical properties of kelp tissue were meas-
ured using pull-to-break tensile tests with a digital
force meter (Pasco PS-2104; range: ±50 N, resolution:
0.1 N). Initial mechanical properties before tempera-
ture treatment were assessed for 3 individuals of each
species within 24 h of collection. Effects of tempera-
ture on mechanical properties were examined after 1,
2 and 3 wk of exposure to temperature treatments.
Upon removal of an individual from a temperature
treatment, a 3 × 10 cm tissue sample was ex cised in a
longitudinal direction from the blade center, using a
dog bone-shaped template, 25 cm (L. digitata and
A. clathratum) or 40 cm (S. latissima) from the blade−
stipe interface (Fig. 1). S. latissima has a greater
growth rate than the other 2 species (Bolton & Lüning
1982); therefore, samples were excised farther from
the blade−stipe interface in S. latissima to ensure
they were taken from tissue that had not grown dur-
ing the experiment. Tissue samples were excised at a
constant distance from the blade−stipe interface to
control for decreasing strength with increasing dis-
tance from the meristem (Krumhansl et al. 2011). The
thickness of each sample was measured at 3 points
along its length using digital calipers (resolution
0.01 mm). Samples were held between clamps lined
with neoprene and fine sandpaper, attached at either
end to the force meter and a water receptacle. The
force meter was fixed in place while a constant force
rate (mean ± SD: 8.80 ± 0.18 N min−1) was being ap-
plied to the sample by the continuous delivery of wa-
ter to the receptacle, controlled by a hose-clamp
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valve (Fig. 1). Force was recorded at 0.04 s intervals.
To compensate for friction of the clamps against the
underlying surface, force data were corrected so that
the initial force measurement was equal to the initial
force imposed by the empty receptacle. The kelp tis-
sue was marked by painting 2 white dots ~10 mm
apart on the sample using solvent-based paint. Ex-
tension of the tissue between these 2 marks was
recorded using a video camera (GoPro Hero 2) at 25
frames s−1. Initial distance between dots and distance
at breakage, as well as width of the sample, were ob-
tained from video using image analysis software (Im-
age J, National Institutes of Health). Breaking stress
(MPa) was calcu lated as applied force (N) at breaking
divided by cross-sectional area (mm2) of the sample.
Maximum strain was calculated as the difference be-
tween initial length and length at breaking, divided
by initial length.

To track changes in mechanical properties in the
field as seawater temperature increased over sum-
mer, 10 to 15 individuals of S. latissima (1.0 to 1.5 m
blade length) were collected biweekly from 8 m
depth at Splitnose Point from 18 June to 10 Septem-
ber 2013 and from 3 June to 26 September 2014. Kelp

were transported to the laboratory,
where tissue samples were immedi-
ately excised and mechanical proper-
ties tested as above. Temperature at
the collection site was continuously
monitored over the sampling period
using data loggers (Onset HOBO
Pendant) anchored to the seabed.

Histology

Histological techniques were used
to examine ef fects of temperature on
the cellular structure of the kelp
blade tissue. Tissue samples (~1 cm2)
from the same 3 individuals of each
species in each temperature treat-
ment as used for the determination
of mechanical properties were taken
15 cm (L. digitata and A. clathratum)
or 30 cm (S. latissima) from the
blade− stipe interface at each sam-
pling interval, in 1 trial of the exper-
iment (Fig. 1). Samples were also
taken from 3 individuals of each
species upon collection, before expo-
sure to the laboratory temperature
treatments. Samples were fixed in

7% formalin in seawater for 24 h, washed twice in
70% ethanol and stored in 70% ethanol for up to
1 mo before further processing. A Leica ASP300 tis-
sue processor was used to dehydrate and clear
samples and then in filtrate them with paraffin. Em -
bedded samples were cut into 5 µm transverse sec-
tions using a semi-automatic Leica microtome (RM
2255) and mounted on positively charged slides
(Fisherbrand). Slides were oven-dried for 24 h at
37°C, deparaffinized using xy lene and rehydrated
with graded alcohols, then stained in 0.1% safranin
for 6 min. Stained slides were then dehydrated in
graded  alcohols and moun ted to cover slips with
Cytoseal (Richard-Allan Scientific). Blade tissue
sections were examined at 100× magnification
using a light microscope (Nikon Ec lipse E600) and
photographed with a Nikon Coolpix 955 digital
camera.

