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Department of Biology

Climate change is impacting organisms globally and increasing stressors like warming in
both the atmosphere and ocean. Foundation species have disproportionate effects on their local
environments through the provision of habitat therefore, declines can have major ecological
impacts. Kelps are important foundation species in coastal marine ecosystems that support
diverse understory algae, invertebrate, and fish assemblages and serve as a food source in natural
systems and aquaculture. The environmental requirements of kelp, cold and nutrient rich waters,

make them especially at risk from ocean warming. The Salish Sea is an extensive fjord estuary



complex with a natural gradient of temperatures and nutrients with warm water temperatures in
inlets like southern Puget Sound. This region is also a hotspot for intertidal thermal risk due to
warm air temperatures in spring and summer coinciding with low tides. The combination of a
gradient in water temperature and warm air temperatures during low tide makes this region ideal
for studying multiple types of warming and stressors. In order to support conservation and
management of ecologically important kelp species, we tested the effects of warming and
multiple stressors across habitats (intertidal and subtidal), species (Hedophyllum sessile,
Nereocystsis luetkeana, and Saccharina latissima), and populations in laboratory and field
studies by measuring a comprehensive suite of physiological responses including blade growth,
bleaching, photosynthesis, respiration, photosynthetic yield, nutrient uptake, and tissue C:N. We
leveraged an extreme heatwave (2021 Western North American Heatwave) to understand
mechanisms of survival through self-shading and protection of the meristem in H. sessile
(Chapter 1). We built thermal performance curves for 8 N. luetkeana populations and found a
trend of higher optimal temperatures in kelp from warmer sites but, surprisingly, the same critical
thermal maximum of 22°C across all sites (Chapter 2). Finally, we tested the interactive effects
of short-term exposure to warming and nitrogen limitation on N. luetkeana and S. latissima and
found high temperatures but not low nitrogen availability was stressful for kelps (Chapter 3).
Together, these studies indicate that inland seas can act as harbingers of climate change, some
species are more resilient to warming more than others, management actions should protect sites
that can serve as thermal refugia, and mitigation and restoration actions should be considered for

sites nearing thermal tipping points.
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Morphology, bleaching, and growth shapes the resilience of an
intertidal foundation species (Hedophyllum sessile) to aerial heatwaves

Robin J. Fales'? & Emily Carrington'?
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Abstract

Climate change is increasing the frequency and severity of extreme events that have
detrimental effects ranging from lethal to sublethal on many species, including foundation
species that create habitat and ameliorate stress for other organisms. In order to understand how
foundation species respond to extreme events, we investigated the physiological tolerance of an
intertidal kelp, Hedophyllum sessile, to natural and simulated aerial heat stress during low tide in
the Salish Sea (WA, USA), a location known for prolonged daytime aerial exposure in summer.
Our field study that leveraged an extreme heatwave (2021 Western North American Heatwave);
we measured survival as well as blade growth and bleaching of adult kelp sporophytes at the start
and end of each spring tide sequence from May to August 2021. During spring and summer, we
exposed entire sporophytes in the laboratory to simulated 3-hour low tide treatments at hot and
ambient air temperatures, or no aerial exposure, for 4 consecutive days and measured
physiological metrics and survival during the experiment and after a submerged recovery period.
Together, these studies indicate H. sessile can survive extreme heat waves due to its morphology,
but with extensive distal blade tissue bleaching and subsequent loss. Moreover, aerial heatwaves
in spring may be worse than summer due to acclimation to warmer temperatures in summer.
Since H. sessile has strong interactions with its understory community that rely on the provision
of shade from the canopy, heatwave-induced blade shortening of H. sessile has the potential to
incite a trait-mediated break down in community interactions.

Introduction

As extreme events (e.g. hurricanes, heatwaves, droughts, floods, wildfires) become more
frequent due to climate change (Fischer et al., 2021; Swann, 2018; IPCC 2022), it is important to
understand how foundation species respond to these stressors. Within ecological communities,
foundation species such as trees, grasses, mangroves, corals, and kelp often ameliorate stressful

conditions through the provision of more hospitable or benign microhabitats. Sometimes this



amelioration is enough to reduce thermal risk for associated species utilizing the habitat even
with climate warming (Jurgens et al., 2022). Since losses of foundation species can cause
cascading impacts on the communities that they support (Harley et al., 2012; Munday et al.,
2008; Reyer et al., 2013), we need to understand how these organisms survive and respond in

stressful environments including extreme heat.

Plants, many of which are foundation species, have evolved multiple morphological
mechanisms that increase their resilience to biotic and abiotic stress. For example, grasses have
intercalary meristems that protect the growing region from being consumed by grazers (Branson,
1953). Meanwhile, trichomes are small leaf hairs that defend plants against heat stress as well as
water loss (Gutschick, 1999; Kaur & Kariyat, 2020). Other plant morphologies that minimize
water loss during transpiration have small compound leaves or stomatal crypts (Miller et al.,
1995; Vico et al., 2013). Yet similar morphological mechanisms for thermal resilience are less

well known in photosynthetic marine organisms.

It is also increasingly recognized that thermal extremes, more so than long term
averages, have dramatic effects on population dynamics (Dowd et al., 2015; Gaines & Denny,
1993; Sanford et al., 2019). Heatwaves can have lasting long-term effects on populations that are
pushed past their thermal limits. For example, a marine heatwave caused mass mortality of
seagrass that triggered a community change and declines in the health of large herbivores
(Thomson et al., 2015). Furthermore, thermal safety margins are expected to shrink in a warming
world, causing temperatures to more frequently exceed thermal limits of primary producers,

which puts many biomes at risk (O’Sullivan et al., 2017).

Both aerial (in the atmosphere) and marine (in the ocean) heatwaves act as major

disturbances in intertidal ecosystems (Menge et al., 2022). Organisms inhabiting the intertidal



zone experience periodic fluctuations in physical conditions due to the tidal cycle, making the
intertidal zone an ideal environment to assess two types of warming. During spring tides, when
the tidal amplitude is the greatest, intertidal organisms experience multiple days with long
periods of exposure to terrestrial conditions so that they must tolerate hot or freezing
temperatures, solar radiation, and desiccation to survive (Davison & Pearson, 1996). Spring tides
occur twice monthly regardless of season. During neap tides, when the tidal amplitude is less
extreme, organisms inhabiting the low shore remain submerged. While aerial heatwaves can
warm surface waters, marine heatwaves are normally caused by a combination of mechanisms
including atmospheric and oceanic contributions (Holbrook et al., 2019). The northeast Pacific
Ocean experienced extremes of both types of heatwaves within the last decade. The Northeast
Pacific Blob was a severe (category Ill; Hobday et al. 2018) marine heatwave with an extremely
long duration from 2013-2016. The “Blob” caused mass bird and marine mammal mortality,
homogenization of rocky intertidal community structure, and declines in habitat-forming brown
seaweeds (Arafeh-Dalmau et al., 2019; Cavole et al., 2016; Weitzman et al., 2021). The 2021
Western North American Heatwave (2021 WNAH), also referred to as the Pacific Northwest
heat dome, was an extreme aerial heatwave that brought record-breaking air temperatures to
Oregon, Washington (USA) and southern British Columbia (CAN) (Bartusek et al., 2022;
Overland, 2021) for 4 days; this was dangerous for human health (Silberner, 2021) as well as the
environment. In the Salish Sea, the heatwave also coincided with afternoon spring low tides,
which exposed intertidal organisms to the extreme aerial temperatures and caused mass die-offs
of intertidal organisms, particularly the bay mussel Mytilus trossulus (Raymond et al., 2022).
Impacts on other foundational species, such as intertidal seaweeds, showed large declines to

localized extinctions of the rockweed, Fucus, in British Columbia (Harley et al. in prep).



Seaweeds are important primary producers and foundation species that respond to
changes in environmental conditions including heatwaves (Filbee-Dexter et al., 2020; Harley et
al., 2012; Smale et al., 2019; Straub et al., 2019). Generally, organismal metabolism increases
with temperature and peaks at an optimum temperature after which function rapidly decreases
(Huey & Stevenson, 1979). Therefore, the magnitude of warming impacts the direction of the
effect on seaweed physiology (Diaz-Acosta et al., 2021). Seaweed photosynthesis and growth
increase with temperature up to a tipping point (Bell, 1993; Colvard et al., 2014; Dudgeon et al.,
1989; Maberly & Madsen, 1990; Supratya et al., 2020; Williams & Dethier, 2005). Roman et al.
(2020) found lethal effects on seaweeds during aerial heatwaves but sublethal effects on
photosystem 11 and growth during marine heatwaves. Other sublethal effects of warming on
seaweeds include bleaching, the loss of pigment from blades, which indicates physiological

damage and can impair productivity (Hereward et al., 2020; Qiu et al., 2019).

