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INTRODUCTION

Over the past century, the global mean sea surface tem-
perature has increased by 0.88°C and the frequency of 
marine heatwaves has doubled, exposing key species 
in coastal marine ecosystems to temperatures beyond 

their tolerance limits (Cooley et al., 2022). Kelp, large 
brown algae in the order Laminariales, form vast un-
derwater forests in temperate and subpolar regions, 
occupying up to 28% of the world's coastlines (Starko 
et al.,  2021). Kelps are foundation species, support-
ing biodiversity hotspots through habitat provisioning 
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Abstract
Warming ocean temperatures have been linked to kelp forest declines world-
wide, and elevated temperatures can act synergistically with other local 
stressors to exacerbate kelp loss. The bull kelp Nereocystis luetkeana is 
the primary canopy- forming kelp species in the Salish Sea, where it is de-
clining in areas with elevated summer water temperatures and low nutrient 
concentrations. To determine the interactive effects of these two stressors 
on microscopic stages of N. luetkeana, we cultured gametophytes and mi-
croscopic sporophytes from seven different Salish Sea populations across 
seven different temperatures (10– 22°C) and two nitrogen concentrations. 
The thermal tolerance of microscopic gametophytes and sporophytes was 
similar across populations, and high temperatures were more stressful than 
low nitrogen levels. Additional nitrogen did not improve gametophyte or spo-
rophyte survival at high temperatures. Gametophyte densities were highest 
between 10 and 16°C and declined sharply at 18°C, and temperatures of 20 
and 22°C were lethal. The window for successful sporophyte production was 
narrower, peaking at 10– 14°C. Across all populations, the warmest tempera-
ture at which sporophytes were produced was 16 or 18°C, but sporophyte 
densities were 78% lower at 16°C and 95% lower at 18°C compared to cooler 
temperatures. In the field, bottom temperatures revealed that the thermal lim-
its of gametophyte growth (18°C) and sporophyte production (16– 18°C) were 
reached during the summer at multiple sites. Prolonged exposure of bull kelp 
gametophytes to temperatures of 16°C and above could limit reproduction, 
and therefore recruitment, of adult kelp sporophytes.
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and tremendously high primary productivity (Duarte 
et al.,  2022). More than one third of the world's kelp 
forests have declined in abundance over the past 
50 years (Krumhansl et al., 2016), with further declines 
reported recently from many regions (Filbee- Dexter & 
Wernberg,  2018; Smale,  2020). These declines have 
been linked to ocean warming and marine heatwaves 
around the world (Arafeh- Dalmau et al.,  2019; Berry 
et al., 2021; Filbee- Dexter et al., 2020; Filbee- Dexter & 
Wernberg, 2018; Kumagai et al., 2018; Rogers- Bennett 
& Catton, 2019; Starko et al., 2022). Sea surface tem-
peratures will continue to increase, and marine heat-
waves will become even more frequent, so we must 
be prepared with a comprehensive understanding of 
the consequences of ocean warming for kelp forest 
ecosystems.

Many marine organisms have complex life cycles 
with distinct free- living stages that may be exposed 
to and respond differently to changing environmental 
conditions, so it is critical to determine the thermal vul-
nerability of all life cycle stages. Kelps have a bipha-
sic life cycle with two free- living stages: microscopic, 
haploid gametophytes and macroscopic, diploid sporo-
phytes. Thermal tolerances can differ across life history 
stages of kelp (Harley et al.,  2012), yet most studies 
have tested the effects of environmental stressors only 
on adult sporophytes, leaving a crucial knowledge gap 
in our understanding of how stressors impact several 
early life stages— zoospores, gametophytes, and ju-
venile sporophytes (Hollarsmith et al., 2022). A recent 
review suggests that kelp gametophytes can tolerate a 
wider range of temperatures compared to sporophytes 
(Veenhof et al.,  2022), including higher temperatures 
than those usually experienced in the environment (tom 
Dieck,  1993). Kelp gametophytes may persist on the 
benthos even when conditions are unfavorable for spo-
rophytes, playing a critical role in population resilience 
by serving as microscopic seed banks (Carney, 2011; 
Edwards, 2022).

Due to upwelling and stratification, high seawater 
temperatures are often correlated with low nitrogen 
levels in coastal ecosystems (Palacios et al.,  2013). 
Climate change is altering ocean circulation and strat-
ification patterns, with continued increases in stratifi-
cation leading to declines in upper- ocean nutrients 
(Cooley et al., 2022). High temperatures and low nitro-
gen concentrations are both physiologically stressful 
for kelp, and experiments with adult sporophytes have 
shown that these two stressors can act synergistically 
with nitrogen limitation worsening the impact of high 
temperatures (Fernández et al.,  2020; Gerard,  1997; 
Schmid et al., 2020; Umanzor et al., 2021). However, 
only a few studies have examined the interactive ef-
fects of temperature and nitrogen on kelp gameto-
phytes or juvenile sporophytes. Across 12 kelp species, 
gametophyte survival and sporophyte production were 
more severely limited by high temperatures (18°C) than 

by low nitrogen levels (1 μM nitrate; Muth et al., 2019). 
Similarly, gametophyte cultures of Laminaria digitata 
and Ecklonia radiata did not produce sporophytes at 
temperatures above 18°C and 22°C, respectively, re-
gardless of nitrogen levels (Mabin et al., 2013; Martins 
et al.,  2017). In contrast, other studies observed that 
embryonic sporophyte production was limited by the 
availability of nitrogen across temperatures (Matson & 
Edwards, 2007; Shukla & Edwards, 2017).

The bull kelp, Nereocystis luetkeana, grows from 
central California to the Aleutian Islands in the north-
east Pacific Ocean. Nereocystis luetkeana is the pri-
mary canopy- forming kelp species in the Salish Sea, 
a fjordal estuary that encompasses Puget Sound, the 
Strait of Juan de Fuca, and the Strait of Georgia. The 
Salish Sea is warming rapidly, with projections of a 1.5– 
3°C increase in mean water temperature by the end 
of the 21st century (Amos et al.,  2015; Khangaonkar 
et al., 2019; Riche et al., 2014). Bull kelp declines have 
been linked to ocean warming in multiple locations. In 
South Puget Sound, bull kelp forests have declined by 
more than 60% since the 1870s, and these losses are 
correlated with elevated summer water temperatures 
and low nutrient concentrations (Berry et al.,  2021). 
In British Columbia, bull kelp declines have occurred 
primarily along warmer, wave- sheltered coastlines 
(Starko et al., 2019, 2022). A marine heatwave in 2013– 
2014 was followed by a 50% decline in bull kelp can-
opy cover on the outer coast of Washington, but the 
bull kelp canopy recovered by the next year (Tolimieri 
et al., 2023). While kelp recovery occurred on the outer 
coast, kelp forests are still in decline in the warmer, 
more inland waters of the Salish Sea.

During the annual life cycle of Nereocystis luet-
keana, adult sporophytes become reproductive during 
the late spring and summer (Maxell & Miller,  1996), 
releasing microscopic zoospores that settle to the 
benthos and germinate into male and female ga-
metophytes. However, some adult sporophytes that 
overwinter may continue to reproduce throughout the 
fall and winter and into the following spring (Ulaski & 
Konar,  2021). Sexual reproduction occurs when the 
male gametophyte releases sperm that fertilizes the 
female oogonium, which develops into a juvenile spo-
rophyte. Gametophytes of N. luetkeana can germinate 
and survive between 5 and 21°C, but germination and 
growth rates have been shown to decline above 17°C 
(Lind & Konar, 2017; Muth et al., 2019; Schiltroth, 2021; 
Vadas, 1972). The production of juvenile sporophytes 
through sexual reproduction is limited to temperatures 
below 20°C (Vadas, 1972), but information on the ther-
mal window for juvenile sporophyte production by N. lu-
etkeana is lacking, as most studies have only tested a 
few temperatures.

Finally, both thermal history and genetic differentia-
tion can cause population- specific responses to ocean 
warming (Liesner et al.,  2020; Sánchez de Pedro 
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   | 3THERMAL TOLERANCE OF MICROSCOPIC BULL KELP

et al., 2022). Kelp responses to warming can depend 
on previous thermal exposure (Gauci et al.,  2022), 
which tends to differ across populations, leading to in-
traspecific differences in thermal tolerance (Becheler 
et al., 2022; Martins et al., 2020; Schimpf et al., 2022; 
Strasser et al., 2022). The Salish Sea is a large and 
complex estuarine system, with sea surface tempera-
tures that can span >8°C across sites that are <100 km 
apart, depending on the tides, currents, river inputs, 
and distance from the Pacific Ocean (MacCready 
et al., 2021). Therefore, it is critical to conduct thermal 
tolerance studies across multiple populations, as they 
may respond differently to elevated temperatures.

To determine the population- specific temperature 
thresholds for survival, growth, and reproduction of 
early life stages of Nereocystis luetkeana within the 
Salish Sea, we cultured gametophytes from seven 
different sites across seven different temperatures, 
spanning 10– 22°C, and at two different nutrient con-
centrations (high v. low). In addition, we tracked subtidal 
temperatures in the kelp forest at each site to compare 
the critical temperatures for gametophyte growth and 
sporophyte production with the in situ temperatures 
that each population experienced. As nitrogen can 
buffer the effect of high temperatures for adult kelp 

sporophytes (Fernández et al., 2020; Gerard, 1997), we 
hypothesized that high nitrogen concentrations would 
allow microscopic stages to survive at higher tempera-
tures. In addition, we hypothesized that populations 
from warmer water sites would have a higher resilience 
to elevated temperatures.