Statistical analyses

As kelp did not survive more than 1 wk exposures
to 21°C, we examined the effect of temperature (11,
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14, 18 and 21°C; fixed factor) and trial (random fac-
tor) on growth rate, net length change, breaking
stress and maximum strain separately for the first
week using ANCOVA, with initial blade length as a
covariate, for each of the 3 kelp species. Because
there was no effect of initial blade length and no
interaction of initial blade length with temperature
for any response variables or species, data were re -
analyzed using 2-way ANOVA. If there was no sig-
nificant interaction of trial × temperature treatment
(p > 0.2), data from the 3 trials were pooled and ana-
lyzed with 1-way ANOVA. Significant interactions
between temperature treatment and trial were found
for growth rate of S. latissima and breaking strain of
L. digitata (F6,30 = 4.86, p = 0.001 and F6,30 = 3.94, p =
0.005, respectively). Examination of individual trials
for these response variables showed differences in
magnitude but not direction of effects; therefore, tri-
als were also pooled for these variables and species
and effects of temperature analyzed using 1-way
ANOVA. Effects of temperature after the first week
(11, 14 and 18°C; fixed factor), exposure time (1, 2
and 3 wk; fixed factor) and trial (random factor) on
the growth rate, net length change, and breaking
stress and strain for each kelp species were exam-
ined using 3-way ANOVA. Data from the 3 trials
were pooled when the trial × temperature treatment
× ex posure time interaction was non-significant (p >
0.2) and analyzed using 2-way ANOVA.

Data were transformed when necessary to meet the
assumption of homogeneity of variance (Levene’s
test, p > 0.05) as follows: log(x + 2) for length change
for S. latissima, log(x + 1.5) for length change for A.
clathratum and square root(x + 0.001) for growth rate
for A. clathratum. Pairwise comparisons between
temperature treatments and exposure times were
conducted using Tukey’s HSD tests. ANOVAs were
performed using the car package (Fox & Weisberg
2011) in R (R Development Core Team 2013).

For each species, relative effect size of each vari-
able at each exposure time was calculated as follows.
Effect size (E) for each trial was calculated as the dif-
ference in means between the 11 and 18°C treat-
ments according to the equation:

(1)

where v11 is the value of the variable in the 11°C
treatment, v18 is the value of the variable in the 18°C
treatment and n is the number of replicates in the
trial. The mean effect size was then calculated using
the equation:

(2)

where T is the number of trials. Standard deviation of
effect size was calculated using the equation:

(3)

A relative effect size (RE ) for each trial was then
 calculated by standardizing by the mean and stan-
dard deviation of effect size, according to the equa-
tion:

(4)

Lastly, the mean relative effect size was calculated
as:

(5)

Mean relative effect sizes were calculated for 1 and
2 wk exposures, and the values for the 3 wk exposure
reflect the relative effect size in the single trial where
individuals survived the full 3 wk at 18°C.

Changes in material properties of S. latissima over
the summer were examined using simple linear re -
gression of the ordinal date of collection, or the aver-
age temperature in the 2 wk preceding collection, on
the tissue’s breaking stress and maximum strain.
Examination of the model residuals revealed no vio-
lations of the model assumptions.

RESULTS

Growth, tissue loss and mortality

None of the 3 kelp species survived to the 2 wk
sampling interval in the 21°C treatment; Laminaria
digitata was the most strongly affected and did not
even survive the first week of exposure (Fig. 2). Kelp
also suffered mortality in the 18°C treatment, each
species surviving the full 3 wk exposure in only 1 trial
(Fig. 2). There was no mortality observed in the 11 or
14°C treatments (Fig. 2).

Growth of all 3 kelp species was observed at all
temperatures (Fig. 3). There was no significant effect
of temperature on growth rate after the first week of
exposure (Table 1), but Agarum clathratum and Sac-
charina latissima exhibited a trend of decreased growth
rate at temperatures above 11°C across all sampling
times (Fig. 3). Growth rate of A. clathratum was sig-
nificantly reduced in both the 14 and 18°C treat-
ments compared to the 11°C treatment (Table 2).