Unlike other regions of the US West Coast, extreme low tides in the Salish Sea occur
during daylight hours in summer, making this region a hot spot for aerial temperatures with a
large number of low tide days with high thermal risk compared to other regions (Harley &
Helmuth, 2003; Mislan et al., 2009). As extreme events like heatwaves increase in frequency and
severity with climate change, the number of risky days in the Salish Sea will grow (Fischer et al.,
2021; Meehl & Tebaldi, 2004; Oliver et al., 2018). The high thermal risk during low tide in the
Salish Sea makes this region ideal for testing hypotheses surrounding organismal responses to

climate change.

The low intertidal kelp, Hedophyllum sessile (formerly Saccharina sessilis), is an
important foundation species that supports a diversity of organisms under the shade and

protection of its canopy (Barner et al., 2016; Burnaford, 2004; Dayton, 1975). Hedophyllum



sessile has strong interactions with its understory community including the large chiton,
Katharina tunicata (Burnaford, 2004; Dayton, 1975; Duggins & Dethier, 1985; Paine, 2002).
Additionally, H. sessile is an interesting case study in intertidal physiological ecology due its
habitat, growth rate, and morphology. Most kelps reside in the subtidal but H. sessile inhabits a
higher tidal elevation and niche, and therefore experiences long periods of terrestrial conditions,
from 2.7 to 3.4 hours during low tides (Burnaford et al., 2014). Kelps (Laminariales), including
H. sessile, undergo an alternation of generations and have a high growth rate, up to 2 cm/day per
blade depending on the species, during their macroscopic sporophyte stage (hereafter,
sporophyte), making it possible to assay changes in growth through elongation over short periods
of time (Mann, 1973; Nicholson, 1970). Laminariales includes 25 genera of kelps (Starko et al.,
2019) and only species in the genus Hedophyllum (e.g. H. sessile, H. druehlii) have a
morphology that lack a stipe during their adult sporophyte life history phase (Starko et al., 2018;
Widdowson, 1965). Without a stipe, the blade arises directly from the holdfast (see Fig. 1A),
creating a canopy positioned very close to the substrate. The intercalary meristem of the blade
(Fig. 1A) is at the base near the holdfast. We hypothesize that the unique morphology of H.

sessile facilitates resilience to thermal stress by self-shading and protection of the meristem.

In this study, we evaluated how a foundational species that has strong community
interactions (Hedophyllum sessile) grows, survives, photosynthesizes, and recovers during and
after aerial heatwaves that coincide with low tides in the Salish Sea using field and laboratory
studies. Using the 2021 Western North American Heatwave as a natural experiment, we
examined temporal patterns in blade growth and bleaching across spring and neap tides to assess
the role of emersion in growth and tissue loss. Additionally, we examined seasonal responses in

growth and photo-physiology to low tide stressors in a laboratory study to assess the role of



seasonal thermal acclimatation. Together, these studies allow us to understand how H. sessile

responds to low tide stressors and aerial heatwaves.

Methods
Field observations

At Deadman Bay, San Juan Island, Washington, USA (48°30°47 N, 123°08°47 W),
which has a robust bed of Hedophyllum sessile in the intertidal zone, we surveyed the kelp bed,
measured in situ temperatures, and collected sporophytes for the simulated atmospheric
heatwave experiment. Temperatures adjacent to the H. sessile bed at Deadman Bay were
recorded by a Hobo Pendant Temperature/Light Data Logger (Onset) anchored to the substrate
but not shaded by the H. sessile canopy. We cleared seaweeds around the logger during bi-spring
tide sampling (described below). Temperatures recorded by the logger represent both air and
water temperatures since the logger was submerged and exposed with the tides. Note that the
logger temperatures are influenced by solar radiation during emersion; the in situ temperatures
therefore do not approximate H. sessile sporophyte temperature but do capture extreme changes

in thermal experience over time.

From April 27 to August 10, 2021, we monitored tagged adult sporophytes (n = 40-43)
along a 15 m permanent transect at 0.25 m tidal height in the H. sessile bed. We tagged each
sporophyte with labeled flagging tape tied around the holdfast. We performed sampling on the
first and final tide below -0.15 m mean lower low water (on average 7 days apart) during spring
tide sequences, the multi-day period when tides are the lowest, to capture differences in

maximum length and bleaching during spring and neap tides.



We assessed survival of sporophytes during every sampling period. We considered the
sporophytes to be dead if there were no blades remaining even if the holdfast was still attached
because holdfasts were often present for weeks after mortality. We measured the maximum
length and proportion of unhealthy or bleached (necrotic) tissue of the two longest blades of each
sporophyte. Blade tissue was categorized as unhealthy or bleached if it was green or white in
color and healthy if it was brown in color. We averaged the two measurements of maximum
blade length or bleaching as a total sporophyte measurement for analyses (Burnaford et al.,
2020). We calculated the daily change in maximum length as the percent change in healthy
(unbleached) tissues since the last sampling period. We calculated the extent of bleached tissue

as the length of bleached blade divided by total length times 100%.

Simulated atmospheric heatwave experiment

We collected H. sessile sporophytes of a similar size and tidal height from the same site
as the field surveys for spring and summer experimental trials (on April 27 and June 21, 2021,
respectively). In the laboratory, we punched 0.5 cm holes through the holdfast with a cork borer
and threaded flagging tape through the holes to attach the sporophytes to nylon ropes. Prior to
the start of the experiment, we removed herbivores, including Lacuna snails and Pentidotea

isopods, and rinsed off diatoms with seawater from all sporophytes.

The experiment was designed to mimic the local air temperatures and emersion times
during spring tides and neap tides (Friday Harbor Laboratories Weather Station, Carrington et al.
2022; NOAA Tides and Currents, Station 9449880), which we simulated by moving the
sporophytes between water and air. We randomly assigned sporophytes to treatments (described
below) and then hung the nylon ropes horizontally from the floating dock at Friday Harbor

Laboratories (FHL), 0.5 m below the surface, where they received natural ambient light but were
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not shaded by the dock. We allowed sporophytes to acclimate to FHL dock conditions and heal
from wounds for 24 hours before experimental treatments began. We simulated low tides by
removing sporophytes from the water and exposing them to aerial conditions in the laboratory
for 3 hours daily for 4 consecutive days. April low tide exposures began earlier in the day than
June to correspond to the local timing of tides that change seasonally. Outside of the aerial

exposures, the sporophytes remained underwater on the FHL floating dock.

We had 3 experimental treatments (n = 8 sporophytes per treatment): ambient aerial
temperature (hereafter: “ambient”), elevated aerial temperature with heat lamps (“heatwave”),
and no aerial exposure (“submerged”). We randomly placed the sporophytes on the benchtop
with their holdfasts down to mimic a H. sessile bed during aerial exposure. We elevated aerial
temperatures in the heatwave treatment above ambient laboratory temperature using ceramic heat
lamps (#LF-15, Zoo Med) placed 40 cm above the sporophytes. Temperature controllers (True
Temp #JB1235, JBJ Lighting) modulated power to the lamps to maintain an air temperature of
28°C, the maximum recorded by the FHL weather station in 2020 (Carrington et al. 2022). The
ambient and heatwave treatments received ambient light from windows during exposure and
outside of low tide exposure all treatments received ambient natural light while submerged. After
4 days with 3-hour aerial exposures, we allowed the treatments to remain submerged for 5 days

as a recovery period that simulated a neap tide.

We monitored light and temperature conditions for each treatment with a HOBO Pendant
Temperature/Light Data Logger (Onset) that moved with the sporophytes between the laboratory
and water (Fig. 3). Meanwhile, we measured air temperature and relative humidity in the

laboratory with a HOBO MX1101 Data Logger (Onset).