MATERIALS AND METHODS

Field sampling and temperature 
monitoring across populations

Mature sori (reproductive patches) were collected from 
eight different bull kelp (Nereocystis luetkeana) popula-
tions within the Salish Sea in Washington State, United 
States. Populations were selected to span a large geo-
graphic area that corresponds to differences in seawa-
ter temperatures, from South Puget Sound (Squaxin 
Island, Tacoma Narrows) to Central Puget Sound 
(Vashon Island, Lincoln Park, Edmonds) and North 
Puget Sound/the San Juan Islands (Turn Rock, Gordon 
Island, Cherry Point; Figure 1). Site names, GPS coordi-
nates, and sori collection dates are listed in Table 1. We 
conducted two experiments to accommodate all eight 

F I G U R E  1  Map of the eight study sites in the Salish Sea, Washington, USA.

 15298817, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jpy.13366, W

iley O
nline Library on [30/07/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



4 |   WEIGEL ET AL.

populations: the first set included sori from Squaxin 
Island, Tacoma Narrows, Vashon Island, and Lincoln 
Park collected June 28– 29, 2022, and the second set 

included sori from Edmonds, Turn Rock, Gordon Island, 
and Cherry Point collected August 8– 9, 2022. Sori 
from Cherry Point did not release enough zoospores 

TA B L E  1  Location of study sites, including GPS coordinates, dates sampled, and mean (±SE) surface seawater nutrient concentrations 
at each site.

Location GPS (latitude, longitude; °) Date NO3 (μM) NO2 (μM) NH4 (μM) PO4 (μM)

Squaxin Island 47.168, −122.896 6/29/22 8.66 ± 0.26 0.66 ± 0.02 2.56 ± 0.05 1.62 ± 0.01

Tacoma Narrows 47.296, −122.532 6/29/22 15.43 ± 0.15 0.78 ± 0.01 1.22 ± 0.03 1.77 ± 0.01

Vashon Island 47.478, −122.447 6/28/22 3.24 ± 0.28 0.30 ± 0.02 0.58 ± 0.05 1.11 ± 0.03

Lincoln Park 47.535, −122.398 6/28/22 2.58 ± 0.17 0.27 ± 0.01 0.90 ± 0.03 1.06 ± 0.03

Edmonds 47.817, −122.379 8/8/22 2.07 ± 0.11 0.26 ± 0.01 0.28 ± 0.01 0.80 ± 0.01

Turn Rock 48.535, −122.965 8/9/22 15.46 ± 0.82 0.36 ± 0.01 0.9 ± 0.10 1.43 + 0.07

Gordon Island 48.730, −123.021 8/9/22 9.78 ± 0.07 0.2 ± 0.00 0.53 ± 0.03 1.01 ± 0.01

Cherry Point 48.855, −122.731 8/8/22 0.64 ± 0.15 0.06 ± 0.01 0.18 ± 0.03 0.5 ± 0.02

Note: Nutrients were sampled on the same day that reproductive sori were collected for gametophyte culturing.

F I G U R E  2  (a) Daily mean temperatures from the study sites, measured at the bottom (−3 to −5 m relative to MLLW) adjacent to kelp 
forests. (b) Daily maximum temperatures from the same sites and depths. Temperatures are shaded according to thresholds of <16, >16, 
and >18°C. For sites where temperature thresholds were exceeded, the number of total days above 16 or 18°C is indicated on the graph.
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   | 5THERMAL TOLERANCE OF MICROSCOPIC BULL KELP

to be included in the experiment, likely because we 
had just missed a period of natural zoospore release 
at that site. However, we still included temperature data 
from Cherry Point. At each site, sori from 15 different 
individuals were collected and kept cool with ice packs 
and refrigeration during transportation to Friday Harbor 
Labs. Triplicate surface seawater samples were col-
lected from within the kelp forest at each site, filtered 
through 0.7- μm glass- fiber filters, and frozen until anal-
ysis. Seawater inorganic nutrient concentrations (NO3

−, 
NO2

−, NH4
+, PO4

−) were quantified at the University 
of Washington Marine Chemistry Lab using standard 
methods (UNESCO, 1994). Subtidal temperature and 
pressure sensors (HOBO Onset Water Level Logger, 
U20L- 02) were installed near the seafloor at each site 
via SCUBA between −3 and −5 m depth relative to 
mean lower low water (MLLW). Sensors were swapped 
every 3– 5 months for 1 year.

Kelp gametophyte culturing across 
temperatures and nitrogen levels

Each individual sorus was cut to 3 × 3 cm, gently wiped 
with a paper towel, sterilized for 30 s with Betadine io-
dine solution, rinsed with 1.0 μm filtered and autoclaved 
seawater, and placed between layers of seawater- 
dampened paper towels for 2 hrs in the refrigerator. 
Sori were then placed into beakers of sterilized sea-
water overnight at 10°C to induce zoospore release. 
Within each population, 15 ripe sori from different in-
dividuals were combined during zoospore release to 
ensure genetic diversity. Zoospore concentrations were 
quantified with a hemocytometer. To ensure optimal 
densities for juvenile sporophyte production, we first 
conducted a density experiment by plating zoospores 
from one population (Turn Rock) across six different 
densities ranging from 60 to >2,100 spores · mL−1. 
Our assay demonstrated that a density of 530 spores · 
mL−1 ultimately yielded the greatest number of juvenile 
sporophytes (Figure S1 in the Supporting Information). 
Therefore, for each population, hemocytometer counts 
were used to standardize the zoospore densities in our 
experiments to 530 spores · mL−1. Gametophytes were 
cultured in 12- well plates with 5 mL media in each well, 
under both high and low nutrient levels, across seven 
temperatures (six replicate wells per treatment).

Nutrient media was prepared to achieve realistic N 
and P concentrations from this region, as standard F/2 
growth media has 880 μM NaNO3 and 36 μM NaH2PO4, 
roughly 40– 80 and 18– 36 times the natural amount of 
NO3 and PO4 in coastal marine seawater, respectively. 
Our low N nutrient treatment was prepared with 1.0 μm 
filtered and autoclaved seawater enriched with F/2 con-
centrations of trace metals and B vitamins but no ad-
ditional N or P. The high N nutrient treatment included 
the above, plus 30 μM NaNO3, 1 μM NH4Cl, and 2 μM 

NaH2PO4. Media was changed weekly for 5 weeks. 
Based on analyzed samples of nutrient media, the 
high N media started with approximately 50 μM NO3, 
1.0 μM NH4, and 4.0 μM PO4, while low N media started 
with approximately 20 μM NO3, 0.1 μM NH4, and 2.0 μM 
PO4. However, after 1 week of gametophyte growth 
across temperatures (between days 10 and 17), high 
N spent media was still nitrogen- replete with a mean 
(±SD) of 7.21 ± 7.48 μM NO3, 0.14 ± 0.04 μM NH4, and 
0.56 ± 0.37 μM PO4, while low N spent media con-
tained only 0.59 ± 0.68 μM NO3, 0.10 ± 0.03 μM NH4, 
and 0.12 ± 0.06 μM PO4.

Experimental temperatures of 10, 12, 14, 16, 18, 20 
and 22°C were chosen to span a range of environmen-
tal temperatures experienced in this region (Figure  2) 
or that are projected to occur in the next century 
(Khangaonkar et al.,  2019). Temperatures were main-
tained inside a cold room, where sealed gametophyte 
culture plates were placed into seven different 5- gallon 
aquaria equipped with titanium heaters, temperature 
controllers, and micropumps to maintain evenly heated 
water. Plates containing gametophyte cultures were 
placed into the aquaria so that the bottom halves of 
the plates were in contact with the heated water, but 
the plates were not submerged. Plates were parafilm- 
sealed to prevent evaporation and changes in salinity. 
Temperatures were recorded inside of the sealed cul-
ture plate wells at random intervals with Pyroscience 
self- adhesive temperature sensor spots (#TPSP5- ADH). 
Mean (±SD) treatment temperatures were 10.4 ± 0.5, 
11.6 ± 0.5, 14.1 ± 0.4, 15.9 ± 0.5, 17.7 ± 0.5, 20.3 ± 0.5, 
and 21.7 ± 0.3°C. Zoospores were plated directly into 
each treatment, and temperatures were held constant 
from zoospore germination and gametophyte growth 
through sporophyte production. Gametophyte cultures 
were kept for 6 weeks under an irradiance level of 40– 60 
photosynthetically active radiation (PAR; μmol · m−2 · s−1) 
with cool white (5000 k) LED lights and a 15:9 h light:dark 
cycle, as Washington receives an average of about 15 h 
of daylight during the summer months.

Gametophyte and juvenile sporophyte 
response metrics

To quantify size and growth rates, we took photo-
graphs of the gametophytes and juvenile sporophytes 
using a Nikon Eclipse TE2000- U inverted microscope 
equipped with an AmScope microscope camera 
(MU1003B). Gametophyte photos were taken on day 
10, and weekly after that for 3 weeks (days 17, 24, 31). 
Juvenile sporophyte photos were taken on days 32 to 
34. Photos of three random fields of view were taken 
from each replicate well, for a total of 18 photos per 
treatment (6 replicate wells × 3 photos). We used a 
custom ImageJ macros script with batch processing to 
convert all images to black and white, then the magic 
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wand tool in ImageJ to measure the area of individual 
gametophytes. A calibration slide was used to convert 
to mm2 for each magnification. A similar ImageJ mac-
ros script was used to convert sporophyte images, but 
sporophyte areas were determined by hand- drawing 
polygons around each individual sporophyte using 
ImageJ. Gametophyte growth rates were quantified as 
the change in mean gametophyte size per well over 
time; we analyzed the difference in size between days 
10 and 17 to capture growth rates before embryogen-
esis, which likely impacts growth rates.