Despite positive growth rates, the negative length
changes observed for each species indicate a net
 tissue loss in all temperature treatments, although
tissue loss was minimal after 1 wk exposure at 11 or
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14°C, particularly for A. clathratum and S. latissima
(Fig. 3). Kelps exposed to 21°C for 1 wk lost at least
twice as much tissue as those exposed to 11°C
(Fig. 3). Loss of tissue by L. digitata and S. latissima
was significantly greater in kelps exposed to 21°C
compared to all other temperature treatments
(Table 1). Across the 3 wk exposure period, tissue

loss increased with increasing temperature for all
species (Fig. 3), and tissue loss was significantly
greater for kelps exposed to 18 compared to 11°C in
both A. clathratum and S. latissima (Table 2). Tissue
loss of L. digitata was significantly greater at 18°C
than at the other 2 temperatures only after 2 wk
exposure (Table 2). Length of exposure also

94

Sampling week

Fr
eq

ue
nc

y 
of

 tr
ia

ls

Agarum clathratum Laminaria digitata Saccharina latissima

Fig. 2. Frequency of trials with surviving individuals of Agarum clathratum, Laminaria digitata and Saccharina latissima after 1, 2
or 3 wk exposure to 11, 14, 18 and 21°C temperature treatments (n = 3 trials). Symbols for 11 and 14°C treatments are superimposed

G
ro

w
th

 r
at

e 
(m

m
 d

–1
)

Le
ng

th
 c

ha
ng

e 
(c

m
)

Sampling week

Agarum clathratum Laminaria digitata Saccharina latissima

Fig. 3. Mean (±1 SE) growth rate or net length change of Agarum clathratum, Laminaria digitata and Saccharina latissima
individuals after 1, 2 or 3 wk exposure to 11, 14, 18 and 21°C temperature treatments (data from 3 trials pooled, n = 3 to 9)



Simonson et al.: Warming seawater effects on kelp tissue

increased tissue loss in A. clathratum
and S. latissima independently of
temperature (Fig. 3, Table 2). As the
length of exposure increased, the rel-
ative magnitude of the effect of the
18°C treatment (compared to the
11°C treatment) on both growth rate
and tissue loss increased in S. latis-
sima, whereas in A. clathratum and L.
digitata, the stron gest effects were
observed after 1 or 2 wk exposures
(Fig. 4). The range of relative effects

95

Species Variable df F p Tukey’s HSD

Agarum clathratum Growth rate Temperature 2, 65 5.40 0.007 11 > 14 = 18
Exposure 2, 65 0.61 0.55
Temperature × Exposure 4, 65 1.35 0.26

Length change Temperature 2, 70 3.17 0.05 11 < 18
Exposure 2, 70 8.55 <0.001 W1 = W2 < W3
Temperature × Exposure 2, 70 0.75 0.56

Laminaria digitata Growth rate Temperature 2, 55 1.96 0.15
Exposure 2, 55 0.44 0.65
Temperature × Exposure 4, 55 0.96 0.44

Length change Temperature 2, 70 10.99 <0.001 W2: 11 = 14 < 18
Exposure 2, 70 6.40 0.002 18: W1 < W2
Temperature × Exposure 4, 70 3.79 0.008

Saccharina latissima Growth rate Temperature 2, 61 2.23 0.12
Exposure 2, 61 0.08 0.92
Temperature × Exposure 4, 61 0.21 0.93

Length change Temperature 2, 64 6.26 0.003 11 = 14 < 18
Exposure 2, 64 17.53 <0.001 W1 < W2 = W3
Temperature × Exposure 2, 64 0.09 0.99

Table 2. Results of ANOVA and pairwise comparisons comparing growth rate or length change among temperature treat-
ments (11, 14, 18°C) and exposure times (1, 2 and 3 wk exposure) for each kelp species. Significant ANOVA results given in 

bold. W = week

Species Variable df F p T ukey’s HSD

Agarum clathratum Growth rate 3, 39 2.29 0.09
Length change 3, 43 1.63 0.20

Laminaria digitata Growth rate 3, 33 1.42 0.25
Length change 3, 51 13.04 <0.001 11 = 14 = 18 < 21

