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The sensitivity of kelps to elevated temperatures
has been linked to recent declines in some kelp
populations, with cascading impacts on marine
communities. However, it remains unclear how
thermal stress affects the ability of kelps to respond
to other environmental factors, which could
influence their vulnerability to climate change. We
investigated the effect of thermal stress on the
ability of the bull kelp Nereocystis luetkeana to
acclimate to its surrounding hydrodynamic
environment through tension-regulated plasticity in
blade morphology. We first determined optimal and
stressful temperatures for N. luetkeana by measuring
growth over nine temperatures from 5°C to 22°C.
We then exposed N. luetkeana blades to a factorial
combination of temperature (13°C and 20°C) and
tension (0.5 N and 2.0 N) simulating different flow
conditions, and measured changes in blade length
and width after 7 days. The temperature at which
N. luetkeana exhibited maximum growth was
estimated to be ~11.9°C, though growth was high
over a relatively wide temperature range. When
thermally stressed, N. luetkeana maintained
morphological responses to simulated high flow, but
were inhibited from acclimating to low flow,
indicated by an inability of blades to widen. Our
results suggest that N. luetkeana in sheltered habitats
may be particularly vulnerable to climate warming,
where an inability to adjust blade morphology to
local hydrodynamic conditions could drive declines
at sublethal levels of warming. As ecologically
important foundation species, declines in sheltered
kelp populations could result in major biodiversity
loss and disrupt ecosystem function.
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Abbreviations: Lf, final blade length; Li, initial blade
length; Wf, final blade width; Wi, initial blade width

Climate change is a major threat to marine ecosys-
tems worldwide (Harley et al. 2006, Poloczanska et al.

2013). As ecologically important sources of habitat
and primary productivity (Duggins et al. 1989, Tea-
gle et al. 2017), marine macroalgae are of notable
concern, as the effects of climate change may cas-
cade to the multitudes of species that depend on
them for survival (Harley et al. 2012). Kelps (order
Laminariales) are among the largest and most struc-
turally complex marine algae. As dominant compo-
nents of temperate rocky coasts (Steneck et al.
2002), kelps support nearshore food webs and create
habitat for many other organisms, both directly
through the provision of structure and indirectly by
chemical and hydrodynamic modification of the sur-
rounding environment (Dayton 1985, Duggins et al.
1989, Smale et al. 2013, Teagle et al. 2017). Many
kelps are sensitive to elevated temperatures (>15°C),
which reduce growth rates, weaken tissues, increase
mortality, and generally limit their biogeographic
distributions to temperate ecosystems (Fortes and
Lüning 1980, Bolton and Lüning 1982, Kirkman
1984, Lüning and Freshwater 1988, Steneck et al.
2002, Andersen et al. 2013, Simonson et al. 2015).
With ongoing oceanic warming, kelps are likely to
experience thermal stress with increasing frequency
and severity. Increasing temperatures have already
been implicated in kelp declines in Australia, Eur-
ope, and Eastern and Western North America
(Andersen et al. 2013, Yesson et al. 2015, Wernberg
et al. 2016a, Pfister et al. 2018, Rogers-Bennett and
Catton 2019, Starko et al. 2019).
Kelps face rising temperatures in the context of a

heterogeneous physical and chemical environment
(Wernberg et al. 2010, Harley et al. 2012), and the
response of kelps to elevated temperatures may
depend upon other environmental conditions (Har-
ley et al. 2012). Kelps frequently grow in current-
swept, hydrodynamically energetic coastal environ-
ments (Koehl and Wainwright 1977, Friedland and
Denny 1995, Gaylord and Denny 1997, de Bettignies
et al. 2013), where forces exerted by waves and cur-
rents may represent a major source of mortality due
to dislodgement from the substratum (Seymour
et al. 1989, Dudgeon and Johnson 1992, Denny and
Gaylord 2002, Pratt and Johnson 2002, Mach et al.
2007). At the same time, water motion also benefits
kelps by increasing gas exchange and nutrient
uptake (Hepburn et al. 2007). Kelps may reduce
the effects of hydrodynamic forces by having drag-
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minimizing, streamlined blade morphologies (Mar-
tone et al. 2012, Starko and Martone 2016). How-
ever, streamlined blade morphologies have a
reduced capacity for photosynthesis and nutrient
uptake due to their limited surface area and, in
kelps with multiple blades, tendency to self-shade
(Koehl et al. 2008). Many kelps balance this mor-
phological trade-off with phenotypic plasticity in
blade morphology (summarized in Koehl et al.
2008). High-flow environments promote the growth
of narrow, strap-like blades which minimize drag,
while low-flow environments result in wide, thin, ruf-
fled blades which increase exposure to light and
nutrient uptake but incur more drag (Koehl et al.
2008; Fig. 1). Phenotypic plasticity in blade form is
manifested in new growth produced subsequent to
changes in flow conditions, with morphological
changes observable in a matter of days when growth
is rapid (Koehl et al. 2008). Interestingly, a high-
flow blade morphology can be artificially induced
by mechanically loading blades with weights, sug-
gesting that blade morphology in situ is regulated
by tensile forces from hydrodynamic drag (Gerard
1987, Koehl et al. 2008). Changes in blade morphol-
ogy may represent shifts in biomass allocation—not
rates of tissue production—as length and width can
be traded against one another, and narrower blades
elongate more rapidly than wider blades (Gerard
1987).