During the 4-day aerial exposure period, we monitored growth, desiccation, and light
harvesting efficiency daily. For the two treatments with aerial exposures (ambient and heatwave)
we measured blotted wet biomass at the beginning and end of each emersion period and
calculated desiccation as the percent change in wet biomass. We measured growth as wet
biomass standardized by initial wet biomass at the start of emersion. At the beginning and end of
the emersion period, we measured light harvesting efficiency of photosystem Il (Fv/Fm), which
is a measure of chloroplast function that is sensitive to heat stress, with a Pocket PEA fluorimeter
(Hansatech Instruments) after 15 minutes of dark adaptation under leaf clips. We collected
Fv/Fm measurements on two regions of the blade, the base of the blade and 5 cm away from the
base, and then averaged to create a single sporophyte measurement for analyses. The base of the
blade had same Fv/Fm as the region 5 cm above the base (linear model: P = 0.9; Fig. S3). For the
submerged treatment, we only measured wet biomass and Fv/Fm once per trial day to limit

exposure time to air.

Statistical analysis

We performed all analyses in R version 4.0.3 (R Core Team, 2021). We assessed changes
in field measurements of H. sessile size specific change in maximum length, percent of length
with bleached tissue, and maximum length with linear models (LM). Specifically, we performed
LMs on each response metric with a continuous date and tide (spring or neap) and their
interaction as fixed effects. For the laboratory experiment, we analyzed differences in
temperatures and relative humidity between seasons with t-tests. Meanwhile, we analyzed
percent change in wet biomass, Fv/Fm recovery and desiccation in the laboratory experiment in
separate linear mixed models (LMMs) with treatment, season, trial day, and the interaction

between treatment and season as fixed effects and individual as a random effect. To assess the



differences in Fv/Fm during emersion, we used a linear model with treatment, trial day, season,
and the interactions between treatment and season as fixed effects. Finally, we used a binomial
GLM to assess laboratory survivorship following the recovery period with treatment and season

as fixed effects. LMMs and GLMs were performed in package Ime4 (Bates et al., 2015).

Results

Field observations

Emersed logger temperatures during low tides over the course of the Hedophyllum sessile
surveys ranged normally from 9 to 41°C and reached maximum of 46°C during the historic 2021
Western North American Heatwave (2021 WNAH, Fig. 1D). Water temperatures ranged from 8

to 12°C and reached 14°C maximum following the 2021 WNAH (Fig. 1D).

We found no natural mortality (0%) of tagged adult sporophytes before the 2021 WNAH
and low mortality immediately following the heatwave (3/43 sporophytes, 7%). The effect of
tide depended on date for blade growth and bleaching (P < 0.01, Table 1, Fig 2). For example,
growth during spring tides was 8-16 % per day in May and June but there was no growth in
summer (July and August; Fig. 2A). Bleaching ranged 15-50% and followed spring tides only,
with the greatest amount of bleaching (8 cm on average) during the 2021 WNAH (Table 1, Fig.
2B). Maximum length was greater following spring than neap tides in June, but after the
heatwave (end of June), was similar between tides. Overall, blades were shorter by 4.5 cm at the

end of summer compared to the start of measurements in April (Table 1, Fig. 2C).

Efficacy of temperature treatments in simulated aerial heatwaves & experimental conditions
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As expected, water temperatures on the FHL dock and air temperatures differed between
spring and summer trials (Fig. 3). Dock water temperatures (mean + SE, spring: 9.4 £ 0.01°C,
summer: 11.8 £ 0.02°C) were warmer by 2.4 degrees on average during the summer (One-tailed
t-test: t = -130.8, df =5846, P < 0.001). Ambient air temperatures (spring: 19.7 + 0.1°C, summer:
21.8 £ 0.2°C) were also warmer by 2.1 degrees on average during the summer (One-tailed t-test:
t=-9.2, df =387, P < 0.001). But the heatwave treatment air temperatures (spring: 30.4 + 0.5°C,
summer: 28.6 £ 0.4°C) were on average 1.6 degrees warmer during the spring (t-test: t = 2.8, df
= 384, P = 0.005). Meanwhile, relative humidity (spring: 49.0 + 0.4%, summer: 64.5 £ 0.2%) in
the laboratory during the experimental trials was 15% higher during summer (t-test: t = -37.3, df

=688, P <0.001).

Laboratory experiments

During the emersion period in experimental trials (days 1 — 4), there was 100% survival
in both seasons. Following the submerged recovery period (day 10), all sporophytes in the
submerged and ambient treatments survived (100%) but in the heatwave treatment there were
differences in survival between seasons. At the end of the recovery period, there was a
significant effect of treatment (P < 0.001) and season (P = 0.002) on survival (binomial GLM)
but we did not test the interaction due to limited degrees of freedom. Specifically in the heatwave
treatment, there was no sporophyte survival (0%, no blades remained following bleaching) in
spring but there was moderate sporophyte (63%) survival during summer, indicating a likely

interactive effect of season and treatment.

Growth, measured as daily percent change in wet biomass, significantly increased by 36-
40% in the submerged and ambient treatments but decreased by in the heatwave treatment (P <

0.001, Table 2, Fig. 4). Trial day had a positive effect on growth (P < 0.001) but season and the
11



interaction between season and treatment were not significant (P > 0.05, Table 2). In post hoc
Tukey tests, there were significant differences in growth between the heatwave and submerged
treatments (estimate = -8.3, P = 0.01) and the heatwave and ambient treatments (estimate = -7.3,
P = 0.03), but not between the ambient and submerged treatments (estimate = -1.0, P = 0.9).
Meanwhile, desiccation following the aerial exposure significantly differed across treatments
(heatwave: 20-37%, ambient: 8-14%) and season and their interaction, with the highest

desiccation in spring in the heatwave treatment (Fig. S1, Table S1).

We found differences in PSII recovery among treatments and seasons (P < 0.001, Table
2, Fig. 5). Post hoc Tukey tests indicated Fv/Fm in the heatwave treatment was lower than in the
ambient and submerged treatments (estimate = -0.12 and -0.1, respectively, P < 0.001), which
were in turn statistically indistinguishable (estimate = -0.01, P = 0.9). There was less recovery of
PSII in the heatwave treatment during spring than summer (P < 0.001, Table 2, Fig. 5).
Meanwhile, the change in Fv/Fm from the beginning to end of the emersion period was
significantly different between treatments and seasons (P < 0.01, Table 2, Fig. S2) with positive

change in Fv/Fm in the ambient treatment but not the heatwave treatment.

Discussion

We found surprisingly high (93%) survival of a foundational intertidal kelp during an
extreme natural aerial heatwave, despite declines in growth and photosynthetic function with
increased bleaching of blades. Low tide exposure in mid spring had positive effects on
Hedophyllum sessile growth in the field, but exposure became stressful in summer and following
the 2021 Western North American Heatwave (2021 WNAH) and resulted in bleaching, tissue

loss, and decreased growth. Our simulated heatwaves laboratory experiment revealed even

12



higher survival and recovery during summer compared to spring experiments after simulated
aerial heatwave of the same temperature. Sporophytes experiencing aerial exposure to ambient
temperatures, when compared those continuously submerged, exhibited equivalent growth and
slightly improved light harvesting efficiency, indicating that aerial exposure is not always

stressful and can have benefits.

Other studies on seaweed physiological responses to warming and heatwaves have found
effects varying from positive, to sublethal negative, to lethal. Menge et al. 2021 found increases
in H. sessile growth rate during warm phases of climate patterns (ENSO, PDO), consistent with
the higher growth we found during spring low tides before the 2021 WNAH. Net photosynthesis
of intertidal seaweeds during low tide increases with warming while hydrated up to a tipping
point (Bell, 1993; Williams & Dethier, 2005); the heatwave that reached over 35°C acted as a
tipping point for H. sessile growth. Burnaford et al. (2020) also found declines in maximum

quantum yield in H. sessile during low tide exposure in summer.