Saccharina latissima Growth rate 3, 33 1.67 0.19
Length change 3, 38 19.11 <0.001 11 = 14 = 18 < 21

Table 1. Results of ANOVA and pairwise comparisons to examine differences in
growth rate or length change among temperature treatments (11, 14, 18 and 21°C)
after 1 wk exposure for each kelp species. Significant ANOVA results given 

in bold

Agarum clathratum Laminaria digitata Saccharina latissima

–1.0 –0.5 0.0 0.5 1.0 –1.0 –0.5 0.0 0.5 1.0 –1.0 –0.5 0.0 0.5 1.0

Sampling time

Relative effect size
Fig. 4. Mean relative effect size of 18°C treatment (compared to 11°C treatment) on breaking stress, breaking strain, net length
change or growth rate of Saccharina latissima, Laminaria digitata and Agarum clathratum (n = 1 to 3 trials). Zero line indicates 

the mean effect of each variable for that species. See text for a description of effect size calculations
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of the 18°C treatment was greater for length loss than
for growth rate in both L. digitata and S. latissima,
but in A. clathratum, the range of relative effect of
temperature for length was less than that for growth
(Fig. 4).

Material properties

The stress and strain at breaking of L. digitata and

S. latissima blade tissue were reduced significantly
(by 60 to 70% and 40 to 70%, respectively) after 1 wk
exposure to 21°C, when compared to 1 wk exposure
to 11°C (Fig. 5, Table 3). In contrast, there was no
effect of temperature on breaking stress or strain of
A. clathratum after 1 wk (Fig. 5, Table 3). Over the
3 wk period, the breaking stress of A. clathratum and
L. digitata exposed to 18°C was significantly reduced
compared to both 11 and 14°C, but breaking strain
was not affected (Table 4). Breaking stress and strain

of S. latissima tissue were reduced
at 14 and 18°C, compared to 11°C,
across the 3 wk of exposure
(Table 4). The relative effect of the
18°C treatment on breaking stress
and strain was similar within S.
latissima and L. digitata (Fig. 4).
Breaking stress was the variable
most affected by temperature in A.
clathratum (Fig. 4).

Within the 14°C treatment, a
consistent pattern emerged in
breaking stress or strain across all
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Fig. 5. Mean (±1 SE) stress or strain at breaking of Agarum clathratum, Laminaria digitata and Saccharina latissima tissue
samples taken after 1, 2 or 3 wk exposure to 11, 14, 18 and 21°C temperature treatments (data from 3 trials pooled, n = 3 to 9).
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Table 3. Results of ANOVA and pairwise comparisons to examine differences
among temperature treatments (11, 14, 18 and 21°C) after 1 wk exposure for
breaking stress or breaking strain of each kelp species. Significant ANOVA 

results given in bold

Species Variable df F p T ukey’s HSD

Agarum clathratum Stress 3, 39 0.92 0.44
Strain 3, 40 0.41 0.75

Laminaria digitata Stress 3, 38 15.28 <0.001 11 = 14 > 21
Strain 3, 39 5.53 0.003 11 = 14 > 21

Saccharina latissima Stress 3, 33 3.32 0.03 11 > 21
Strain 3, 33 4.14 0.01 11 > 21
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3 species. Breaking stress and strain decreased from
the first to the second sampling interval, followed by
a partial or full recovery in Week 3 (Fig. 5). This pat-
tern was repeated in the relative effect sizes of the
18°C treatment on both breaking stress and strain of
S. latissima, with the greatest effects seen in Week 2
followed by recovery in Week 3 (Fig. 4). Both A.
clathratum and L. digitata exhibited the greatest
effect of the 18°C temperature treatment after 3 wk
exposure (Fig. 4). In A. clathratum, breaking stress
was significantly reduced in Week 2 across all tem-
perature treatments (Table 4). Throughout the exper-
iment, mean breaking stress and strain of kelp in the
11°C treatment were similar to those measured in ini-
tial samples taken upon collection (Fig. 5).