Tension-regulated plasticity likely allows some
kelp species to thrive in a wide range of hydrody-
namic conditions. Furthermore, as wave energy
increases due to oceanic warming (Young et al.
2013, Reguero et al. 2019), plasticity may shield kelp
populations from the subsequent hydrodynamic

effects. However, it remains unknown if thermal
stress may affect this critical ability to modify mor-
phology, which may result in negative interactions
between elevated temperatures and intensified
hydrodynamic environments as ocean conditions
change. Past research has demonstrated that such
multi-stressor interactions may be common in mar-
ine ecosystems (Crain et al. 2008, Kroeker et al.
2017), and have the potential to markedly influence
macroalgal responses to climate change (Harley
et al. 2012). Compared to research investigating the
impact of isolated factors however, research on the
effects of multi-stressor interactions remains limited,
and the outcomes of such interactions are difficult
to predict (Crain et al. 2008, Harley et al. 2012,
Kroeker et al. 2017).
We investigated the effect of thermal stress on ten-

sion-regulated blade plasticity in the bull kelp Nereo-
cystis luetkeana, a large, subtidal species that occurs
across a range of flow conditions from California to
the Aleutian Islands (Gardner and Setchell 1925;
Fig. 1). As a thermal performance curve has not
been generated for sporophytes of N. luetkeana, we
first measured the growth of N. luetkeana over a
range of temperatures to determine the threshold
for thermal stress. We then quantified morphologi-
cal responses to tension at optimal and stressful tem-
peratures to determine if elevated temperatures
affect the ability of N. luetkeana to respond to simu-
lated high- and low-flow conditions. Given that
morphological plasticity of blades is dependent on
the production of new tissue, we hypothesize that
thermal stress may cause a decrease in plasticity pro-
portional to the reduction in growth rates. Further-
more, any observations of decreased plasticity not
proportional to decreased growth rates may point to
the resilience or susceptibility of the mechanism of
developmental plasticity. Should thermal stress inhi-
bit the vital ability to develop flow-appropriate mor-
phologies, elevated temperatures could drive kelp
declines even at sublethal levels of warming by
reducing resource acquisition efficiency or increas-
ing exposure to hydrodynamic forces. This impact of
climate change may be particularly pronounced for
kelps growing in more exposed environments, where
being incapable of minimizing hydrodynamic stress
could act synergistically with thermal weakening of
tissues (Simonson et al. 2015) and increased wave
energy (Young et al. 2013, Reguero et al. 2019).

MATERIALS AND METHODS

Specimen collection and acclimation. Nereocystis luetkeana
sporophytes (50–100 mm pneumatocyst diameter) were hap-
hazardly collected by wading between June 14 and October 4,
2018 from a small kelp bed near the Girl in a Wetsuit statue
in Stanley Park, Vancouver, BC, Canada (49°1809.4356″ N,
123°7033.4128″ W). Specimens were generally growing in the
shallow subtidal zone and had experienced little mechanical
or thermal damage during past low tides; those that were
damaged, reproductive, or covered in epiphytes were avoided.
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FIG. 1. (A) General morphology of Nereocystis luetkeana. The
scale bar represents the approximate size of specimens collected
from Stanley park. (B) Distinct morphologies of blades from dif-
ferent flow conditions; blades exposed to high-flow rates are flat
and narrow (top) while blades from sheltered conditions are
wider with ruffled margins (bottom).
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Partial thalli consisting of the round portion of the pneuma-
tocyst with attached blades truncated to 0.5 m length were
transported to the University of British Columbia, where they
were acclimated in illuminated (~110 μmol photons � m−2-

� s−1, 16:8 h light:dark photoperiod) sea tables containing
recirculated seawater (13 � 1°C, pH = 7.75, 34 salinity).
Kelps collected for each experiment were used within 48 h
post-collection to ensure the health of the blades.