Seasonality can also play a role in stress tolerance and thermal acclimation. The lower
survival of sporophytes in our laboratory study in the spring may be due to differences between
ambient aerial temperatures in spring (20°C) than the summer (22°C) that created a larger
difference between the heatwave temperatures during spring (+8° vs. +6°C). The sporophytes in
the summer lab experiment and the field surveys during the 2021 WNAH may have acclimated
to warmer temperatures (Dowd & Denny, 2020). In this manner, heatwaves of the same
maximum temperature in spring could have greater negative impacts than summer. Similarly,
Hereward et al. (2020) found greater negative effects on photosystem Il in Laminaria digitata

from simulated aerial heatwaves during a cooler season.
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The unique morphology of H. sessile may play a role in its ability to live in an intertidal
habitat and survive heatwaves. The blade morphology of H. sessile is variable across
environments (Widdowson, 1965), with smooth blades under high flow or wave action and
bullate blades in calmer flow (Milligan & DeWreede, 2004). San Juan Island within the Salish
Sea, where our study was performed, is a regional hot spot for intertidal thermal risk (Mislan et
al., 2009) with seasonally low wave action. Here, H. sessile only has bullate morphologies
during spring and summer (Armstrong, 1988; Widdowson, 1965). The bullations hold water
during low tide (Burnaford et al., 2020) and may increase humidity, which in turn can lower
mortality risk as seen in other biogenic habitats (Jurgens et al., 2022). Additionally, H. sessile
adult sporophytes do not have a stipe (Abbott & Hollenberg, 1976; Widdowson, 1965), which
positions their blade close to the holdfast. We propose that the combination of no stipe and a
bullate blade, which creates a cabbage-like morphology for which H. sessile is known (common
name is sea cabbage) is ideal for protecting the meristem at the base of the blade during low tide
through self-shading so only older distal tissue is exposed to the extreme damage, bleaching, and

subsequent loss (Fig. 1B).

While we found low mortality of H. sessile after the 2021 WNAH, we would expect the
response to be different if there were compounded perturbations via multiple aerial heatwaves or
a heatwave with a duration encompassing multiple spring tides. Since compounded perturbations
likely will have a more serious effects on long-term alteration of communities (Paine et al.,
1998), repeated heatwaves would not allow enough regrowth (0.4 cm per day) to sustain self-
shading and meristem protection. Considering the bleaching and growth rates measured in this
study, H. sessile would need approximately 20 days to regrow the 8 cm of blade tissue that was

lost due the 2021 WNAH. If perturbations were closer together than 20 days, detrimental impacts
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could be greater. Additionally, with repeated heatwaves and decreased survival, the buffering
provided by high density beds could be lost, which would further compound negative effects

(Hoos & Harley, 2021).

The 2021 WNAH occurred during an afternoon spring tide sequence and in a year with

increased emersion times due to a high lunar declination (25°, NASA Jet Propulsion Laboratory),
the angle at which the moon orbits the earth relative to the equator. Declination ranges from 18-
28° on a 18.6 year cycle, modulating tidal fluctuations and emersion times for intertidal
organisms (Denny & Paine, 1998). H. sessile is known to decline in cover with increases in
emersion time due to high lunar declination angles (Burnaford et al., 2014), therefore moderately
low cover of H. sessile was expected at the time of the 2021 WNAH. The cycle will continue to
create longer emersion times until it peaks in 2025, so H. sessile cover will continue to decline
until emersion times are less extreme. As heatwave events become more frequent with climate
change (Fischer et al., 2021; Meehl & Tebaldi, 2004; Oliver et al., 2018), years coinciding with

high lunar declination will become especially risky for organisms inhabiting the intertidal zone.

Disturbances and sub-lethal impacts on foundation species can have important
community level consequences. For example, decreased maximum length and canopy area will
likely decrease shade and amelioration of desiccation for the algae and invertebrate community
that lives beneath H. sessile blades. This kelp is an ecological dominant (Dayton, 1975) with
complex and variable interactions with its understory community (Dethier & Duggins, 1984,
1988; Duggins & Dethier, 1985). The chiton, Katharina tunicata, relies on the shaded
microhabitat provided by the H. sessile canopy (Burnaford, 2004) and either dies or emigrates
when the brown algal canopy is removed (Dayton, 1975; Duggins & Dethier, 1985). Katharina

tunicata also helps H. sessile maintain dominance over the annual kelp, Alaria marginata (Paine,
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2002). Yet, K. tunicata weakens the holdfasts of juvenile sporophytes (Markel & DeWreede,
1998). Hedophyllum sessile juvenile sporophytes are often found beneath the adult canopy on
articulated corallines (Barner et al., 2016) where they have the greatest attachment strengths
(Milligan & DeWreede, 2000). Removal of the coralline understory causes a strong negative
effect on H. sessile cover and recruitment (Barner et al., 2016). Therefore, the strong community
interactions in this system may compound negative effects of canopy loss via blade shortening
and create a trait mediated breakdown of community interactions associated with blade length
(Fig. 6). Following high temperatures (Fig. 6B), shorter sporophytes may have less self-shading
capacity, making them more susceptible to further heat damage. Additionally, low density beds
and smaller sporophytes are less likely to survive intense warming and heatwaves during low
tide (Hoos and Harley 2021). With out the H. sessile canopy the understory community diversity

would be lower (Fig. 6C).

Morphological mechanisms for survival, such bleaching distal blade area and self-
shading of the meristem in H. sessile, are necessary since climate change is increasing stressful
conditions. Yet the non-lethal effects of the H. sessile canopy shortening will likely impact the
understory community following the 2021 WNAH via a trait mediated breakdown. Heatwaves
like the 2021 WNAMH, which had unprecedented severity for the region, are projected to become
more frequent in the future (Dong et al., 2023). Impacts of extreme events like heatwaves can
have lasting impacts on ecosystems, especially when foundation species are damaged (Nepper-
Davidsen et al., 2019; Smale et al., 2019; Thomsen et al., 2021). Therefore, conservation efforts
should target foundation species like Hedophyllum sessile, which have a mechanism for
surviving under extremely stressful conditions and ameliorate abiotic conditions for its

understory community.
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Tables

Table 1. Summary linear models of field measurements of growth and bleaching over time.

Model Parameter MS F P
Size specific change in maximum length
Date 41.0 1.39 0.2
Tide (spring vs neap) 123.9 4.21 0.04*
Date x Tide 1568 53.3 < 0.001***
Percent length of bleached tissue
Date 12.0 0.06 0.8
Tide (spring vs neap) 40183 189.3 < 0.001***
Date x Tide 1362 6.42 0.01*
Maximum length
Date 3408 714 < 0.001***
Tide (spring vs neap) 1373 28.8 < 0.001***
Date x Tide 567.2 11.9 < 0.001***
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Table 2. Summary of linear mixed models and linear models of wet biomass and Fv/Fm in the
laboratory experiment.

Model Parameter MS F P
Wet biomass percent change
Treatment 1008 21.1  <0.001***
Season 0.2 0.005 0.5
Trial day 17625 369 <0.001***
Treatment x Season 2 004 09
Recovery of Fv/Fm
Treatment 0.06 10.6 <0.001***
Season 0.08 13.6  <0.001***
Trial day 0.001 0.26 0.7
Treatment x Season 0.02 2.70  0.07
Change in Fv/Fm during emersion period
Treatment 0.36 58.7  <0.001***
Season 0.06 10.0  0.002 **
Trial day 0.003 041 05

Treatment x Season 0.02 2.95 0.09




Figures

(a) Before : - 4 | Long, healthy tissue

intercalary
meristem
| Long,

e-¢ | partially
bleache

| Short, healthy tissue after
bleached tissue was
sloughed off

(d) [
40 1
o
S 30+ ‘
I |
& |
€ 20+ .
=Lk L bl L
! { ¥ m
104l M .“!.\2 [ ?L‘“‘iv o
May Jun Jul Aug Sep Oct

Figure 1. Hedophyllum bed and temperatures before, during, and after the 2021 Western North
American Heatwave at Deadman Bay, San Juan Island, Washington. Photos were taken one
month before the heatwave on (a) May 25", (b) during the fourth day of the heatwave on June
28" (c) and after on July 8". Drawings show the change in one individual from (a) long and
healthy before the heatwave to (b) long but partially bleached to (c) shorter but healthy after the
bleached tissue was sloughed off. Labels in (a) show morphological features and location of the
intercalary meristem. In situ intertidal (air and water) temperatures (d) in the Hedophyllum zone
recorded at 5-minute intervals from April to October 2021 with a red box around the heatwave.

Letters in (d) correspond to the dates that the photos (a-c) were taken. Photographs by R.J. Fales
and artwork by K.A. Murie.
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Figure 2. Changes in Hedophyllum growth and
bleaching during spring (yellow) and neap (blue)
tides from May to August 2021 including the
Western North American Heatwave at the end of
June, bars are mean + SE (n = 29-42). (a)
Change in the maximum length as a percentage
per day, (b) percentage of blade tissue that
bleached with blue zeros representing neap tides
without bleaching, and (c) and maximum blade
length.
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Figure 3. Environmental temperatures for each treatment in the laboratory experiments and
recovery period in (a) spring and (b) summer. Loggers and treatments were either continuously
submerged (blue), periodically exposed to ambient air (yellow), or heatwave (red) conditions.
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Figure 4. Daily change in wet biomass (%) during the emersion period (days 1-4) and after a 6-
day recovery period in (a) spring and (b) summer. Open circles represent individual data points

(n = 8 per treatment) and closed circles represent mean + SE. Colors indicate treatments:
submerged (blue), periodic exposure to ambient air (yellow), and heatwave (red) conditions.
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Figure 5. Photosystem 11 light harvesting efficiency (Fv/Fm) at the beginning and end of each

emersion period (days 1-4) and after a 6-day recovery period during (a) spring and (b) summer.