Temperature at Splitnose Point in 2013 remained
below 12°C for most of the sampling period (Fig. 6).
Maximum temperature was 17.6°C, and tempera-
tures above 14°C persisted for only 10 d in early Sep-
tember. Summer 2014 was warmer, with a maximum
temperature of 19.2°C and 2 periods when tempera-
ture exceeded 14°C for at least 10 d. Breaking stress
of kelp collected at Splitnose Point increased slightly
over the summer in both 2013 and 2014. There was a
positive relationship between breaking stress and
ordinal date in 2013, although the effect was small
and explained little of the observed variance in
breaking stress, and a stronger relationship with
both ordinal date and mean temperature in the 2 wk
period preceding sampling in 2014 (Table 5). Maxi-

mum strain decreased with ordinal date in 2013 and
increased with mean temperature in the preceding
2 wk period in 2014 (Table 5).

Histology

The tissue of A. clathratum, L. digitata and S. latis-
sima is divided into 3 distinct cell layers (Fig. 7). The
outer meristoderm consists of several layers of small
epidermal cells that gradually increase in size to -
wards the underlying cortex. The cortex is a layer of
large round cells surrounding a central medulla of
densely packed elongate cells. The tissue structure of
all species after 1 wk at 11°C was similar to that of
individuals sampled upon collection (not shown), in -
dicating that this temperature treatment did not
affect tissue structure. Changes appear in the tissues
of both L. digitata and S. latissima in the higher tem-
perature treatments. After 1 wk at 14°C, these spe-
cies exhibit some degradation of the cell layers, in -
cluding the formation of holes in the medulla and a
thinning of the meristoderm (Fig. 7). L. digitata and
S. latissima exposed to 18°C show further degrada-
tion and splitting of the medulla, as well as a loss in
the differentiation between cell layers in some areas
(Fig. 7). The greatest damage was observed in the
21°C treatment, where both L. digitata and S. latis-
sima displayed deformation and breaks in the
meristo derm, a loss of both differentiation and con-
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Species Variable df F p Tukey’s HSD

Agarum clathratum Stress Temperature 2, 62 6.35 0.003 11 = 14 > 18
Exposure 2, 62 4.57 0.01 W1 > W2
Temperature × Exposure 4, 62 1.89 0.12

Strain Temperature 2, 62 2.34 0.10
Exposure 2, 62 2.67 0.08
Temperature × Exposure 4, 62 0.74 0.57

Laminaria digitata Stress Temperature 2, 60 12.86 <0.001 11 = 14 > 18
Exposure 2, 60 0.25 0.78
Temperature × Exposure 2, 60 0.45 0.77

Strain Temperature 2, 62 2.22 0.12
Exposure 2, 62 0.60 0.55
Temperature × Exposure 4, 62 0.45 0.78

Saccharina latissima Stress Temperature 2, 61 5.31 0.007 11 > 14 = 18
Exposure 2, 61 1.45 0.24
Temperature × Exposure 4, 61 0.73 0.57

Strain Temperature 2, 58 3.61 0.03 11 > 14 = 18
Exposure 2, 58 2.98 0.06
Temperature × Exposure 4, 58 0.43 0.78

Table 4. Results of ANOVA and pairwise comparisons comparing breaking stress or breaking strain among temperature treat-
ments (11, 14, 18°C) and exposure times (1, 2 and 3 wk exposure) for each kelp species. Significant ANOVA results given 

in bold. W = week
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nectivity among cell layers and large holes through-
out the tissue (Fig. 7). In contrast, A. clathratum ex -
hibited few effects of temperature on the tissue struc-
ture: blade tissue showed some degradation and
splitting of the cortex only at 21°C (Fig. 7). The struc-
ture of A. clathratum midrib tissue was unaffected by
the temperature treatments (not shown).

DISCUSSION

Effects of temperature on growth, tissue loss and
mortality of kelp

Growth of kelp was not affected by temperature in
the first week of exposure, and only in Agarum
clathratum was growth rate significantly reduced in
treatments above 11°C after 3 wk of exposure. Vadas
(1968) reported that growth rates of A. clathratum
were highest in late fall, winter and early spring,
when water temperatures are lowest. In Laminaria
digitata and Saccharina latissima, mean growth rates
at 18°C were lower than those at 11°C, although
the difference was not statistically significant. The

growth optimum for both S. latissima and L. digitata
is 10 to 15°C, and previous studies show reduction in
the growth rate of these species after 1 wk or 3 wk
exposure to temperatures above 15°C (Fortes & Lün-
ing 1980, Bolton & Lüning 1982, Gerard & DuBois
1988).