After 40 d, the total number of juvenile sporophytes 
in each replicate well was counted. At the end of the 
6 weeks (42 d), gametophytes were counted from three 
random fields of view per replicate well and scaled up 
to the total number per well. In the case of extremely 
low sporophyte densities, all sporophytes in a well 
were counted, but most were counted with three ran-
dom fields of view per well and scaled up to the total 
number.

Statistical analysis

We used linear mixed- effects models in R (version 
4.2.2) with the package nlme to test the fixed effects 
of temperature, nutrients, and source population, as 
well as their interactions, on each response variable, 
which included gametophyte growth rates, sporophyte 
size, gametophyte density, and sporophyte density. All 
experiments were conducted in 12- well plates, so well 
was included as a random factor in all mixed- effects 
models. Following significant model outcomes, pair-
wise tests were conducted using the package em-
means, while controlling for multiple comparisons with 
the Tukey method.

RESULTS

Seawater temperatures & nutrient 
concentrations across sites

Seawater temperatures, measured at the bottom at a 
standardized depth within or adjacent to kelp forests, 
remained cool during the winter and spring at all sites 
and warmed slowly throughout the summer, peaking 
in August (Figure  2). Daily mean seawater tempera-
tures remained below 16°C at all sites except Cherry 
Point, which exceeded 16°C on 6 d in July and August, 
including two consecutive periods from August 2– 3 
and 20– 21 (Figure 2). Daily maximum seawater tem-
peratures exceeded 16°C at Squaxin Island on 54 d, 
Edmonds on 4 d, Gordon Island on 11 d, and Cherry 
Point on 25 d (Figure  2). At the two warmest sites, 
Squaxin Island and Cherry Point, daily maximum 
seawater temperatures exceeded 18°C on 2 and 9 d, 

respectively (Figure  2). The highest recorded tem-
perature was 20.5°C at Cherry Point on July 27. Daily 
maximum temperatures exceeding 16°C occurred 
consecutively at Squaxin Island for 50 d from July 25 
to September 12. During that period, daily mean tem-
peratures at Squaxin Island averaged 15.45 ± 0.22°C. 
In contrast, warm periods at Cherry Point and Gordon 
Island were periodic, punctuated by days with cooler 
water temperatures (Figure 2).

Surface seawater nutrient concentrations differed 
across sites (Table  1), although samples were limited 
to a single time point corresponding to sori collection 
dates. Seawater nitrate (NO3) concentrations were 
below 5 μM at sites in Central Puget Sound (Vashon 
Island, Lincoln Park, Edmonds), while nitrate at Cherry 
Point was <1 μM. Sites in the San Juan Islands (Turn 
Rock, Gordon Island) and the Tacoma Narrows site had 
the highest nitrate concentrations of 10– 15 μM (Table 1).

Gametophyte responses to 
temperature and nitrogen across 
populations

Gametophytes from all populations displayed strong 
responses to temperature, with thermal performance 
curves that show slower growth rates at cooler tem-
peratures (10– 12°C), maximum growth rates at warmer 
temperatures (14– 18°C), and a sharp decline to zero 
growth at 20 and 22°C (Figure 3, Table 2). Only a few 
gametophytes germinated at 20 and 22°C, mainly from 
Turn Rock and Gordon Island, and they died by day 
17 (Figure S2 in the Supporting Information). After that, 
gametophytes did not survive at 20 or 22°C from any 
population, regardless of nitrogen levels (Figure  S2, 
Figure 3). After 6 weeks of growth across temperature 
and nitrogen treatments, the density of gametophyte 
cultures also displayed strong temperature depend-
ence (Figure 4a). Gametophyte densities were highest 
at cooler temperatures from 10 to 16°C, significantly 
lower at 18°C, and dropped to zero at 20– 22°C, re-
gardless of source population or nitrogen treatment 
(Figure 4a). Across all populations and nitrogen levels, 
gametophyte densities were, on average, 59% lower 
at 18°C compared with the mean densities at cooler 
temperatures (10– 14°C). Peak gametophyte densities 
occurred at 10– 12°C for many populations, although 
these were not always significantly different from den-
sities at 14 or 16°C (Figure 4a). Gametophyte growth 
rates were highest when gametophyte densities were 
low (Figure S3 in the Supporting Information), and the 
low density of gametophytes at 18°C may explain why 
high gametophyte growth rates occurred at 18°C for 
some populations.

Overall, gametophytes were much more limited 
by high temperatures than by low nitrogen concen-
trations, and temperatures above 18°C were lethal 
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to gametophytes. There were significant interac-
tions between temperature, nitrogen, and population 
on gametophyte growth rates (mixed- effects model, 
p < 0.001; Table 2). Growth rates responded to nitro-
gen, but only within a few populations at 16 or 18°C, 
and the high nitrogen treatment was associated with 
both higher and lower growth rates (Figure 3). There 
was no overall effect of nitrogen or interactive effect 
of temperature and nitrogen on gametophyte density 
(mixed- effects model, p > 0.05; Table 2). While there 
was a significant interactive effect of all three fac-
tors (temperature, nitrogen, and source population) 
on gametophyte density (Table 2), only four popula-
tions responded to nitrogen at certain temperatures 

(Figure 4a). When the effect of nitrogen was signifi-
cant, gametophyte densities were higher under high 
N, except for Edmonds and Turn Rock at 10°C, where 
lower gametophyte density was displayed at high N 
(Figure 4a).

There were also significant effects of source popula-
tion, as well as the interaction between temperature and 
source population, on both gametophyte growth rate and 
density (mixed- effects models, p < 0.001; Table 2). Even 
though all cultures were seeded with the same initial 
density of zoospores, populations displayed differences 
in the magnitude of gametophyte densities and growth 
rates, as seen by the varying y- axis scale (Figures 3 and 
4a). Gametophyte densities were approximately twice as 

F I G U R E  3  Mean (±SE) gametophyte growth rates (mm2 per day) across temperatures, calculated as the difference in mean size over 
1 week (between days 10 and 17). Graphs are separated by source population, with temperature on the x- axis and nitrogen treatment 
indicated by differently shaded points. Note variation in y- axes among populations. Within each population, different letters indicate 
statistically significant post- hoc comparisons (p < 0.05) of mean growth rates across temperatures, and asterisks (*) indicate statistically 
significant post- hoc comparisons (p < 0.05) of mean growth rates between nitrogen treatments at a given temperature. The gray panels 
indicate temperatures at which gametophyte growth rates were zero.

TA B L E  2  Results of mixed- effects models testing the effects of temperature, nitrogen, and source population, as well as their 
interactions, on gametophyte and sporophyte response metrics.

Gametophyte 
growth rate

Gametophyte 
density Sporophyte density Sporophyte size

Factor df F value p value F value p value F value p value F value p value

Temperature 6 124.54 <0.001 698.20 <0.001 153.78 <0.001 5.70 <0.001

Population 6 37.06 <0.001 266.37 <0.001 206.61 <0.001 7.54 <0.001

Nitrogen 1 5.71 0.038 1.49 0.25 22.67 <0.001 11.17 0.001

Temp*Population 36 5.69 <0.001 32.37 <0.001 38.27 <0.001 1.10 0.33

Temp*Nitrogen 6 1.20 0.30 1.13 0.35 6.49 <0.001 2.67 0.016

Population*Nitrogen 6 1.52 0.17 0.34 0.92 5.55 <0.001 1.90 0.08

Temp*Population*Nitrogen 36 2.11 <0.001 2.69 <0.001 3.00 <0.001 0.51 0.98
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8 |   WEIGEL ET AL.

high in the Edmonds population compared with Tacoma 
Narrows, Turn Rock, Gordon Island, and Squaxin Island 
populations, while density was lowest in populations 
from Vashon Island and Lincoln Park (Figure 4a). Since 
gametophyte density and growth rate are inversely re-
lated (Figure S3a), growth was faster in populations with 
lower gametophyte densities such as Vashon Island 
and Lincoln Park and slower in populations with higher 
densities such as Edmonds, Squaxin Island, Turn Rock, 
and Gordon Island (Figure 3). Despite variation in game-
tophyte densities and growth rates among populations, 
thermal tolerance was similar across populations; ga-
metophyte densities declined at 18°C and above across 
all populations (Figures 3 and 4a). Finally, we observed 
abnormally rounded cells on many gametophytes at 
18°C; this occurred across populations and nitrogen 
treatments (Figure S4 in the Supporting Information).

Production of sporophytes in response 
to temperature and nitrogen across 
populations

The density of sporophytes produced by gameto-
phyte cultures responded significantly to temperature, 
nitrogen, source population, and their interactions 
(mixed- effects model, p < 0.001; Table 2). The highest 
temperature at which any sporophytes were produced 
was 16°C for three out of seven populations (Vashon 
Island, Lincoln Park, and Edmonds) and 18°C for four 
populations (Squaxin Island, Tacoma Narrows, Turn 
Rock, and Gordon Island; Figure 4b). No sporophytes 
developed above 18°C, and significantly fewer spo-
rophytes developed at 18°C compared with cooler 
temperatures (Figure 4b). Across all populations and 
nitrogen levels, the average density of sporophytes 

F I G U R E  4  (a) Mean (±SE) gametophyte density (gametophytes per cm2) across temperatures after 42 d of growth. (b) Mean (±SE) 
sporophyte density (sporophytes per cm2) across temperatures after 40 d of growth. Graphs are separated by source population, with 
temperature on the x- axis and nitrogen treatment indicated by differently shaded points. Within each population, different letters indicate 
statistically significant post- hoc comparisons (p < 0.05) of mean density across temperatures, and asterisks (*) indicate statistically 
significant post- hoc comparisons (p < 0.05) of mean density between nitrogen treatments at a given temperature. For three populations with 
low sporophyte densities in (b), post hoc pairwise comparisons of means across temperatures were not significant (NS). The gray panels 
indicate temperatures at which gametophyte or sporophyte densities were zero.
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   | 9THERMAL TOLERANCE OF MICROSCOPIC BULL KELP

was 78% lower at 16°C and 95% lower at 18°C com-
pared to the mean density at cooler temperatures 
(10– 14°C). Sporophyte density was extremely sparse 
at 16°C for all populations except Turn Rock and 
Gordon Island (Figure 4b). The production of sporo-
phytes was highest from 10 to 14°C, but populations 
differed slightly in the temperature of peak production 
(Figure 4b). Tacoma Narrows, Vashon Island, Lincoln 
Park, and Edmonds developed the most sporophytes 
at 10– 12°C, Squaxin Island and Gordon Island at 12– 
14°C, and Turn Rock at 14°C (Figure  4b). The total 
density of sporophytes also differed significantly 
across source populations; Tacoma Narrows, Turn 
Rock, Gordon Island, and Vashon Island produced 
more sporophytes than Squaxin Island, Lincoln Park, 
and Edmonds (Figure 4b, Table 2). This trend can be 
explained partly by the hump- shaped relationship be-
tween gametophyte density and sporophyte density 
(Figure S5 in the Supporting Information), as game-
tophyte densities from Edmonds may have been too 
high for successful sporophyte production.