Thermal performance curve. Growth of Nereocystis luetkeana
blades was recorded as a proxy for stress over a range of tem-
peratures in three custom recirculating climate-controlled
growth flumes (Coanda Engineering, Burnaby, BC, Canada)
that enabled the precise manipulation of water temperature,
flow velocity, and flow direction (Fig. 2). We assumed that
the thermal tolerance of N. luetkeana blade tissue was repre-
sentative of that of the whole thallus. From each kelp, blades
with the fewest sori and macroscopic epibionts, and least
physical damage, were excised with a portion of the pneuma-
tocyst attached to the base (Fig. 3). This pneumatocyst por-
tion anchored the blades in the growth tanks and acted as a
physical buffer against tissue degradation from the cut sur-
faces. The distal end of each blade was trimmed to a uniform
initial length of 400 mm immediately prior to the start of a
trial to simplify subsequent measurements of blade elonga-
tion. The flumes were filled with seawater (pH = 7.75, 34
salinity) enriched with Micro-Algae GrowTM Guillard f/2
growth medium (Florida Aqua Farms) and exposed to
~90 μmol photons � m−2 � s−1 for 16 h per d. At each of nine
temperatures (5°C, 7°C, 10°C, 12°C, 13°C, 15°C, 17°C, 20°C,
and 22°C), six blades were anchored by the base and left to
grow in a uniform flow of 0.7 m � s−1 for 8 d, after which we
recorded the final length of the blades rounded to the near-
est 5 mm. Trials had to be conducted over four time blocks
due to the limited number of flumes (10°C and 15°C initi-
ated on June 15, 7°C and 22°C on June 29, 12°C and 20°C
on July 12, and 5°C, 13°C and 17°C on August 10). Multiple
blades were often derived from a single sporophyte due to a
limited number of healthy individuals (n = 24). However,
blades from an individual sporophyte were distributed such
that no temperature treatment had more than one blade
from an individual. Blade growth was expressed as an
unbounded percentage of the initial blade length using the
formula:

Δ%Length¼Lf �Li

Li
∗100% (1)

where Lf was the final length of the blade and Li the initial
length (standardized to 400 mm). We examined the relation-
ship between temperature and blade growth with a quadratic
linear mixed model using the “lme4” package (Bates et al.
2015), incorporating time block and sporophyte individual as
random effects. Significance of fixed and random effects was
determined with the “lmerTest” package (Kuznetsova et al.
2017). Homoscedasticity and normality of residuals were
checked graphically with quantile–quantile and residual plots.
A follow-up comparison of blade growth at ~190 μmol pho-
tons � m−2 � s−1 was conducted at 13°C to rule out the possi-
bility of low light levels limiting growth at optimal
temperatures, which was analyzed with a paired t-test. All sta-
tistical analyses were conducted using R statistical software
version 3.6.1 (R Core Team 2019).

Plasticity experiments. We used a 2 × 2 factorial design to
determine the effect of thermal stress on the tension-regu-
lated plastic response of Nereocystis luetkeana blades. Nereocystis
luetkeana blades were prepared as outlined previously for the
creation of the thermal performance curve. However, blades
were trimmed to an initial length of 350 mm instead. These
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FIG. 2. A schematic diagram of a recirculating growth flume,
with water flow indicated by solid arrows. Filtration and chiller
units (F + C) not depicted.
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FIG. 3. (A) Schematic diagram of the setup used to apply ten-
sion to kelp blades. Aquarium pumps ensured constant but non-
directional water motion. The water was circulated through a chil-
ler (C) to maintain the correct temperatures. (B) A view from
above of kelp blades under tension in the sea table.
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experiments were conducted in sea tables filled with seawater
(pH = 7.75, 34 salinity) enriched with Micro-Algae GrowTM