Mean growth rates (over all exposure times) of S.
latissima (1.5 mm d−1) and L. digitata (0.05 mm d−1) in
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Year Res- Predictor β p R2

ponse

2013 Stress Date 0.004 0.01 0.07
Mean temp. 0.03 0.08 0.04

Strain Date −0.16 0.003 0.09
Mean temp. 0.06 0.93 <0.01

2014 Stress Date 0.006 <0.001 0.34
Mean temp. 0.04 <0.001 0.15

Strain Date 0.08 0.07 0.04
Mean temp. 1.8 <0.001 0.18

Table 5. Estimates of relationships between breaking stress
or breaking strain of Saccharina latissima collected bi -
weekly from Splitnose Point and the ordinal date and mean
temperature in the 2 wk period preceding a sampling day. 

Significant results given in bold
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the 11°C treatment were lower than those previously 
recorded during summer at 4 to 6 m depth in Nova 
Scotia (3.1 to 9.1 and 1.5 to 3.7 mm d−1, respectively; 
Table S2 in the Supplement at www.int-res.com/
articles/suppl/m537p089_supp.pdf). Low light in the 
laboratory could have limited our ability to detect an

effect of temperature on growth rate, particularly for
L. digitata. However, the average light level in exper-
imental tanks (9.4 µmol m−2 s−1) was above the com-
pensation point for each species at 11°C (2 to 5 µmol
m−2 s−1 for S. latissima, 3 µmol m−2 s−1 for L. digitata)
(Rodrigues et al. 2000, Andersen et al. 2013). The
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compensation point increases with temperature, to
up to 50 µmol m−2 s−1 at 20°C for S. latissima (Ander-
sen et al. 2013). Mean growth rates (4.9 mm d−1 for S.
latissima, 1.0 mm d−1 for L. digitata) in the trial to
examine tank effects under the same experimental
conditions were within the range observed in the
field.

Temperatures of 20 to 25°C can cause mortality in
both S. latissima and L. digitata (Fortes & Lüning
1980, Bolton & Lüning 1982, Lüning 1984). Mortality
at 21°C in our experiment was caused by massive tis-
sue loss, including disintegration of the whole blade
and meristematic region. All 3 kelp species also
experienced significant sublethal tissue loss at 18°C,
although L. digitata and S. latissima were more
strongly affected. In kelp, net tissue gain or loss
depends on the balance between the production of
new tissue (growth) and the loss of tissue from the
distal end of the blade through erosion or breakage
(Krumhansl & Scheibling 2011). At 18 and 21°C, we
observed tissue loss of an order of magnitude greater
than the reduction in growth rate, indicating that ero-
sion and breakage were the dominant factors driving
the net loss of tissue.

Mean rates of tissue loss measured for S. latissima
and L. digitata in the 11 and 14°C treatments, and for
S. latissima at 18°C, were comparable to erosion rates
reported for these species in subtidal habitats in
Nova Scotia (Table S2 in the Supplement). Rates of
tissue loss in our experiments were similar to those
measured in the field, where near-bottom flow rates
are considerably greater (e.g. 4.5 to 7.3 cm s−1 at
Splitnose Point in July and August, Harding &
Scheibling 2015). At 21°C, tissue loss of S. latissima
and L. digitata was 4 to 8 times greater than the
recorded erosion rates (Table S2). Erosion rates in
S. latissima, but not in L. digitata, have been posi-
tively related to temperature in the field (Krumhansl
& Scheibling 2011, Krumhansl et al. 2014). Tissue
loss in A. clathratum was less than that recorded in
the other 2 species, possibly because its tissue may
be more resistant to increased erosion or breakage
at higher temperatures. However, tissue loss also
may have been underestimated in this species, which
tends to lose tissue from the margins of the blade
rather than from the distal end (E. J. Simonson pers.
obs.).