The size of sporophytes also responded signifi-
cantly to temperature, nitrogen, and source population 
(mixed- effects model, p < 0.001; Table 2). Sporophytes 
were larger at cooler temperatures (Figure 5), but pair-
wise tests for temperature within each population were 
not significant (p > 0.05), likely due to the many repli-
cates that did not produce sporophytes at high tem-
peratures. Across all populations that had sporophytes 
at 18°C, sporophytes were 81% smaller at 18°C com-
pared to cooler temperatures (10– 14°C). There were 

also differences among populations; sporophytes were 
roughly twice the size at Gordon Island and Turn Rock 
compared with other populations (post hoc pairwise 
comparisons, p < 0.05; Figure 5).

There were significant effects of nitrogen and the 
interaction between temperature and nitrogen on the 
density and size of sporophytes produced (mixed- 
effects models, p < 0.001; Table 2). Within populations, 
the density of sporophytes responded significantly to 
nitrogen at certain temperatures, including at 12– 16°C 
at both Turn Rock and Gordon Island, as well as at 10 
and 14°C at Tacoma Narrows, and at 12°C at Vashon 
Island (Figure  4b). In these cases, sporophyte den-
sity was significantly greater in the high N treatment. 
Likewise, sporophytes were generally larger at high N; 
this trend was significant from 10– 14°C at Turn Rock 
and from 10– 16°C at Gordon Island (Figure 5). While 
the high N treatment led to higher sporophyte densities 
and larger sporophytes for some populations at cooler 
temperatures, the high N treatment did not improve 
sporophyte growth or survival at high temperatures.

DISCUSSION

Rising sea surface temperatures have led to the loss of 
kelp forest ecosystems around the world (Smale, 2020). 
In the Salish Sea, where sea surface temperatures are 
rapidly warming (Amos et al., 2015), bull kelp declines 
have been most severe in warmer, wave- sheltered 
areas with low nutrient levels (Berry et al., 2021; Starko 

F I G U R E  5  Mean (±SE) sporophyte size (mm2) across temperatures after 32 d of growth. Graphs are separated by source population, 
with temperature on the x- axis and nitrogen treatment indicated by differently shaded points. Within each population, asterisks (*) indicate 
statistically significant post- hoc comparisons (p < 0.05) of mean sporophyte size between nitrogen treatments at a given temperature. The 
gray panels indicate temperatures at which sporophytes were absent.
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10 |   WEIGEL ET AL.

et al.,  2019, 2022). Studies suggest that elevated ni-
trogen concentrations can buffer the effect of high 
temperatures in adult kelp sporophytes (Fernández 
et al., 2020; Gerard, 1997), but this hypothesis was not 
supported for microscopic stages of Nereocystis luet-
keana. Here, we found that the growth and survival of 
microscopic stages of seven different populations of 
N. luetkeana were more limited by high temperatures 
than by low nitrogen levels, as additional nitrogen did 
not improve gametophyte or sporophyte survival at 
high temperatures. Another study found that gameto-
phyte growth and sporophyte production by Ecklonia 
radiata was limited by high temperatures, with no effect 
of nitrate concentration (Mabin et al., 2013). Similarly, 
N. luetkeana zoospores from two populations did not 
germinate at 18°C, regardless of nitrogen levels (Muth 
et al., 2019). Fernández et al. (2023) found that game-
tophytes of Macrocystis pyrifera were limited above op-
timum temperatures of 15– 17°C despite high nitrogen 
concentrations. While we found significant interactive 
effects of temperature and nitrogen on gametophyte 
growth as well as sporophyte density and size, the 
effects of nitrogen were limited to a subset of popula-
tions and a few temperatures. For example, in four out 
of seven populations, sporophyte density was signifi-
cantly greater in the high N treatment, but only at select 
cool temperatures. Additional nitrogen also enhanced 
the size of sporophytes, but only for two populations 
(Turn Rock and Gordon Island) at 16°C and below. We 
note that our low nitrogen treatment is likely higher than 
other studies, as our low N media started with seawa-
ter containing ~20 μM NO3. However, after 1 week of 
growth, low N media had <1 μM NO3, while the high N 
media was still N- replete (7 μM NO3).

While the beneficial effects of nitrogen were lim-
ited, the deleterious effects of high temperatures were 
ubiquitous across populations. Gametophyte densities 
were highest from 10 to 16°C and significantly lower 
at 18°C; both 20 and 22°C were lethal regardless of 
source population or nitrogen treatment. Since all treat-
ments started with the same zoospore density, the 
59% decline in gametophyte densities at 18°C likely 
reflects lower zoospore germination rates rather than 
mortality, as gametophytes increased in size over time 
at 18°C (Figure  S2). Similarly, another study found 
that zoospore germination rates from different popula-
tions of Nereocystis luetkeana from British Columbia 
were lower at 17.5°C compared with 10 and 15°C 
(Schiltroth, 2021). Surprisingly, we did see initial zoo-
spore germination at 20 and 22°C from Turn Rock and 
Gordon Island, but not from other populations, although 
a few gametophytes germinated from Lincoln Park at 
20°C (Figure  S2). However, exposure to these tem-
peratures for more than 10 d was lethal. Vadas (1972) 
also found that gametophytes of N. luetkeana germi-
nated and grew at 20°C; however, they did not produce 
sporophytes, and cells became bleached. Another 

study found that a very low proportion of N. luetkeana 
zoospores germinated at 21°C (Lind & Konar,  2017). 
In contrast, Muth et al.  (2019) found that N. luetkeana 
zoospores did not germinate at 18°C. We found that 
N. luetkeana gametophytes from all seven populations 
were able to germinate and continue growing vegeta-
tively at 18°C for up to 6 weeks. Across populations, 
gametophyte growth rates were highest between 14 
and 18°C. Other studies have reported relatively high 
optimum temperatures for kelp gametophyte growth of 
15– 18°C (Fernández et al., 2023; Le et al., 2022; Paine 
et al., 2021).

To complete their annual life cycle, bull kelp game-
tophytes must undergo sexual reproduction and pro-
duce juvenile sporophytes. Although gametophytes 
were able to grow from 10– 18°C, sporophyte produc-
tion peaked at cooler temperatures of 10– 14°C across 
populations. Our findings corroborate previous studies 
suggesting that kelp gametophytes have a higher ther-
mal tolerance compared to microscopic sporophytes, 
potentially acting as microscopic seedbanks that can 
persist through unfavorable environmental conditions 
(Martins et al., 2022; Veenhof et al., 2022). In our ex-
periments, the maximum temperature of sporophyte 
production was 16 or 18°C for all populations, but the 
density of sporophytes was 78% and 95% lower at 
these higher temperatures, respectively, suggesting 
that prolonged exposure of bull kelp gametophytes to 
temperatures ≥16°C could limit sexual reproduction. 
The mechanism responsible for the lack of sporophyte 
production at high temperatures is not known— for ex-
ample, high temperatures may influence sperm swim-
ming or vitality, pheromone release, or fertilization of 
the female oogonia. Interestingly, we observed many 
abnormal and rounded cells on gametophytes at 18°C 
(Figure S4). Vadas (1972) also noted that at 20°C, “oc-
casionally large cells were produced which may have 
been aborted oogonia” (p. 198). It is possible that these 
rounded cells were oogonia that were not fertilized or 
could not produce sporophytes. Another reason for re-
productive failure at 18°C could be low gametophyte 
densities (Figure S5), as there is a hump- shaped re-
lationship between gametophyte (or zoospore) density 
and sporophyte production (Reed et al., 1991; Tatsumi 
et al., 2022).