Open circles represent individual data points (n = 8 per treatment) and closed circles represent
mean + SE. Colors indicate treatments: submerged (blue), periodic exposure to ambient air
(yellow), and heatwave (red) conditions.
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Figure 6. Conceptual diagram of interactions between (a) Hedophyllum blade and its own
holdfast and (a-c) between Hedophyllum and the understory community. Panels show
community interaction changes under different levels of thermal emersion stress: (a) normal air
temperatures, (b) warm air temperatures, and (c) extremely hot air temperatures. Trait mediated
interactions via blade elongation decline with increasing air temperature and shortening/loss of
blade canopy area. Interactions with the understory community are based on published literature
(Barner et al., 2016; Burnaford, 2004; Dayton, 1975; Dethier & Duggins, 1984, 1988; Duggins &
Dethier, 1985; Markel & DeWreede, 1998; Paine, 2002). Artwork by K.A. Murie.
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Chapter 1 — Supplementary Materials

Table S1. Summary of linear model for desiccation during low tide experiment.

Model Parameter MS F P
Treatment 10536 837.7 <0.001***
Season 1098 87.3 <0.001***
Trial day 1.8 0.15 0.7
Treatment x Season 547.4 435 <0.001***
(a) Spring o (b) Summer Treatment
ambient
404 -¢- heatwave

304

Desiccation (%)

204

1 2 3 a1 2 3
Trial Day
Figure S1. Desiccation (%) as the loss of wet biomass during emersion periods in the ambient

(yellow) and heatwave (red) treatments during (A) spring and (B) summer. Closed circles
represent mean £ SE and open circles represent individual data points (n = 8 per treatment).
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Figure S2. Change in dark adapted yield of photosystem Il (Fv/Fm) in the ambient (yellow) and
heatwave (red) treatments during low tide emersion in the laboratory experiment in (A) spring
and (B) summer. Closed circles represent mean + SE and open circles represent individual data
points (n = 8 per treatment).
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Figure S3. Dark adapted yield of photosystem Il (Fv/Fm) as mean +SE in each treatment:
ambient (yellow), heatwave (red), and submerged (blue). Measurements were collected on two
regions of the blade: the base (open circle) and 5 cm above the base (closed circle). Panels
represent seasons and emersion for (A & C) spring and (B & D) summer and the time (A & B)
before and (C &D) after emersion in the laboratory.
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Abstract

Increased global temperatures have negatively impacted a variety of marine ecosystems.
One strategy to mitigate these impacts is to focus conservation and restoration efforts on
populations already capable of dealing with higher temperatures. A broad range of abiotic
conditions exist in the Salish Sea of western USA & Canada, with colder waters near the open
coast and warmer waters in more protected waters. Among the diverse cold-water kelp species in
the Northeastern Pacific, Nereocystis luetkeana (bull kelp) is the only large canopy forming
species within the Salish Sea; it is experiencing localized declines at sites associated with
elevated temperatures. Therefore, we tested whether the thermotolerance of adult sporophyte
blades varied across eight sites forming a natural gradient of temperatures. We measured kelp
condition including pneumatocyst size, blade thickness index, C:N ratios, and performed a suite
of physiology assays. We incubated N. luetkeana blade tissue plugs for 36 hours in constant
temperatures ranging 9-27°C and quantified growth, net photosynthesis, and dark adapted yield
of photosystem Il (Fv/Fm) to estimate thermal performance curves. We found a trend of higher
optimal temperatures (Topt) in kelp from warmer sites but, surprisingly, the same critical thermal
maximum (CTmax) of 20 £ 1°C across all sites. By contextualizing physiological performance
with temperatures measured in natural kelp habitats, we found cool sites have a larger margin of
safety and warm sites are dangerously close to exceeding their thermal limits. Our findings
indicate that conservation efforts should be targeted towards sites that do not exceed 20°C and
restorative actions are needed to increase resilience to warming for populations nearing the
tipping point.
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Introduction

With climate warming and increasing frequency and severity of marine heatwaves
(MHWs) and other climatic extremes, understanding mechanistic responses to abiotic stressors
across populations is increasingly important (Higham et al., 2021; Sulmon et al., 2015). During
these extreme events, organisms can be pushed beyond their physiological limits, causing
decreases in performance (metabolism, growth, reproduction) or even death. But not all
populations will respond to ocean warming and heatwaves in the same manner; responses can
differ due to thermal history, local adaptation or acclimation, or additional stressors in the habitat
(Harley et al., 2006). The search for warm tolerant populations or phenotypes (Humanes et al.,
2022; Kuo & Sanford, 2009; Sorte et al., 2011; Villeneuve et al., 2021) has become an
increasingly prevalent goal as targets for conservation or donor populations for restoration efforts

for climate adaptation and mitigation.

Habitat-forming species have disproportionate effects on their local environments;
therefore, declines can have major ecological impacts. Kelps are important primary producers
that form biogenic habitats in coastal marine ecosystems that support diverse understory algae,
invertebrate, and fish assemblages and serve as a food source in natural systems and aquaculture
(Duggins et al., 1989; Grebe et al., 2019; Teagle et al., 2017). The environmental requirements of
kelp, cold and nutrient rich waters, make them especially at risk from ocean warming and
MHWs (Smale, 2020). One third of kelp species are in decline globally (Krumhansl et al., 2016);
there is an urgent need to understand how habitat forming species like kelps respond to
heatwaves and climate change. By understanding kelp responses to warming, we can also draw
conclusions about the health and stability of associated marine communities including

economically important species like salmonids and crabs.
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The Northeast Pacific Ocean has the highest diversity of kelps (Laminariales) in the
world (Druehl, 1981; Starko et al., 2019), yet in the inland Salish Sea, the bull kelp Nereocystis
luetkeana is the only large canopy forming species and no other species create a surface canopy
(the giant kelp, Macrocystis pyrifera is not present, Druehl 1978, Mumford 2007). Puget Sound
(southern Salish Sea) and Barkley Sound (outer coast, Vancouver Island) populations of N.
luetkeana have declined, especially in areas with warmer waters (Berry et al., 2021; Starko et al.,
2022). Northern California N. luetkeana forests have also declined, in association with a MHW
and urchin overgrazing (Rogers-Bennett & Catton, 2019). Even though we have seen large
declines with warming ocean temperatures, our knowledge about N. luetkeana thermotolerance
is limited and largely site specific. Two genetic groups of N. luetkeana have been identified in
the Salish Sea, with populations in Puget Sound differing from others in Washington state
(Gierke 2019). In order to better support conservation of this important species, we need to
determine whether there are warm adapted or acclimated populations and whether warm

tolerance has a genetic basis.

Differences between populations of N. luetkeana are not well understood and can be
influenced by light, flow, nutrients, salinity, depth, and biotic factors as well as genetics. For
example, N. luetkeana blades are plastic in response to flow conditions and can change from a
wavy to smooth blade morphology (Koehl et al., 2008; Koehl & Alberte, 1988). Within the
Salish Sea, N. luetkeana populations have varying pneumatocyst sizes and number of blades.
Meanwhile, Hurd et al. (1996) found Macrocystis growth was limited by nitrogen when C:N
ratios were high (> 25). Nitrogen sufficiency is important for kelps and can increase

thermotolerance (Fernandez et al., 2020; Gao et al., 2016; Gerard, 1997). Other factors that can
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influence thermotolerance include local adaptation to warming as seen in Laminaria

gametophytes (Martins et al., 2020; Schimpf et al., 2022; Strasser et al., 2022).