Guillard f/2 growth medium as with the thermal perfor-
mance curve (Fig. 3). Following Koehl et al. (2008), the distal
end of the blade was folded on itself to form a loop, which
was sewn together with cotton thread (Fig. 3). A small hole
was punched through the distal blade at 300 mm length as a
reference point for length measurements (Fig. 3). A nylon
rod was pushed through the loop, and weights were sus-
pended on a string tied to the rod (Fig. 3). Pneumatocyst
pieces were anchored in slots on one end of the sea table
and the blades were suspended horizontally by the weights
hanging from the opposite edge of the sea table (Fig. 3).
The way the blades were suspended resulted in a slight
upwards angle. However, the angle was small (~5.6°), and the
difference in distance to the light source between the base
and the distal end was much smaller than intra-blade differ-
ences due to blade ruffling (Fig. 3). Weights were calibrated
to apply either 0.5 N or 2.0 N of tension on the blades with a
5 N spring scale (OHAUS 8002-MN), simulating a sheltered
environment with low drag and a current-swept environment
with higher drag, respectively. These forces are within the
range experienced by kelp blades in a natural setting (Char-
ters 1969, as cited in Gerard 1987). Weight treatments were
alternated on blades suspended side by side (Fig. 3). Low
(0.5 N) and high (2 N) tension blades were further subdi-
vided into two temperature treatments selected based on the
thermal performance curve: 13 � 1°C (near optimal) and
20 � 1°C (stressful but not immediately lethal). For each
blade, the width 100 mm from the base was recorded to the
nearest millimeter. Blades were subsequently allowed to grow
in the treatment combinations for 7 d (~90 μmol pho-
tons � m−2 � s−1 16 h light photoperiod). Blade width
(100 mm from the base) was measured again at the end of
the growth period, along with the final length of the blade
(rounded to the nearest 5 mm). To increase the number of
replicates, this experiment was conducted twice (block 1 on
September 13 and block 2 on October 6, resulting in a
pooled total of 12 blades each in the 13°C × 0.5 N and
13°C × 2 N treatments, but 11 and 10 blades in the
20°C × 0.5 N and 20°C × 2 N treatments, respectively, due to
breakage during the growth period. In some cases, multiple
blades were derived from a single sporophyte due to a limited
number of healthy individuals (n = 14). However, no treat-
ment combination had more than one blade from an individ-
ual. Blade elongation was calculated as an unbounded
percentage of the initial blade length using the formula:

Δ%Length¼Lf �Li

Li
∗100% (2)

whereby Lf was the final length of the blade and Li the initial
length (standardized to 350 mm). The percent change in
width was calculated as an unbounded percentage of the ini-
tial width with the formula:

Δ%Width¼W f �W i

W i
∗100% (3)

whereby Wf was the final width of the blade at 100 mm and Wi

the initial width. We analyzed the effect of temperature and
tension on blade elongation and width with linear mixed
models using the “lme4” package (Bates et al. 2015). We
incorporated temperature, tension, and the two time blocks as
fixed effects, and treated sporophyte individual as a random
effect. Significance of fixed and random effects was deter-
mined with the “lmerTest” package, and homoscedasticity and
normality of residuals were checked graphically with quan-
tile–quantile and residual plots. The change in blade width in

each treatment combination was subsequently compared to a
null value (0% width change) with one sample t-tests (four
comparisons), and a student’s t-test was used to compare the
two high tension treatments (one comparison). α-values for all
t-tests were adjusted with a Bonferroni correction to α = 0.01.

RESULTS

Thermal performance curve. The effect of tempera-
ture (5–22°C) on the growth of Nereocystis luetkeana
could be expressed with the following quadratic func-
tion: Growth (%) = 4.40,860 + 12.13,513 (°C) −
0.51,191 (°C)2 (P < 0.01, conditional R2 = 0.67;
Fig. 4). Maximum growth was predicted to occur at
~11.9°C (Fig. 4). Random effects of block (LRT =
0.92, P = 0.34) and sporophyte individual (LRT =
0.03, P = 0.86) were not significant. Light levels in
the flumes were not limiting, as blades did not grow
significantly more at ~190 μmol photons � m−2 � s−1
than at ~90 μmol photons � m−2 � s−1 (Paired t-test,
t5 = −1.56, P = 0.18).
Plasticity experiments. Initial blade widths did not sig-

nificantly differ between treatments (ANOVA,
F3,44 = 0.26, P = 0.85), and were as follows (mean �
SD): 60.5 � 15.8 mm (13°C × 0.5 N), 56.8 � 10.3 mm
(13°C × 2 N), 56.8 � 13.4 mm (20°C × 0.5 N), and
56.2 � 13.5 mm (20°C × 2 N). Elevated temperature
significantly reduced blade elongation (linear mixed
model, t26 = −5.13, P < 0.01; Fig. 5): elongation at
13°C (69.3 � 14.7%, mean � SD) was greater than at
20°C (37.8 � 7.5%). Tension had a significant effect
on blade elongation (linear mixed model, t25.4 = 3.60,