Populations of Nereocystis luetkeana in the Salish 
Sea displayed differences in genetic diversity via micro-
satellite markers, and populations in South Puget Sound 
displayed the lowest allelic richness (Gierke,  2019). 
Populations with low genetic diversity can be more sus-
ceptible to marine heatwaves (Wernberg et al., 2018). 
Given these genetic differences, we expected to see 
evidence of local adaptation or differential suscep-
tibility to high temperatures. However, we found no 
evidence for local adaptation to high temperatures 
among seven populations from distinct locations 
within the Salish Sea; gametophytes and microscopic 
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   | 11THERMAL TOLERANCE OF MICROSCOPIC BULL KELP

sporophytes from each population displayed similar 
thermal response curves and critical upper tempera-
tures for survival and reproduction. Other studies have 
reported intraspecific differences in thermal tolerance 
of kelp gametophytes from geographically separated 
populations (Becheler et al., 2022; Martins et al., 2020; 
Schimpf et al., 2022; Strasser et al., 2022). However, 
populations in these studies were separated by ~500 
to >2500 km, while the two most distant populations 
in this study (Gordon Island and Squaxin Island) are 
separated by only ~200 km, and most populations are 
less than 50 km apart (Figure 1). Another study found 
that two populations of N. luetkeana from California 
and British Columbia both germinated at 12°C but 
not at 18°C, showing a lack of local adaptation (Muth 
et al., 2019), although temperatures between the two 
extremes were not tested. The lack of local adaptation 
in gametophyte thermal tolerances across populations 
could be due to sufficient dispersal of zoospores be-
tween populations (gene flow) or variability in environ-
mental selection, or it could be constrained by a lack of 
genetic variation (Takahashi et al., 2016). Adaptation to 
high temperatures is only possible when genetic diver-
sity is directly linked to variation in thermal tolerance 
(Alsuwaiyan et al., 2021). Future studies might combine 
genetic sequencing and environmental temperature 
monitoring to determine whether there is any adaptive 
genetic diversity among populations of bull kelp in the 
Salish Sea that may allow them to perform better at 
elevated temperatures, similar to Vranken et al. (2021).

Although bull kelp populations had similar thermal 
response curves, populations differed in the magni-
tudes of gametophyte and sporophyte densities. For 
example, gametophyte densities from the Edmonds 
population were twice as high as other populations 
despite starting with the same zoospore density. This 
difference could reflect differential zoospore viability 
or germination rates among populations. Germination 
rates of Nereocystis luetkeana zoospores can be highly 
variable both within and among populations through-
out the reproductive season (Schiltroth,  2021), likely 
contributing to variation in gametophyte densities be-
tween populations. Logistical constraints led us to split 
the seven populations into two experiments in July and 
August (Table 1), and two of the populations that pro-
duced the highest sporophyte densities (Turn Rock and 
Gordon Island) were grown in August, possibly reflect-
ing differences in the seasonality of kelp reproduction 
(Tatsumi et al., 2022).

We found that prolonged exposure of bull kelp ga-
metophytes to temperatures ≥16– 18°C limited game-
tophyte survival and sporophyte production, and in 
situ bottom temperature sensors revealed that these 
critical thermal limits were reached in the late sum-
mer at multiple sites. However, gametophyte sur-
vival at high temperatures depends on exposure time 
(Martins et al., 2020; tom Dieck, 1993), and our study 

investigated long- term exposure to elevated tempera-
tures. At Squaxin Island, daily maximum temperatures 
exceeded 16°C for 50 consecutive days from July 25 
to Sept. 12, 2022, which is longer than the duration of 
our experiments. It is likely that elevated bottom tem-
peratures at Squaxin Island have contributed to kelp 
forest declines at that site, but other factors such as 
grazing by kelp crabs (Pugettia producta) or competi-
tion from the invasive species Sargassum muticum are 
also major stressors (Berry et al., 2021). Elevated tem-
peratures are often punctuated by periods with cooler 
water, as they were at Gordon Island and Cherry Point 
(Figure 2). Warm periods at these sites were likely due 
to variation in the warm outflow from the Fraser River 
(Lowe et al., 2016). Future studies could examine the 
effects of shorter and variable duration marine heat-
waves, followed by cool recovery periods, to determine 
the ability of microscopic stages of bull kelp to recover 
from warming events.

Kelp persistence at the warmest sites likely de-
pends on the duration of elevated temperatures and 
their coincidence with the phenology of kelp repro-
duction and growth. The annual recruitment of bull 
kelp sporophytes in the Salish Sea begins in early 
March (Maxell & Miller, 1996), and sporophytes usu-
ally reach the surface by late spring, although juvenile 
sporophyte recruitment can continue throughout the 
year (Dobkowski et al.,  2019). Even at the warmest 
sites, bottom temperatures in March and April re-
mained well below 12°C, which would allow juvenile 
sporophytes to develop before temperatures rise. 
Interestingly, in northern California, winter sea sur-
face temperatures predicted bull kelp canopy cover, 
and the authors concluded that nutrient limitation 
associated with warmer water may explain this trend 
(García- Reyes et al., 2022). However, we found high 
temperatures were much more limiting than nitro-
gen levels for gametophyte and juvenile sporophyte 
growth and survival. Elevated summer temperatures 
can impact the late recruitment of juvenile bull kelp, 
as recruitment can continue throughout the summer 
into early fall (Maxell & Miller, 1996) and even winter 
(Dobkowski et al., 2019). Adult bull kelp sporophytes 
become reproductive and release zoospores primar-
ily from late spring throughout the summer, but fertility 
peaks in July (Maxell & Miller, 1996). Gametophytes 
that germinate on the benthos during the peak repro-
ductive season are exposed to the warmest seawater 
temperatures of the year, and temperatures ≥18°C 
could limit gametophyte survival. Two sites, Squaxin 
Island and Cherry Point, had daily maximum tem-
peratures that exceeded 18°C, but only for a maxi-
mum of three consecutive days (out of the nine total 
days) at Cherry Point. Finally, the development of 
zoospores within reproductive sori could also be im-
pacted by elevated seawater temperatures. Elevated 
temperatures increased zoospore release rates of 
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Macrocystis pyrifera but decreased zoospore settle-
ment, germination, and survivorship (Le et al., 2022). 
In a short- term heatwave experiment, reproductive 
blades of Nereocystis luetkeana that were incubated 
at 18, 20, and 21°C for 3.75 days produced zoospores 
that germinated at cooler temperatures and devel-
oped into gametophytes and juvenile sporophytes 
(Vliet et al., 2022). High temperatures clearly limit the 
reproductive cycle of bull kelp, but we need a bet-
ter understanding of how the timing and intensity of 
marine heatwaves impacts gametophyte and juvenile 
sporophyte survival in the field.

In a warming global ocean, it is critical to deter-
mine the thermal tolerance of foundation species 
such as bull kelp so that we can model the future ef-
fects of climate change on kelp forest ecosystems. 
Although we cannot lower seawater temperatures in 
the Salish Sea without significant efforts to mitigate 
climate change on a global scale, we can use this 
information to prioritize management and conserva-
tion actions (Hollarsmith et al.,  2022). We observed 
that high nitrogen concentrations did not enhance the 
survival of microscopic stages of bull kelp that were 
exposed to elevated temperatures. This suggests that 
management actions that increase nutrient inputs are 
not likely to enhance bull kelp survival or recovery 
in the face of rising temperatures. In addition, nutri-
ent inputs are generally associated with kelp losses 
through complex interactions including light reduction 
and growth of competitive turf algae (Filbee- Dexter 
& Wernberg,  2018; Tait et al.,  2021). We noted that 
prolonged exposure to temperatures ≥16– 18°C could 
limit gametophyte survival and sporophyte production 
across all populations. Continued monitoring of tem-
peratures within kelp forests across the Salish Sea 
is important to identify sites that are experiencing 
elevated temperatures, making them susceptible to 
declines associated with ocean warming. In addition, 
bottom and surface temperature data can support 
identification of suitable sites for kelp forest resto-
ration. Spatial planning for restoration sites should 
consider bottom and surface temperatures in addition 
to other habitat characteristics.

AUTHOR CONTRIBUTIONS
Brooke L Weigel: Conceptualization (lead); data cura-
tion (lead); formal analysis (lead); investigation (equal); 
methodology (lead); visualization (lead); writing –  origi-
nal draft (lead); writing –  review and editing (lead). 
Sadie L Small: Data curation (equal); investigation 
(equal); methodology (supporting); writing –  review and 
editing (equal). Helen D Berry: Conceptualization (sup-
porting); funding acquisition (equal); methodology (sup-
porting); writing –  review and editing (equal). Megan 
Dethier: Conceptualization (supporting); funding ac-
quisition (lead); methodology (supporting); supervision 
(lead); writing –  review and editing (equal).

ACKNO WLE DGE MENTS
We are grateful to the Squaxin Island Tribe for per-
mitting access to kelp at Squaxin Island. Thanks to 
the DNR Nearshore Ecology Dive Team and Julia 
Ledbetter for contributing temperature data. Thank you 
to Pema Kitaeff and Will Love for facilitating scuba div-
ing and thank you to the divers who assisted with tem-
perature sensor maintenance, including Kindall Murie, 
Eliza Heery, Ross Whippo, Cormac Toler- Scott, Joey 
Ullmann, Bob Oxborrow, and Gray McKenna. Thank 
you to Naomi Hi'iaka Vliet for enthusiastically assisting 
with experiments, and to Tom Mumford for sharing ad-
vice on bull kelp gametophytes and providing insightful 
feedback on this manuscript. Thanks to Jason Hodin, 
who inspired the temperature- controlled tank setup. 
We thank the entire Friday Harbor Labs Administration 
& Staff. This research was funded by the Washington 
State Legislature 2021- 23 proviso for kelp conservation 
awarded to MND and BLW.

DATA AVAILABILITY STATEMENT
Environmental temperature data generated during this 
study are available on the Figshare data repository: 
https://doi.org/10.6084/m9.figsh are.22695 658.v3. The 
other datasets are available from the corresponding 
author on reasonable request.