Generally, N. luetkeana has been classified as a cold-water species that thrives in high
flow or wave environments, but this species can be found across a range of environments and
temperatures. In the 1980s, Llning and Freshwater (1988) determined the thermal survival range
of N. luetkeana near San Juan Island was -1.5 to 18°C. Hamilton et al. (2020) suggested 16°C as
the thermal limit due to persistence of kelp forests at a monthly maximum temperature of 14.5°C
in Oregon, but local extinctions of forests experiencing 16°C in northern California during a
MHW. Warm water discharge from a power plant increased temperatures in Diablo Cove,
California by 3.5°C on average to a maximum nearing 19°C caused a 97% decline of N.
luetkeana (Schiel et al. 2004). However, other studies report much higher temperature tolerances.
In British Columbia, the growth rate of N. luetkeana sporophytes from one site was optimal at
12°C but was measurable, if low, up to 22°C (Supratya et al., 2020). Finally, during the early
life-history gametophyte stage, Weigel et al. (in review) found temperatures above 18°C limited
reproduction due to failure in the transition from gametophyte to sporophyte across 7 sites in the

Salish Sea.

Despite the widespread research on kelp responses to warming, the use of a wide range of
temperatures to build thermal performance curves (TPCs) is not common (but see notable
exceptions: Borlongan et al. 2019, Supratya et al. 2020, Wernberg et al. 2016, Paine et al. 2021,
Fernandez et al. 2020). Performance of photosynthetic organisms can be measured via
photosynthesis, respiration, dark adapted yield of photosystem Il, and growth in order to
understand which physiological responses are impacted by temperature. Responses to

temperature in ectotherms are non-linear; thermal performance curves (TPCs) allow for the
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determination of critical thermal maximums and thermal optimums (Huey and Stevenson 1979).
TPCs can be contextualized using habitat temperatures to estimate margins of safety including
warming tolerance (difference between critical thermal maximum and habitat temperature) and
thermal safety margin (difference between optimal temperature and habitat temperature) under
various climate scenarios (Deutsch et al 2008). Therefore, a goal of this study is to use TPCs to
calculate warming tolerance or thermal safety margins using temperatures measured in natural

kelp habitats.

The Salish Sea is an extensive fjord estuary complex with a natural gradient of
temperatures and nutrients; colder nutrient rich waters are closer to the open ocean in the Strait
of Juan de Fuca while warmer nutrient poor water is found in inlets and seasonally associated
with warmer freshwater inputs from rivers (Fig. 1). The southern Salish Sea is supplied with
cold, nutrient rich oceanic water from the Pacific Ocean through the Strait of Juan de Fuca and
therefore remains relatively cold. However, the southernmost region, south Puget Sound, has less
exchange with oceanic water because it is farther away, and it experiences warm nutrient poor
conditions during summer (Berry et al. 2021). To the north, the Strait of Georgia warms in the
summer in part due a large volume of warm fresh water input from the Fraser River (Pawlowicz
et al. 2007, Riche et al. 2014). The San Juan Islands, situated between the Strait of Georgia and
the Strait of Juan de Fuca, experience a mixture of conditions via tidal exchange. Water motion
in the Salish Sea is largely driven by strong tidal currents rather than wave action (Yang et al.,
2021). Mean summer sea surface temperatures range from 10 -18°C (Table 1; Khangaonkar et al.
2018, Berry et al. 2021). Climate simulations predict an overall increase of 1.5°C across the
Salish Sea (Khangaonkar et al., 2019) with some regions in Puget Sound already experiencing

mean temperatures up to 18°C in summer (Berry et al., 2021).
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We leveraged a natural temperature gradient in the Salish Sea (Harley 2011) to test
whether there is variation in short-term N. luetkeana sporophyte physiology and thermal limits
across populations. In this study, we aimed to 1) quantify variation in sporophyte morphology
and elemental composition among populations, 2) develop thermal performance curves to
estimate optimum and critical temperatures, 3) relate optimum and critical temperatures to
natural kelp habitat, and 4) make useful predications for management, conservation, and
restoration of N. luetkeana forests in the Salish Sea by identifying which forests are at risk due to
warming and MHWSs. Due to variability in abiotic conditions among sites, we expected to find
differences in morphologies and elemental composition, with larger morphologies and higher
nitrogen content in colder nutrient rich environments. We hypothesized that warmer sites will be
more thermotolerant with higher optimal temperatures and critical maximum temperatures than

cool sites due to local adaptation.

Methods

Sites, conditions, and collections

We sampled populations of Nereocystis luetkeana from 8 sites, selected to span regions
and temperature conditions across the U.S. portion of the Salish Sea (Fig. 1, Table 1). We visited
sites shortly after adult sporophytes reached the surface of the water column (May 15 — June 24,
2022). At each site, we measured N. luetkeana pneumatocyst diameters, determined presence of
other species of kelps, and collected tissue for laboratory assays and elemental analysis.
Specifically, we measured adult pneumatocyst diameter in the field with calipers (=2 mm) to

assess differences in sporophyte size across sites (n = 23-25 per site). We collected blade tissue
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samples for laboratory physiology assays at each site by boat by using a cork borer to excise 1.5
cm diameter tissue plugs (hereafter, plugs) from the blade 10 cm above the pneumatocyst. Each
plug was stored in a 50 ml falcon tube filled with seawater collected from the site and kept cool
(9 - 12°C) during transport to the laboratory (<5 hours). Additionally, we made note of which
other species of kelp were present in the intertidal and shallow subtidal, the size of the kelp

forest, and its relation to the shore (fringing or not) (Table 1).

We utilized available data sets from summer 2022 to estimate Thabitat 85 the mean summer
temperature. We also determined the maximum summer temperature for each site (Table 1).
Turn Rock, Salmon Beach, Lincoln Park, Cherry Point, and Squaxin Island temperatures were
from Weigel et al. (in review), which deployed temperature loggers within N. luetkeana forests
at a depth of 3-5 m below mean lower low water (MLLW) with readings every 15 minutes. Puget
Sound Restoration Fund provided temperature data from their Jefferson Head restoration site
which was collected at 5 m below MLLW sampled every 15 minutes. Tongue Point and North
Beach data were from nearby NOAA buoys, 9444090 and 9444900 stations respectively, at 3 m

below MLLW sampled every 6 minutes.
Laboratory Assays

In the laboratory, we oven dried field collected blades and plugs from the assays to a
constant mass. We calculated a thickness index for each plug as measured area (described below)
divided by dry mass (n = 12-15 per site). Lastly, we pulverized field collected blades with a
Retsch Mixer Mill 400 tissue grinder and sent the sampled to the Washington State University

Stable Isotope Core Laboratory for elemental analysis (% N, % C, C:N, 8*3C, and 5'°N).

41



We incubated the plugs in 7 static temperature treatment tanks: 9, 12, 15, 18, 21, 24, and
27°C for 36 hours (n = 3 plugs per temperature). Each treatment was housed in clear plastic 18 x
18 cm containers filled with 2.5 L of artificial seawater (Instant Ocean, 30 PSU) and we added
20 UM nitrate as sodium nitrate (NaNOgz) and 1.25 pM phosphate as sodium phosphate
(NaH2PO4). We ensured nutrients were not limiting by adding nitrate and phosphate which
maintained the natural 16:1 ratio. To maintain temperature treatments, we used a water bath at
8°C to chill treatments below room temperature (9, 12, 15, 18, and 21°C) and an ambient
temperature water bath for treatments that were above room temperature (24 and 27°C). We then
warmed individual tanks to the treatment temperature with a heater controlled by a digital heat
controller (True Temp #JB1235, JBJ Lighting). We placed tanks on a 14:10 light-dark cycle with
100 pmol photons m2 st photosynthetically active radiation (PAR) at the surface of the water,
which is commonly used light level for N. luetkeana in the laboratory (Koehl & Alberte, 1988;
Poulson et al., 2011; Supratya et al., 2020). Additionally, we maintained gentle flow in each tank
with a micropump (Aquaneat BP, 300 liters per hour). At the end of the incubation, we
determined survival of tissue plugs based on color and structural integrity; we considered

bleached (tan to white in color) plugs that disintegrated when removed from the tank to be dead.