Increased tissue loss, due to either erosion or
breakage, can lead to mortality if the rate of loss
exceeds that of growth for a sufficiently long time.
We observed rapid disintegration and loss of tissues
in the 21°C treatment and mortality for L. digitata
after as little as 3 d of exposure. None of the species

survived longer than 9 d of exposure to 21°C. Simi-
larly, Bolton & Lüning (1982) report disintegration
and mortality of both L. digitata and S. latissima after
7 d at 23°C, and Lüning (1984) observed complete
mortality of these species after 7 d at 23°C and mor-
tality of some individuals at 20°C. The measured in -
crease in tissue loss at high temperatures supports
predictions of a pulse of initial increased detrital pro-
duction with rising temperature (Krumhansl et al.
2014). Continued reductions in biomass will eventu-
ally decrease the amount of kelp available as detrital
subsidies to other habitats.

Effects of temperature on material properties and
structure of kelp tissue

Increased erosion and breakage of kelp blades at
higher temperatures can be explained by changes in
the material properties and structure of the kelp tis-
sue. The tensile strength (breaking stress) of blade
tissue of S. latissima and L. digitata in the 11°C treat-
ment falls within the range previously recorded for
undamaged tissue of these species (Harder et al.
2006, Krumhansl et al. 2011). S. latissima was most
sensitive, experiencing a reduction in strength at
14°C. In the red macroalga Mazzaella spp., break-
age occurs when small cracks form and then quickly
propagate through the tissue, leading to failure
(Mach 2009). Histological examination of blade tis-
sue of S. latissima and L. digitata showed damage to
the cellular structure and breaks in the meristoderm
that would concentrate forces at the damaged area
(Mach 2009), leading to a reduction in strength.
Damage to the cellular structure may result from the
production of reactive oxygen species, as shown for
L. japonica, which can damage cell membranes
(Wang et al. 2009, Zhou et al. 2010). The lack of tem-
perature effects for A. clathratum suggests it may be
more resistant to temperature-induced damage and
subsequent weakening and loss of tissue.

The observed reductions in breaking strength re -
present a reduction in force that an average blade
can withstand without breakage of approximately 5
to 15 N. Drag forces experienced by S. latissima in
the North Sea range from 2 N at low current veloci-
ties to 35 N during storm events (Buck & Buchholz
2005). Therefore, the observed strength reductions
could have significant impacts on the amount of
blade breakage that occurs, given a similar force
regime. High extensibility (breaking strain) allows
blades to absorb strain energy as elastic or plastic
deformation (Johnson & Koehl 1994). This deforma-

100



Simonson et al.: Warming seawater effects on kelp tissue

tion may blunt the tips of cracks, broadening the area
over which force is concentrated and slowing their
propagation (Mach et al. 2007). We documented re -
ductions in breaking strain in both S. latissima and L.
digitata at 21°C and in S. latissima at 14 and 18°C,
indicating that these species would be less extensible
and more vulnerable to crack propagation. Reduc-
tions in the forces kelp can withstand will render
kelp more vulnerable to breakage, especially during
large wave events.

S. latissima collected over the summer from Split-
nose Point was not negatively affected by periods of
temperature above 14°C and became slightly stron -
ger over the course of the summer in both 2013 and
2014. Although the slopes of the relationships be -
tween ordinal date and breaking stress are small,
they represent an increase of 4 to 6 N in the drag
force the average S. latissima can withstand without
breaking. This increased resistance to force is poten-
tially significant given the range of drag forces meas-
ured for S. latissima. There is some evidence of in -
creased breaking or attachment strength in other
seaweeds between summer and late fall or winter
that is attributed to the removal of weaker indivi -
duals by storms, leaving only stronger individuals to
be sampled (Milligan & DeWreede 2000, Pratt &
Johnson 2002). This is unlikely in our study because
waters were relatively calmer over the summer, and
we noticed no major losses of kelp due to storms over
our sampling period.

Increasing strength of S. latissima over the summer
could result from increased grazing pressure. Graz-
ing damage by the gastropod mesograzer Lacuna
vincta increases over summer and to a peak in Sep-
tember (Krumhansl & Scheibling 2011). Increases in
tensile strength in the brown alga Ascophyllum
nodosum have been induced by simulated grazing
excavations, similar to those inflicted by L. vincta
(Lowell et al. 1991). Carbohydrates (carbon content)
and secondary metabolites (phlorotannins) also in -
crease during summer, while growth is nitrogen lim-
ited (Steinberg 1995, Bartsch et al. 2008, Neilsen et
al. 2014, Simonson et al. 2015, this volume). The al -
location of energy to the production of storage prod-
ucts and secondary metabolites may increase tissue
strength. Phlorotannins, for example, are important
components of the cell wall (Schoenwaelder & Clay-
ton 1999).