ORCID
Brooke L. Weigel   https://orcid.
org/0000-0002-6271-9083 
Sadie L. Small   https://orcid.
org/0000-0003-3874-5924 
Helen D. Berry   https://orcid.
org/0000-0002-4414-3914 
Megan N. Dethier   https://orcid.
org/0000-0001-8900-0522 

REFERENCES
Alsuwaiyan, N., Vranken, S., Filbee- Dexter, K., Cambridge, M., 

Coleman, M., & Wernberg, T. (2021). Genotypic variation in re-
sponse to extreme events may facilitate kelp adaptation under 
future climates. Marine Ecology Progress Series, 672, 111– 121. 
https://doi.org/10.3354/meps1 3802

Amos, C. L., Martino, S., Sutherland, T. F., & Al Rashidi, T. (2015). 
Sea surface temperature trends in the coastal zone of British 
Columbia, Canada. Journal of Coastal Research, 300, 434– 
446. https://doi.org/10.2112/JCOAS TRES- D- 14- 00114.1

Arafeh- Dalmau, N., Montaño- Moctezuma, G., Martínez, J. A., Beas- 
Luna, R., Schoeman, D. S., & Torres- Moye, G. (2019). Extreme 
marine heatwaves alter kelp forest community near its equa-
torward distribution limit. Frontiers in Marine Science, 6, 499. 
https://doi.org/10.3389/fmars.2019.00499

Becheler, R., Haverbeck, D., Clerc, C., Montecinos, G., Valero, 
M., Mansilla, A., & Faugeron, S. (2022). Variation in ther-
mal tolerance of the giant kelp's gametophytes: Suitability 
of habitat, population quality or local adaptation? Frontiers 
in Marine Science, 9, 802535. https://doi.org/10.3389/
fmars.2022.802535

Berry, H. D., Mumford, T. F., Christiaen, B., Dowty, P., Calloway, 
M., Ferrier, L., Grossman, E. E., & VanArendonk, N. R. (2021). 

 15298817, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jpy.13366, W

iley O
nline Library on [30/07/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.6084/m9.figshare.22695658.v3
https://orcid.org/0000-0002-6271-9083
https://orcid.org/0000-0002-6271-9083
https://orcid.org/0000-0002-6271-9083
https://orcid.org/0000-0003-3874-5924
https://orcid.org/0000-0003-3874-5924
https://orcid.org/0000-0003-3874-5924
https://orcid.org/0000-0002-4414-3914
https://orcid.org/0000-0002-4414-3914
https://orcid.org/0000-0002-4414-3914
https://orcid.org/0000-0001-8900-0522
https://orcid.org/0000-0001-8900-0522
https://orcid.org/0000-0001-8900-0522
https://doi.org/10.3354/meps13802
https://doi.org/10.2112/JCOASTRES-D-14-00114.1
https://doi.org/10.3389/fmars.2019.00499
https://doi.org/10.3389/fmars.2022.802535
https://doi.org/10.3389/fmars.2022.802535


   | 13THERMAL TOLERANCE OF MICROSCOPIC BULL KELP

Long- term changes in kelp forests in an inner basin of the Salish 
Sea. PLoS ONE, 16(2), e0229703. https://doi.org/10.1371/journ 
al.pone.0229703

Carney, L. T. (2011). A multispecies laboratory assessment of 
rapid sporophyte recruitment from delayed kelp gameto-
phytes. Journal of Phycology, 47(2), 244– 251. https://doi.
org/10.1111/j.1529- 8817.2011.00957.x

Cooley, S., Schoeman, D., Bopp, L., Boyd, P., Donner, S., 
Ghebrehiwet, D. Y., Ito, S. I., Kiessling, W., Martinetto, P., Ojea, 
E., Racault, M. F., Rost, B., & Skern- Mauritzen, M. (2022). 
Oceans and coastal ecosystems and their services. In H. 
O. Pörtner, D. C. Roberts, M. Tignor, E. S. Poloczanska, K. 
Mintenbeck, A. Alegría, M. Craig, S. Langsdorf, S. Löschke, 
V. Möller, A. Okem, & B. Rama (Eds.), Climate change 
2022: Impacts, adaptation and vulnerability. Contribution 
of Working Group II to the Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change (pp. 379– 550). 
Cambridge University Press.

Dobkowski, K. A., Flanagan, K. D., & Nordstrom, J. R. (2019). 
Factors influencing recruitment and appearance of bull kelp, 
Nereocystis luetkeana (phylum Ochrophyta). Journal of 
Phycology, 55(1), 236– 244. https://doi.org/10.1111/jpy.12814

Duarte, C. M., Gattuso, J., Hancke, K., Gundersen, H., Filbee- 
Dexter, K., Pedersen, M. F., Middelburg, J. J., Burrows, M. T., 
Krumhansl, K. A., Wernberg, T., Moore, P., Pessarrodona, A., 
Ørberg, S. B., Pinto, I. S., Assis, J., Queirós, A. M., Smale, D. 
A., Bekkby, T., Serrão, E. A., … Field, R. (2022). Global es-
timates of the extent and production of macroalgal forests. 
Global Ecology and Biogeography, 31(7), 1422– 1439. https://
doi.org/10.1111/geb.13515

Edwards, M. S. (2022). It's the little things: The role of micro-
scopic life stages in maintaining kelp populations. Frontiers 
in Marine Science, 9, 871204. https://doi.org/10.3389/fmars. 
2022.871204

Fernández, P. A., Gaitán- Espitia, J. D., Leal, P. P., Schmid, M., 
Revill, A. T., & Hurd, C. L. (2020). Nitrogen sufficiency en-
hances thermal tolerance in habitat- forming kelp: Implications 
for acclimation under thermal stress. Scienti"c Reports, 10(1), 
3186. https://doi.org/10.1038/s4159 8- 020- 60104 - 4

Fernández, P. A., Labbé, B., Gaitán- Espitia, J. D., Hurd, C. L., Paine, 
E. R., Willis, A., Sanderson, C., & Buschmann, A. H. (2023). 
The influence of ammonium to nitrate ratio on the thermal 
responses of early life stages of the giant kelp Macrocystis 
pyrifera. Algal Research, 72, 103114. https://doi.org/10.1016/j.
algal.2023.103114

Filbee- Dexter, K., & Wernberg, T. (2018). Rise of turfs: A new battle-
front for globally declining kelp forests. Bioscience, 68(2), 64– 
76. https://doi.org/10.1093/biosc i/bix147

Filbee- Dexter, K., Wernberg, T., Grace, S. P., Thormar, J., 
Fredriksen, S., Narvaez, C. N., Feehan, C. J., & Norderhaug, 
K. M. (2020). Marine heatwaves and the collapse of marginal 
North Atlantic kelp forests. Scienti"c Reports, 10(1), 13388. 
https://doi.org/10.1038/s4159 8- 020- 70273 - x

García- Reyes, M., Thompson, S. A., Rogers- Bennett, L., & 
Sydeman, W. J. (2022). Winter oceanographic conditions 
predict summer bull kelp canopy cover in northern California. 
PLoS ONE, 17(5), e0267737. https://doi.org/10.1371/journ 
al.pone.0267737

Gauci, C., Bartsch, I., Martins, N., & Liesner, D. (2022). Cold thermal 
priming of Laminaria digitata (Laminariales, Phaeophyceae) 
gametophytes enhances gametogenesis and thermal perfor-
mance of sporophytes. Frontiers in Marine Science, 9, 862923. 
https://doi.org/10.3389/fmars.2022.862923

Gerard, V. A. (1997). The role of nitrogen nutrition in high- 
temperature tolerance of the kelp, Laminaria saccharina 
(Chromophyta). Journal of Phycology, 33(5), 800– 810. https://
doi.org/10.1111/j.0022- 3646.1997.00800.x

Gierke, L. G. (2019). A seascape genetics approach to studying 
genetic differentiation in the bull kelp Nereocystis luetkeana. 
[Master's thesis, University of Wisconsin- Milwaukee]. https://
dc.uwm.edu/etd/2304/

Harley, C. D. G., Anderson, K. M., Demes, K. W., Jorve, J. 
P., Kordas, R. L., Coyle, T. A., & Graham, M. H. (2012). 
Effects of climate change on global seaweed communi-
ties. Journal of Phycology, 48(5), 1064– 1078. https://doi.
org/10.1111/j.1529- 8817.2012.01224.x

Hollarsmith, J. A., Andrews, K., Naar, N., Starko, S., Calloway, M., 
Obaza, A., Buckner, E., Tonnes, D., Selleck, J., & Therriault, T. 
W. (2022). Toward a conceptual framework for managing and 
conserving marine habitats: A case study of kelp forests in the 
Salish Sea. Ecology and Evolution, 12(1), e8510. https://doi.
org/10.1002/ece3.8510

Khangaonkar, T., Nugraha, A., Xu, W., & Balaguru, K. (2019). 
Salish Sea response to global climate change, sea level rise, 
and future nutrient loads. Journal of Geophysical Research, 
Oceans, 124(6), 3876– 3904. https://doi.org/10.1029/2018J 
C014670

Krumhansl, K. A., Okamoto, D. K., Rassweiler, A., Novak, M., 
Bolton, J. J., Cavanaugh, K. C., Connell, S. D., Johnson, 
C. R., Konar, B., Ling, S. D., Micheli, F., Norderhaug, K. M., 
Pérez- Matus, A., Sousa- Pinto, I., Reed, D. C., Salomon, A. 
K., Shears, N. T., Wernberg, T., Anderson, R. J., … Byrnes, 
J. E. K. (2016). Global patterns of kelp forest change over 
the past half- century. Proceedings of the National Academy 
of Sciences, 113(48), 13785– 13790. https://doi.org/10.1073/
pnas.16061 02113

Kumagai, N. H., García Molinos, J., Yamano, H., Takao, S., Fujii, 
M., & Yamanaka, Y. (2018). Ocean currents and herbivory drive 
macroalgae- to- coral community shift under climate warming. 
Proceedings of the National Academy of Sciences, 115(36), 
8990– 8995. https://doi.org/10.1073/pnas.17168 26115