We measured oxygen mass-specific metabolic rates (net photosynthesis and dark
respiration) in seawater using a Clark-type electrode system (Hansatech Chlorolab+ with DW3
chamber, Norfolk England) (Bell, 1993; Colvard et al., 2014; Maberly, 1992). The 10 mL
reaction chamber was temperature-controlled by a water jacket connected to a recirculating
chiller and, for net photosynthesis, the LED light source provided 400 umol photons m 2 s*
PAR, which is above saturating irradiance (lx) but well below photoinhibition of N. luetkeana

(Poulson et al., 2011). Chamber seawater was exchanged every 30 minutes to ensure
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measurements were collected in well-oxygenated seawater (~90-100% saturation). Gross
photosynthesis was calculated as the difference between net photosynthesis and respiration. We
also measured dark adapted yield of photosystem Il (Fv/Fm) with a PAM (pulse-amplitude
modulated) fluorometer (Hansatech Pocket Pea). We dark adapted the plugs for 15 minutes in
leaf clips prior to collection of Fv/Fm measurements to ensure all photosystem Il reaction centers
were available. Following the photo-physiology assays, we took photographs of the plugs with a
scale to measure change in area and condition. We quantified tissue growth (or loss) as change in
area from initial size from photographs with a scale in ImageJ at 1 mm resolution (Schneider et

al., 2012).
Thermal performance curves and statistics

We performed all analyses in R version 4.1.2 (R Core Team, 2021). We evaluated
differences in pneumatocyst size, blade thickness index, §13C, 5'°N, percent nitrogen, percent
carbon, and C:N ratios among sites with type 11l ANOVAs and post-hoc Tukey tests using the
car and emmeans packages, respectively (Fox & Weisberg, 2019; Lenth et al., 2023). We fit
thermal performance curves (TPCs) for growth, gross photosynthesis, and Fv/Fm with the rTPC
package using non-linear least squares regressions to estimate the thermal optimum (Topt) and
critical thermal maximum (CTmax) (Padfield et al., 2021). Through AIC model selection, we
selected the quadratic (Montagnes et al., 2008), Spain (Spain, 1983), and Johnson Lewin
(Johnson & Lewin, 1946) models to build thermal performance curves. We assessed goodness of
fit of the TPC models with residual standard errors (SE) for each site and assay. We used a
residual resampling bootstrapping approach to estimate 95% confidence intervals for Topt and
CTmax. We considered sites to be different if the 95% confidence intervals were not overlapping.

Using summer mean habitat temperature (Thabitat), We calculated warming tolerance (WT = CTmax
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- Thavitat) and thermal safety margin (TSM = Topt - Thaitat) following Deutsch et al. (2008). Lastly,
we used separate regression analyses to test for a relationship between Topt Or CTmax With Thabitat

for each assay.

Results
Field condition and blade elemental composition

Across sites there were differences in the size, depth, and location (e.g. infringing
(adjacent to shore) or not) of the kelp forests (Table 1). Nereocystsis luetkeana pneumatocyst
sizes differed across sites (F7 = 97.9, P < 0.001) with larger diameters at colder sites, smaller at
warmer sites, and intermediate at Cherry Point (Tukey tests, Fig. 2A). The blade thickness index
also differed across sites (F7 = 41.3, P < 0.001) with thicker blades at colder sites and the thinnest
blades at Lincoln Park (Tukey tests, Fig. 2B). In general, pneumatocyst diameter and blade

thickness were approximately two-times greater at cold sites compared to warm sites.

S13C ratios in N. luetkeana blades were highly variable and different across sites (F7 =

16.4, P <0.001), highest at Tongue Point and Jefferson Head and lowest at Salmon Beach and
Lincoln Park (Tukey tests, P < 0.05; Fig. 3A). §'°N stable isotopes were also different across
sites (F7 =41.1, P <0.001); Salmon Beach had the highest §'°N (mean: 12.4), Jefferson Head
and Squaxin Island were intermediate (mean: 9.1), and the rest of the sites had the lowest §!°N,
averaging 7.4 (Fig. 3B). Percent carbon in the blade significantly differed across sites (F7 = 4.2,
P =0.002), but this trend was driven entirely by North Beach with 11% higher carbon relative to
other sites (Fig. 3C). Percent blade nitrogen differed across sites (F7 = 7.9, P < 0.001), with 1.2%

higher nitrogen at the cool Strait of Juan de Fuca sites (Tongue Point, Turn Rock, North Beach)
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than Jefferson Head and Squaxin Island (Tukey tests, Fig. 3D). Lastly, differences in carbon to
nitrogen ratios among sites (F7 = 12.1, P < 0.001) were driven by a high C:N of 12.4 at Jefferson

Head while the rest of the sites were similar in C:N with 9.0 - 9.7 (Tukey tests, Fig. 3E).
Laboratory Assays

Survival of N. luetkeana plugs after 36 hours in temperature incubations was consistent
across all sites with 100% survival from 9 - 21°C and 0% survival at 24 or 27°C. Due to blade

mortality, no physiology assays were measured above 21°C.

Thermal performance curves (TPC) goodness of fits varied among assays, with the best
fits for Fv/Fm (residual standard error (SE) = 0.04 — 0.11), followed by growth (residual SE =
5.1-11.1, Table 2). Gross photosynthesis TPC model fits were poor (residual SE =39.1 —

105.6) and should be interpreted with caution (Table 2).

Thermal optima (Topt) for growth ranged from 12.0 to 14.4°C with an average of 13.6°C
(Table 2, Fig. 4). Note that growth data were not available at the warmest site, Squaxin Island,
due to weather constraints on sampling. The 95% confidence intervals of Topt Overlapped at Turn
Rock, North Beach, Salmon Beach, Jefferson Head, and Lincoln Park but not for the coldest and
warmest sites (Tongue Point and Cherry Point, respectively), where Topt differed by 2.4°C (Fig.
7). The estimates of CTmax for growth ranged from 18.9 to 21.1°C with an average of 20.1°C
(Table 2). As with Topt for growth, all 95% confidence intervals for CTmax Overlapped except

between Cherry Point and Tongue Point, which differed by 1.6°C.

Gross photosynthesis TPCs were poor fits and we were not always able to estimate Topt,
CTmax, and 95% confidence intervals (Fig. 5). The confidence intervals, when present, were

overlapping for both Toptand CTmax indicating no difference across sites (Fig. 7). Overall,
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estimates of Topt ranged from 9.0 to 19.2°C and the average was 13.7, but confidence intervals
were very large (10°C range; Table 2). Meanwhile, confidence intervals were much narrower for
CTmax and estimates ranged from 20.5 to 21.4°C across sites with an average of 21.1°C. Details
of metabolism as net photosynthesis and dark respiration can be found in the supplement (Fig.

s1).

Topt estimates for Fv/Fm were higher and more variable than for growth, ranging from
15.6 to 20.0°C with an average of 18.2°C (Table 1). While curve fits were generally good for
Fv/Fm, we were unable to calculate 95% confidence intervals for Salmon Beach due to a lack of
a peak (see flat top curve, Fig. 6), which was also the site with the lowest optimum so this value
should be interpreted with caution. All Topt confidence intervals were overlapping, indicating no
differences in optimum temperatures of Fv/Fm across sites (Fig. 7). CTmax of Fv/Fm ranged from
21.0 - 25.9°C with an average of 22.9°C across sites. As with Topt, all CTmax confidence

intervals were overlapping indicating no significant differences across sites.

Warming tolerances (WT) and thermal safety margins (TSM) differed across sites
associated with the differences in habitat temperatures (Thavitat). The range in Thabitat Was 11.1 —
14.7°C (Table 1), while WT ranged from 5.8 —14.4°C and TSM from 0 — 8.1°C between assays
and sites (Table 2). Specifically, Jefferson Head had the lowest TSM for growth since Thabitat
overlapped with Topt (Fig. 7A), while other sites were 1-2°C from Topt (Fig. 7D). WT and TSM
for Fv/Fm had more degrees of warming until reaching critical thresholds than growth (Table 2,

Fig. 7D & E).

Topt slightly increased with Thabitat across all performance metrics but the relationship was
not significant (R?= 0.3 — 0.7, Table 3, Fig. 8A). We found no relationship between CTmax and

Thavitat fOr any performance assays (P > 0.05; Table 3, Fig. 8B). Finally, we built a general TPC
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for growth for all sampled sites in the Salish Sea (Fig. 9). The overall Topt of growth was 13.6°C

(95% CI: 12.7 — 14.2) and CTmax of growth was 20.3°C (95% CI: 19.7 — 21.1).

Discussion

Nereocystsis luetkeana populations across the Salish Sea were surprisingly similar in
their physiological responses to warming and we found limited evidence of warm adaptation or
acclimation. The thermal optima for growth, photosynthesis, and photosystem Il function were
typically different for the coldest (Tongue Point) and warmest (Squaxin Island) site and there
was a trend of higher Topt at warmer sites indicating that there is some acclimation or adaptation
to warmer temperatures. Yet the critical thermal maximum was the same across all sites,
indicating that 20 + 1°C will be a tipping point for N. luetkeana sporophyte declines in the
future. Cool sites have a larger warming tolerance since the habitat temperature is much lower
than the critical temperature. Meanwhile, warm sites are already dangerously close to exceeding
their thermal safety margin. Given habitat temperatures are already warm, further warming

temperatures will cause rapid declines when these sites surpass the thermal optimum.