The observed increase in tissue strength with
warming temperatures may also be evidence of
 thermal acclimation, since environmentally induced
strengthening of tissue can occur in response to dam-
age (Lowell et al. 1991). If damage does not result in

immediate breakage, kelp may be able to compen-
sate for damage by strengthening tissue. There is
also some suggestion of thermal acclimation of mate-
rial properties in our laboratory experiment, when
the effect of temperature was mitigated by longer
exposure times. If kelp can indeed acclimate to
warming seawater temperatures over prolonged ex -
posure, rapid short-term changes in temperature
(heat waves) would have a much greater effect on
kelp populations than gradual warming (see also
Smale & Wernberg 2013). Whether cold-adapted
kelps can exhibit this potential for acclimation war-
rants further research.

Ecological consequences of ocean warming on
kelp beds in the Northwest Atlantic

Temperatures in sheltered bays in Nova Scotia reg-
ularly reach ≥18°C during July and August, and
these temperatures can persist for up to 3 wk. The
damage to kelp tissue, reductions in strength and
extensive tissue loss in our experiment suggest that
warming water temperature may play a role in the
observed declines in some Nova Scotian kelp beds.
A. clathratum was less damaged by warm tempera-
tures than the other 2 kelp species, resulting in a
lower degree of tissue weakening and loss. The re sis -
tance of A. clathratum to warmer temperatures may
confer a competitive advantage that will allow it to
move into shallower habitats where previously it was
excluded by other kelp species (Vadas 1968, Gagnon
et al. 2005), resulting in changes in kelp bed compo-
sition. Harris & Tyrrell (2001) observed re place ment
of S. latissima with A. clathratum over a 25 yr period
at some shallow sites in the Gulf of Maine, concur-
rent with a 1 to 2°C increase in sea-surface tempera-
ture. Replacement of S. latissima and L. digitata by A.
clathratum would maintain many of the ecological
functions of kelp beds in Nova Scotia (Efird & Konar
2014). However, A. clathratum supports macrofaunal
assemblages distinct from those observed on other
seaweeds (Bégin et al. 2004). Increased dominance
of A. clathratum may also im pact energy transfer to
higher trophic levels, as A. clathratum is highly
chemically defended, making it a lower-quality food
source (Blain & Gagnon 2014, Dethier et al. 2014).
More significant will be complete transitions from
kelp-dominated to turf-dominated systems, such as
those observed in sheltered embayments in Nova
Scotia (O’Brien et al. 2015, K. Filbee-Dexter et al. un -
publ.), Norway (Andersen et al. 2011, Moy & Christie
2012) and Australia (Connell & Russell 2010, Wern-
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berg et al. 2013). These turf communities do not pro-
vide the same kind of 3-dimensional habitat structure
as kelp beds and thus support lower species diversity
(Christie et al. 2009).

Temperature-induced damage to the cellular struc-
ture, followed by reduced strength and a subsequent
increased vulnerability to waves, could provide a
mechanistic link between rising seawater tempera-
ture and declines in kelp populations globally. Al -
though the effects of temperature on kelp tissue
reported here are sublethal at temperatures below
21°C, increasing temperature may increase the vul-
nerability of kelp to other stressors (Wernberg et al.
2010) and act synergistically with factors such as
eutrophication, increasing levels of dissolved carbon
dioxide, herbivory and fouling by epiphytes to fur-
ther impact kelp populations (O’Connor 2009, Ander-
sen et al. 2011, Connell & Russell 2010, Moy &
Christie 2012). With continuing climate change, pre-
dicted increases in the frequency and intensity of
storms will impose greater forces on kelp and exacer-
bate tissue loss from kelp already weakened by
warm temperatures. Declines in kelp populations or
biomass will potentially decrease the amount of
available 3-dimensional habitat and impact produc-
tivity, community composition and diversity. Chan -
ges in detrital subsidies and energy export resulting
from reduced kelp populations will have broad-
 ranging effects on adjacent coastal and deep-water
ecosystems (Krumhansl et al. 2014).
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