FIG. 4. Effect of temperature on blade elongation of Nereocystis
luetkeana after 7 d. Each point represents an individual blade.
The data were fitted to a quadratic model of the form y =-
ax2 + bx + c, with the shaded area representing 95% confidence
intervals.
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P < 0.01; Fig. 5), with blades experiencing 2 N tension
elongating more (60.8 � 21.5%) than blades experi-
encing 0.5 N tension (48.6 � 16.4%). The effect of ten-
sion on blade elongation was not different between
temperatures (linear mixed model, t26.8 = −1.43,
P = 0.16; Fig. 5). Blade elongation was not different
between time blocks (linear mixed model, t31.3 = 0.10,
P = 0.92), nor did the effects of temperature and ten-
sion differ between blocks (P > 0.76 for all interac-
tions). However, blade elongation differed across
sporophyte individuals (LRT = 4.45, P = 0.03).

The effect of tension on Nereocystis luetkeana blade
width depended upon temperature (linear mixed
model, t28.3 = 2.67, P = 0.01; Fig. 5). Blades

experiencing 0.5 N widened significantly at 13°C
(One-sample t-test, 15.8 � 13.3%, t11 = 4.11,
P < 0.01; Fig. 5) but did not change in width at
20°C (one-sample t-test, 0.63 � 6.39% t10 = −0.32,
P = 0.75; Fig. 5). Blades experiencing 2 N of ten-
sion narrowed significantly at 13°C (one-sample t-
test, −9.9 � 9.9%; t11 = −3.47, P < 0.01; Fig. 5) and
at 20°C (one-sample t-test, −9.3 � 8.2%; t9 = −3.58,
P < 0.01; Fig. 5). Narrowing at 2 N tension was not
significantly different between blades grown at 13°C
and 20°C (Student’s t-test, t20 = 0.16, P = 0.88;
Fig. 5). The change in blade width was not different
between time blocks (linear mixed model,
t33.7 = 0.75, P = 0.46), nor did the effects of temper-
ature and tension differ between blocks (P > 0.31
for all interactions). The change in blade width was
not significantly different across sporophyte individ-
uals (LRT1 = 3.47, P = 0.06).

DISCUSSION

Anthropogenic warming has been linked to kelp
declines across the globe (Andersen et al. 2013, Yes-
son et al. 2015, Krumhansl et al. 2016, Pfister et al.
2018, Rogers-Bennett and Catton 2019, Starko et al.
2019). However, responses to interactions between
warming and other environmental factors, which
may differ from responses to isolated factors,
remain under-investigated despite their prevalence
in marine ecosystems (Crain et al. 2008, Harley
et al. 2012, Kroeker et al. 2017). In this study, we
characterized the thermal performance of the kelp
Nereocystis luetkeana and investigated the effect of
thermal stress on the ability of N. luetkeana to
respond to simulated high- and low-flow conditions.
Nereocystis luetkeana growth exhibited a thermal opti-
mum of ~11.9°C. Thermally stressed N. luetkeana
blades developed streamlined morphologies when
subject to high tensile forces (as they would in high-
flow, exposed habitats). However, they no longer
widened when experiencing low tensile forces char-
acteristic of low-flow, sheltered habitats.
The thermal optimum determined for Nereocystis

luetkeana sporophytes was comparable to that of
many other temperate kelp species (Fortes and
Lüning 1980, Bolton and Lüning 1982, Andersen
et al. 2013, Hargrave et al. 2017) and to N. luetkeana
gametophytes (Lind and Konar 2017). However,
unlike thermal performance curves generated for
other kelp species that tended to show sharply
increasing or decreasing growth on both sides of
the optimum (Fortes and Lüning 1980, Bolton and
Lüning 1982, Gao et al. 2013a), the growth of N.
luetkeana was high over a wide range of tempera-
tures. We considered the possibility that this plateau
was caused by limited irradiance in the flumes, cap-
ping growth at optimal temperatures without affect-
ing the shape of the curve at more stressful
temperatures. However, follow-up experiments con-
ducted at double the irradiance failed to produce