Le, D. M., Desmond, M. J., Pritchard, D. W., & Hepburn, C. D. (2022). 
Effect of temperature on sporulation and spore development of 
giant kelp (Macrocystis pyrifera). PLoS ONE, 17(12), e0278268. 
https://doi.org/10.1371/journ al.pone.0278268

Liesner, D., Fouqueau, L., Valero, M., Roleda, M. Y., Pearson, G. A., 
Bischof, K., Valentin, K., & Bartsch, I. (2020). Heat stress re-
sponses and population genetics of the kelp Laminaria digitata 
(Phaeophyceae) across latitudes reveal differentiation among 
North Atlantic populations. Ecology and Evolution, 10(17), 
9144– 9177. https://doi.org/10.1002/ece3.6569

Lind, A. C., & Konar, B. (2017). Effects of abiotic stressors on kelp 
early life- history stages. Algae, 32(3), 223– 233. https://doi.
org/10.4490/algae.2017.32.8.7

Lowe, A. T., Roberts, E. A., & Galloway, A. W. E. (2016). Improved 
marine- derived POM availability and increased pH related 
to freshwater influence in an inland sea. Limnology and 
Oceanography, 61(6), 2122– 2138. https://doi.org/10.1002/
lno.10357

Mabin, C., Gribben, P., Fischer, A., & Wright, J. (2013). Variation in 
the morphology, reproduction and development of the habitat- 
forming kelp Ecklonia radiata with changing temperature and 
nutrients. Marine Ecology Progress Series, 483, 117– 131. 
https://doi.org/10.3354/meps1 0261

MacCready, P., McCabe, R. M., Siedlecki, S. A., Lorenz, M., 
Giddings, S. N., Bos, J., Albertson, S., Banas, N. S., & Garnier, 
S. (2021). Estuarine circulation, mixing, and residence times 
in the Salish Sea. Journal of Geophysical Research, Oceans, 
126(2), e2020JC016738. https://doi.org/10.1029/2020J C016738

Martins, N., Barreto, L., Bartsch, I., Bernard, J., Serrão, E., & 
Pearson, G. (2022). Daylength influences reproductive success 
and sporophyte growth in the Arctic kelp species Alaria escu-
lenta. Marine Ecology Progress Series, 683, 37– 52. https://doi.
org/10.3354/meps1 3950

 15298817, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jpy.13366, W

iley O
nline Library on [30/07/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.1371/journal.pone.0229703
https://doi.org/10.1371/journal.pone.0229703
https://doi.org/10.1111/j.1529-8817.2011.00957.x
https://doi.org/10.1111/j.1529-8817.2011.00957.x
https://doi.org/10.1111/jpy.12814
https://doi.org/10.1111/geb.13515
https://doi.org/10.1111/geb.13515
https://doi.org/10.3389/fmars.2022.871204
https://doi.org/10.3389/fmars.2022.871204
https://doi.org/10.1038/s41598-020-60104-4
https://doi.org/10.1016/j.algal.2023.103114
https://doi.org/10.1016/j.algal.2023.103114
https://doi.org/10.1093/biosci/bix147
https://doi.org/10.1038/s41598-020-70273-x
https://doi.org/10.1371/journal.pone.0267737
https://doi.org/10.1371/journal.pone.0267737
https://doi.org/10.3389/fmars.2022.862923
https://doi.org/10.1111/j.0022-3646.1997.00800.x
https://doi.org/10.1111/j.0022-3646.1997.00800.x
https://dc.uwm.edu/etd/2304/
https://dc.uwm.edu/etd/2304/
https://doi.org/10.1111/j.1529-8817.2012.01224.x
https://doi.org/10.1111/j.1529-8817.2012.01224.x
https://doi.org/10.1002/ece3.8510
https://doi.org/10.1002/ece3.8510
https://doi.org/10.1029/2018JC014670
https://doi.org/10.1029/2018JC014670
https://doi.org/10.1073/pnas.1606102113
https://doi.org/10.1073/pnas.1606102113
https://doi.org/10.1073/pnas.1716826115
https://doi.org/10.1371/journal.pone.0278268
https://doi.org/10.1002/ece3.6569
https://doi.org/10.4490/algae.2017.32.8.7
https://doi.org/10.4490/algae.2017.32.8.7
https://doi.org/10.1002/lno.10357
https://doi.org/10.1002/lno.10357
https://doi.org/10.3354/meps10261
https://doi.org/10.1029/2020JC016738
https://doi.org/10.3354/meps13950
https://doi.org/10.3354/meps13950


14 |   WEIGEL ET AL.

Martins, N., Pearson, G. A., Bernard, J., Serrão, E. A., & Bartsch, 
I. (2020). Thermal traits for reproduction and recruitment 
differ between Arctic and Atlantic kelp Laminaria digitata. 
PLoS ONE, 15(6), e0235388. https://doi.org/10.1371/journ 
al.pone.0235388

Martins, N., Tanttu, H., Pearson, G. A., Serrão, E. A., & Bartsch, 
I. (2017). Interactions of daylength, temperature and nutrients 
affect thresholds for life stage transitions in the kelp Laminaria 
digitata (Phaeophyceae). Botanica Marina, 60(2), 101– 121. 
https://doi.org/10.1515/bot- 2016- 0094

Matson, P. G., & Edwards, M. S. (2007). Effects of ocean tempera-
ture on the southern range limits of two understory kelps, 
Pterygophora californica and Eisenia arborea, at multiple 
life- stages. Marine Biology, 151(5), 1941– 1949. https://doi.
org/10.1007/s0022 7- 007- 0630- 3

Maxell, B. A., & Miller, K. A. (1996). Demographic studies of the 
annual kelps Nereocystis luetkeana and Costaria costata 
(Laminariales, Phaeophyta) in Puget Sound, Washington. 
Botanica Marina, 39(1– 6), 479– 490. https://doi.org/10.1515/
botm.1996.39.1- 6.479

Muth, A. F., Graham, M. H., Lane, C. E., & Harley, C. D. G. (2019). 
Recruitment tolerance to increased temperature present 
across multiple kelp clades. Ecology, 100(3), e02594. https://
doi.org/10.1002/ecy.2594

Paine, E. R., Schmid, M., Gaitán- Espitia, J. D., Castle, J., Jameson, 
I., Sanderson, J. C., & Hurd, C. L. (2021). Narrow range of 
temperature and irradiance supports optimal development of 
Lessonia corrugata (Ochrophyta) gametophytes: Implications 
for kelp aquaculture and responses to climate change. 
Journal of Applied Phycology, 33(3), 1721– 1730. https://doi.
org/10.1007/s1081 1- 021- 02382 - 7

Palacios, D. M., Hazen, E. L., Schroeder, I. D., & Bograd, S. J. 
(2013). Modeling the temperature- nitrate relationship in the 
coastal upwelling domain of the California current. Journal of 
Geophysical Research, Oceans, 118(7), 3223– 3239. https://
doi.org/10.1002/jgrc.20216

Reed, D. C., Neushul, M., & Ebeling, A. W. (1991). Role of settle-
ment density on gametophyte growth and reproduction in 
the kelps Pterygophora californica and Macrocystis pyrifera 
(Phaeophyceae). Journal of Phycology, 27(3), 361– 366. https://
doi.org/10.1111/j.0022- 3646.1991.00361.x

Riche, O., Johannessen, S. C., & Macdonald, R. W. (2014). Why tim-
ing matters in a coastal sea: Trends, variability and tipping points 
in the strait of Georgia, Canada. Journal of Marine Systems, 
131, 36– 53. https://doi.org/10.1016/j.jmars ys.2013.11.003

Rogers- Bennett, L., & Catton, C. A. (2019). Marine heat wave and 
multiple stressors tip bull kelp forest to sea urchin barrens. 
Scienti"c Reports, 9(1), 15050. https://doi.org/10.1038/s4159 
8- 019- 51114 - y

Sánchez de Pedro, R., Fernández, A. N., García- Sánchez, M. 
J., Flores- Moya, A., & Bañares- España, E. (2022). Parental 
environment modulates offspring thermal tolerance in 
a foundational intertidal seaweed. European Journal of 
Phycology, 1– 24, 121– 144. https://doi.org/10.1080/09670 
262.2022.2081731

Schiltroth, B. (2021). Effects of climate change on two species of 
foundational brown algae, Nereocystis luetkeana and Fucus 
gardneri, within the Salish Sea. [Master's thesis, Simon Fraser 
University].