FIG. 5. (A) Relative elongation of Nereocystis luetkeana blades
grown for 7 d in different combinations of temperature and ten-
sion. (B) Relative change in width of Nereocystis luetkeana blades
grown for 7 d in different combinations of temperature and ten-
sion. Asterisks indicate significant changes from the starting blade
widths, “N.S.” indicate no difference.
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higher growth rates. As many published thermal
performance curves have fewer temperature points
with large (3–5°C) increments (Fortes and Lüning
1980, Bolton and Lüning 1982, Gao et al. 2013a),
we speculate that the apparent tendency for sharp
thermal optima in other kelps may be the result of
insufficient resolution. Other published thermal
performance curves with more temperature points
(including the one here for N. luetkeana) often
demonstrate optimal growth over a wider range of
temperatures (Gao et al. 2013b, Komazawa et al.
2015, but see Wernberg et al. 2016b). The wide
thermal optimum may reflect the widespread distri-
bution and generalist nature of N. luetkeana, allow-
ing it to tolerate thermal environments from
California to the Aleutian Islands (Gardner and
Setchell 1925). However, significant ecotypic varia-
tion has been documented in kelps (e.g., Busch-
mann et al. 2004, Gao et al. 2013b), and future
research will be required to determine the relative
contribution of local adaptation to the thermal tol-
erance of N. luetkeana populations.

Despite a reduction in overall growth, thermally
stressed Nereocystis luetkeana blades remained capable
of responding to high tension by developing a nar-
rower and more elongate blade form. In contrast,
the effect of thermal stress was disproportionately
pronounced in blades under low tension, which did
not widen despite showing reduced rates of elonga-
tion. We speculate that this inability to widen may
stem from a disruption of normal blade develop-
ment. In kelps, new blade growth, initially narrow at
the intercalary meristem at the base of the blade,
widens as it is pushed distally (Kain Jones 1987).
Elevated temperatures are known to physiologically
disrupt kelps (Simonson et al. 2015, Nepper-David-
sen et al. 2019), and an inability to widen could
indicate a disruptive effect of thermal stress on cell
division or expansion perpendicular to the long axis
of the blade. In low-flow conditions, where the
development of wider blades is favored, being
unable to widen would be especially conspicuous.
However, for blades growing in conditions that
would already promote blades to remain narrow, an
inability to widen may not result in observable dif-
ferences in blade morphology under thermal stress.
This apparent decoupling of the trade-off between
blade elongation and widening may possibly be due
to reduced biomass gain under thermal stress,
effects of tension on carbon uptake (Kraemer and
Chapman 1991), or altered allocation of biomass
into blade thickness instead of either length or
width. Further research will be required to deter-
mine what mechanisms underlie tension-regulated
plasticity in kelp blades, and how these mechanisms
are compromised by thermal stress. Additionally, it
may be worth investigating whether the sensitivity of
these mechanisms to thermal stress varies across
populations of N. luetkeana. Ecotypic adaptation to
local thermal environments (see Buschmann et al.

2004, Gao et al. 2013b) could conceivably extend to
the thermal sensitivity of tension-regulated plasticity.
Contrary to our predictions, a reduced capacity

to develop a low-flow morphology may make ther-
mally stressed Nereocystis luetkeana especially vulnera-
ble to warming in sheltered habitats by impairing
their ability to acquire resources under such condi-
tions. Nutrient stress in warm, low-flow conditions
may be further exacerbated by increased nitrogen
requirements to maintain physiological function in
elevated temperatures (Gerard 1997), rendering
such areas inhospitable even at sublethal tempera-
tures. A decline in intertidal kelp abundance has
been observed in sheltered habitats following
abnormally elevated temperatures, without a corre-
sponding loss in nearby exposed areas (Starko
et al. 2019). These declines were attributed to a
lack of wave splash keeping exposed kelps cool dur-
ing low tides, or to limited water motion allowing
localized pockets of warm water to form (Starko
et al. 2019). This study proposes an additional
mechanism by which elevated ocean temperatures
may affect kelps growing in sheltered areas, and
suggests that temperature-driven kelp declines in
sheltered habitats could include both intertidal and
subtidal species.
In summary, phenotypic plasticity allows some

kelp species to tune their blade morphology to
match surrounding flow conditions, contributing to
their ability to thrive in a wide range of hydrody-
namic environments. Morphological responses to
simulated high water flow were maintained under
thermal stress despite reduced growth, but mor-
phological responses to simulated low flow were
significantly inhibited, as blades did not widen in
such conditions. Our results suggest that the effect
of oceanic warming on Nereocystis luetkeana will be
particularly pronounced in sheltered habitats,
where an inability to adjust blade morphology
could lead to temperature-driven declines even
before warming becomes lethal. Given the impor-
tance of healthy kelp populations in modifying
coastal habitats and increasing biodiversity, declines
in kelp abundance along sheltered coasts could
result in significant biodiversity loss and community
restructuring.
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