Schimpf, N. M., Liesner, D., Franke, K., Roleda, M. Y., & Bartsch, I. 
(2022). Microscopic stages of North Atlantic Laminaria digitata 
(Phaeophyceae) exhibit trait- dependent thermal adaptation 
along latitudes. Frontiers in Marine Science, 9, 870792. https://
doi.org/10.3389/fmars.2022.870792

Schmid, M., Fernández, P. A., Gaitán- Espitia, J. D., Virtue, P., 
Leal, P. P., Revill, A. T., Nichols, P. D., & Hurd, C. L. (2020). 
Stress due to low nitrate availability reduces the biochemical 
acclimation potential of the giant kelp Macrocystis pyrifera 

to high temperature. Algal Research, 47, 101895. https://doi.
org/10.1016/j.algal.2020.101895

Shukla, P., & Edwards, M. S. (2017). Elevated pCO2 is less detri-
mental than increased temperature to early development of the 
giant kelp, Macrocystis pyrifera (Phaeophyceae, Laminariales). 
Phycologia, 56(6), 638– 648. https://doi.org/10.2216/16- 120.1

Smale, D. A. (2020). Impacts of ocean warming on kelp forest eco-
systems. The New Phytologist, 225(4), 1447– 1454. https://doi.
org/10.1111/nph.16107

Starko, S., Bailey, L. A., Creviston, E., James, K. A., Warren, A., 
Brophy, M. K., Danasel, A., Fass, M. P., Townsend, J. A., & 
Neufeld, C. J. (2019). Environmental heterogeneity mediates 
scale- dependent declines in kelp diversity on intertidal rocky 
shores. PLoS ONE, 14(3), e0213191. https://doi.org/10.1371/
journ al.pone.0213191

Starko, S., Neufeld, C. J., Gendall, L., Timmer, B., Campbell, L., 
Yakimishyn, J., Druehl, L., & Baum, J. K. (2022). Microclimate 
predicts kelp forest extinction in the face of direct and indi-
rect marine heatwave effects. Ecological Applications, 32(7), 
e2673. https://doi.org/10.1002/eap.2673

Starko, S., Wilkinson, D. P., & Bringloe, T. T. (2021). Recent global 
model underestimates the true extent of Arctic kelp habitat. 
Biological Conservation, 257, 109082. https://doi.org/10.1016/j.
biocon.2021.109082

Strasser, F.- E., Barreto, L. M., Kaidi, S., Sabour, B., Serrão, E. A., 
Pearson, G. A., & Martins, N. (2022). Population level varia-
tion in reproductive development and output in the golden 
kelp Laminaria ochroleuca under marine heat wave scenarios. 
Frontiers in Marine Science, 9, 943511. https://doi.org/10.3389/
fmars.2022.943511

Tait, L. W., Thoral, F., Pinkerton, M. H., Thomsen, M. S., & Schiel, 
D. R. (2021). Loss of giant kelp, Macrocystis pyrifera, driven 
by marine heatwaves and exacerbated by poor water clarity in 
New Zealand. Frontiers in Marine Science, 8, 721087. https://
doi.org/10.3389/fmars.2021.721087

Takahashi, Y., Suyama, Y., Matsuki, Y., Funayama, R., Nakayama, K., 
& Kawata, M. (2016). Lack of genetic variation prevents adapta-
tion at the geographic range margin in a damselfly. Molecular 
Ecology, 25(18), 4450– 4460. https://doi.org/10.1111/mec.13782

Tatsumi, M., Mabin, C. J. T., Layton, C., Shelamoff, V., Cameron, M. 
J., Johnson, C. R., & Wright, J. T. (2022). Density- dependence 
and seasonal variation in reproductive output and sporophyte 
production in the kelp, Ecklonia radiata. Journal of Phycology, 
58(1), 92– 104. https://doi.org/10.1111/jpy.13214

Tolimieri, N., Shelton, A., Samhouri, J., Harvey, C., Feist, B., 
Williams, G., Andrews, K., Frick, K., Lonhart, S., Sullaway, G., 
Liu, O., Berry, H., & Waddell, J. (2023). Changes in kelp forest 
communities off Washington, USA, during and after the 2014– 
2016 marine heatwave and sea star wasting syndrome. Marine 
Ecology Progress Series, 703, 47– 66. https://doi.org/10.3354/
meps1 4220

tom Dieck, I. (1993). Temperature tolerance and survival in darkness 
of kelp gametophytes (Laminariales, Phaeophyta): Ecological 
and biogeographical implications. Marine Ecology Progress 
Series, 100, 253– 264.

Ulaski, B. P., & Konar, B. (2021). Direct release of embryonic spo-
rophytes from adult Nereocystis luetkeana (Laminariales, 
Ochrophyta) in a high latitude estuary. Algae, 36(2), 147– 154. 
https://doi.org/10.4490/algae.2021.36.5.10

Umanzor, S., Sandoval- Gil, J., Sánchez- Barredo, M., Ladah, L. B., 
Ramírez- García, M., & Zertuche- González, J. A. (2021). Short- 
term stress responses and recovery of giant kelp (Macrocystis 
pyrifera, Laminariales, Phaeophyceae) juvenile sporophytes to 
a simulated marine heatwave and nitrate scarcity. Journal of 
Phycology, 57(5), 1604– 1618. https://doi.org/10.1111/jpy.13189

Vadas, R. L. (1972). Ecological implications of culture studies on 
Nereocystis luetkeana. Journal of Phycology, 8(2), 196– 203. 
https://doi.org/10.1111/j.1529- 8817.1972.tb040 25.x

 15298817, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jpy.13366, W

iley O
nline Library on [30/07/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.1371/journal.pone.0235388
https://doi.org/10.1371/journal.pone.0235388
https://doi.org/10.1515/bot-2016-0094
https://doi.org/10.1007/s00227-007-0630-3
https://doi.org/10.1007/s00227-007-0630-3
https://doi.org/10.1515/botm.1996.39.1-6.479
https://doi.org/10.1515/botm.1996.39.1-6.479
https://doi.org/10.1002/ecy.2594
https://doi.org/10.1002/ecy.2594
https://doi.org/10.1007/s10811-021-02382-7
https://doi.org/10.1007/s10811-021-02382-7
https://doi.org/10.1002/jgrc.20216
https://doi.org/10.1002/jgrc.20216
https://doi.org/10.1111/j.0022-3646.1991.00361.x
https://doi.org/10.1111/j.0022-3646.1991.00361.x
https://doi.org/10.1016/j.jmarsys.2013.11.003
https://doi.org/10.1038/s41598-019-51114-y
https://doi.org/10.1038/s41598-019-51114-y
https://doi.org/10.1080/09670262.2022.2081731
https://doi.org/10.1080/09670262.2022.2081731
https://doi.org/10.3389/fmars.2022.870792
https://doi.org/10.3389/fmars.2022.870792
https://doi.org/10.1016/j.algal.2020.101895
https://doi.org/10.1016/j.algal.2020.101895
https://doi.org/10.2216/16-120.1
https://doi.org/10.1111/nph.16107
https://doi.org/10.1111/nph.16107
https://doi.org/10.1371/journal.pone.0213191
https://doi.org/10.1371/journal.pone.0213191
https://doi.org/10.1002/eap.2673
https://doi.org/10.1016/j.biocon.2021.109082
https://doi.org/10.1016/j.biocon.2021.109082
https://doi.org/10.3389/fmars.2022.943511
https://doi.org/10.3389/fmars.2022.943511
https://doi.org/10.3389/fmars.2021.721087
https://doi.org/10.3389/fmars.2021.721087
https://doi.org/10.1111/mec.13782
https://doi.org/10.1111/jpy.13214
https://doi.org/10.3354/meps14220
https://doi.org/10.3354/meps14220
https://doi.org/10.4490/algae.2021.36.5.10
https://doi.org/10.1111/jpy.13189
https://doi.org/10.1111/j.1529-8817.1972.tb04025.x


   | 15THERMAL TOLERANCE OF MICROSCOPIC BULL KELP

Veenhof, R. J., Champion, C., Dworjanyn, S. A., Wernberg, T., Minne, 
A. J. P., Layton, C., Bolton, J. J., Reed, D. C., & Coleman, M. 
A. (2022). Kelp gametophytes in changing oceans. In S. J. 
Hawkins, A. J. Lemasson, A. L. Allcock, A. E. Bates, M. Byrne, 
A. J. Evans, L. B. Firth, E. M. Marzinelli, B. D. Russell, J. 
Sharples, I. P. Smith, S. E. Swearer, P. A. Todd, C. Lucas, & P. J. 
Mumby (Eds.), Oceanography and marine biology: An annual 
review (Vol. 60, 1st ed., pp. 335– 371). CRC Press. https://doi.
org/10.1201/97810 03288 602- 7

Vliet, N. H., Small, S. L., & Weigel, B. L. (2022). Effects of sori in-
cubation temperature on Nereocystis luetkeana gametophyte 
and sporophyte development. Friday Harbor Laboratories 
Student Research Papers. https://digit al.lib.washi ngton.edu/
resea rchwo rks/handl e/1773/49794

Vranken, S., Wernberg, T., Scheben, A., Severn- Ellis, A. A., Batley, 
J., Bayer, P. E., Edwards, D., Wheeler, D., & Coleman, M. A. 
(2021). Genotype– Environment mismatch of kelp forests under 
climate change. Molecular Ecology, 30(15), 3730– 3746. https://
doi.org/10.1111/mec.15993

Wernberg, T., Coleman, M. A., Bennett, S., Thomsen, M. S., Tuya, 
F., & Kelaher, B. P. (2018). Genetic diversity and kelp forest 
vulnerability to climatic stress. Scienti"c Reports, 8(1), 1851. 
https://doi.org/10.1038/s4159 8- 018- 20009 - 9

SUPPORTING INFORMATION
Additional supporting information can be found online 
in the Supporting Information section at the end of this 
article.
Figure S1. Total sporophyte density (sporophytes per 
cm2) across different zoospore densities at two different 
temperatures (10 and 12°C). This assay was performed 
before the experiments to determine the optimal density 
of zoospores for sporophyte production.
Figure S2. Growth curves showing the mean (±SE) 
gametophyte size (mm2) over the course of the 

experiment, from day 10 to day 31. Graphs are separated 
by temperature, indicated at the top in gray panels, and 
points are colored by population. Growth was positive 
for all temperatures except 20 and 22°C. Gametophytes 
from a few populations germinated at 20 and 22°C, but 
they were dead by day 17.
Figure S3. Gametophyte growth rate vs. gametophyte 
density for all replicate wells, with points colored 
according to (a) growth temperatures, and (b) source 
populations. The trend line represents a quadratic 
polynomial regression fit (LOESS method).
Figure S4. Example microscope photos of 
gametophytes grown at 18°C that developed rounded 
cells. Arrows point to example rounded cells, of which 
there are many, on each gametophyte.
Figure S5. Sporophyte density vs. gametophyte 
density for all replicate wells, with points colored 
according to (a) growth temperatures, and (b) source 
populations. The trend line represents a quadratic 
polynomial regression fit (LOESS method).
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