In our study of eight populations of N. luetkeana, sites closer to the Strait of Juan de Fuca
had larger pneumatocysts and thicker blades, which could indicate different ecotypes (Fowler-
Walker et al., 2006; Graham et al., 2007; Innes, 1984) or healthier populations. Even if the Strait
of Juan de Fuca populations are more robust, mortality occurred at the same temperature as the
Puget Sound populations which means morphological traits were not an indicator of higher
CTmax. The robust morphology and size of Strait of Juan de Fuca populations are potentially an

indicator of good environmental conditions for kelp, especially since there were more kelp
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species present at these sites. Sites in the Strait of Juan de Fuca may also have more access to
nitrogen, an important nutrient for kelps, since most nitrogen is marine in origin in the Salish Sea
(Mohamedali et al., 2011; Newton et al., 2002). Lincoln Park and Cherry Point had similar !°N
signatures to the Strait of Juan de Fuca sites indicating that their nitrogen is likely marine in
origin as well. Salmon Beach had the highest 3'°N level and therefore likely has some
anthropogenic source of nitrogen, but the C:N ratio and percent nitrogen was still similar to other
sites so nitrogen stores were not enhanced by the different source. Nitrogen availability can
increase thermotolerance of kelps (Fernandez et al., 2020; Gao et al., 2016; Gerard, 1997), yet
Jefferson Head and Cherry Point, which had the lowest blade nitrogen content, had similar

performance and critical limits to other sites with higher percent nitrogen.

We found the thermal physiological limit, as CTmax, to be 21-22°C in the Salish Sea
across all sites in this short-term study with tissue plugs. This value is higher than other studies
from California and Oregon with mortality from 16-19°C (Hamilton et al., 2020; Schiel et al.,
2004). Additionally, Lining and Freshwater (1988) also report a CTmax 0f 18°C for the San Juan
Islands, suggesting the upper end of the survival range may have increased by 3°C in the last 38
years. But similar to studies from British Columbia, Canada, we found N. luetkeana tissue had an
optimum growth rate near 12°C (Supratya et al., 2020), Possibly, N. luetkeana populations in this
study are better adapted or acclimated to warm temperature than in other parts of its range in

California and Oregon but similar to British Columbia.

The N. luetkeana populations that we sampled allow us to draw important comparisons
between kelp physiology and population genetics. The North Beach population was used as the
source of sori for the Jefferson Head restoration of N. luetkeana (Puget Sound Restoration Fund

non-profit, PSRF) and are therefore genetically similar to each other but experience different
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environmental conditions, with cooler water at North Beach than Jefferson Head. The Jefferson
Head restoration kelp had the highest C:N ratio of all sites due to low blade nitrogen. The two
sites had similar TPCs for growth but there was a trend of a higher Topt for Fv/Fm at Jefferson
Head. Yet the CTmax of Fv/Fm for all sites, including the donor and restoration populations, were
similar (22°C) indicating the threshold for photosystem Il failure is highly conserved between
populations. At a broader geographic scale, a study that sampled N. luetkeana from Alaska,
British Columbia, Salish Sea, Washington and California found 4 major genetic groups (Gierke,
2019). Our sites encompass two of those groups, with populations in Puget Sound differing from
the WA coastal sites as well as Cherry Point (in the Strait of Georgia), which surprisingly
grouped with the WA coastal sites. Additionally, Salmon Beach and Squaxin Island are known to
be very genetically similar with low allelic richness (Gierke, 2019) and have more similar
microbial communities compared to more oceanic sites (Weigel & Pfister, 2019). Salmon Beach
and Squaxin Island photosynthesized similarly in the laboratory in our study. Yet in the field, the
Salmon Beach population is abundant and healthy with thicker blades while Squaxin Island has
been declining for many years and was nearing extinction in 2022 indicating that some factor
other may be influencing differences between these populations (Berry et al. 2021, author pers.

obs.).

The use of tissue plugs is common in seaweed physiological studies (e.g. Maberly 1992,
Bell 1993, Colvard et al. 2014, Hereward et al. 2020, Liesner et al. 2020). This method typically
assays a small piece of young healthy blade tissue, but may not reflect the physiological
tolerance of a whole sporophyte. Additionally, our study was performed at 3-degree intervals so
there is interpolation between temperatures that increases the variability around our estimates.

Yet our results for Topt Of growth are similar to other studies of the same species which used

49



whole blades (Supratya et al., 2020), as well as larger blade segments (40 cm) from Turn Rock
and Cherry Point (Fales, Weigel, et al. in prep). Additionally, our physiological assays were
measured on plugs in field collected condition, as opposed to a common garden experiment,
therefore there is carry over from field conditions (Kawecki & Ebert, 2004; Kuo & Sanford,
2009). There were differences in starting conditions across sites, for example blades from
southern Puget Sound were thinner than blades from Strait of Juan de Fuca sites (Tongue Point,
Turn Rock, and North Beach). While this method of using field-condition blades has
confounding factors, it does allow us to better predict the consequences of warming and MHWSs

for each population of N. luetkeana, which was a goal of this management focused study.

Many factors may contribute to the lack of local adaptation or acclimation of N.
luetkeana to warming including population connectivity, complex life cycles, and seasonality.
Maximum thermotolerance, as evidenced by CTmax and survival, was unexpectedly similar
across sites. Similarly, Laminaria digitata had the same upper temperature limit across its wide
range in the North Atlantic (Liesner et al., 2020). While it is common for marine macrophytes to
have different thermal niches for geographically separated populations (King et al., 2018), N.
luetkeana in the Salish Sea may not have enough isolation to allow for local adaptation.
Alternatively, thermal selection could be acting on a different life-history stage than large
sporophytes. For example, Weigel et al. (in review) found 18°C limited reproduction of N.
luetkeana through failure of the transition from gametophyte to sporophyte across 8 sites in the
Salish Sea. Lastly, thermotolerance of N. luetkeana could differ across the growing season as
temperatures become warmer later in summer. Our experiment was performed in early summer
(late May to June) before the hottest temperatures were reached; these early season

measurements are therefore better suited for testing local adaptation than acclimation.
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Global sea surface temperatures have already increased by 0.9°C in the last century
(IPCC 2022) and climate projections for Salish Sea predict 1.5-3°C of warming by 2100 (Riche
et al. 2014, Khangaonkar et al. 2019). Organisms inhabiting coastal oceans and inland seas are
likely to reach their thermal tipping points sooner since temperatures are rising more rapidly.
Therefore, inland seas like the Salish Sea can act as bellwethers for climate change. Our study
indicates that temperatures above 22°C will cause severe declines in N. luetkeana physiological
performance and high mortality. Daily maximum temperatures in two N. luetkeana forests
already reached 18°C during the summer of 2022 showing some forests are only 4°C away from
the critical threshold. This temperature threshold could be modulated by other stressors such as
flow, light, salinity, and nutrient availability (Gunderson et al., 2016; Litchman & Thomas, 2023;
Newcomb et al., 2019). Future-proofing and preparation for marine heatwaves is necessary since
temperatures are likely to surpass N. luetkeana thresholds in the near future. Accordingly, efforts
towards gametophyte banks which can be used for restoration should be continued and

expanded.

Ultimately, we need to move towards contextualizing thermal performance curves for
habitat forming species with local temperatures to make more relevant predictions of
physiological responses to climate change. We can use thermotolerance to guide conservation of
potentially heat tolerant populations or sites that can serve as thermal refugia. The search for
thermotolerant populations of N. luetkeana may require greater geographic separation than
encompassed by our study. Sites to the north, such as Barkley Sound (Starko et al., 2022) or the
northern Strait of Georgia in the Salish Sea should be assessed. Management actions in the Salish

Sea should prioritize conservation of locations that can serve as thermal refugia below the
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tipping point of 22°C and restorative actions that can increase resilience to warming for

populations nearing the tipping point.
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Tables

Table 1. Sampling locations of Nereocystis beds ordered from cool to warm detailing: site name, region, population genetics,
coordinates, location, general site characteristics, the number of other kelp (Laminariales) species present in the intertidal and subtidal,
thermal regime (cold, moderate, or warm), and mean and maximum summer water temperatures. Population genetics from Gierke
2019 and Puget Sound Restoration Fund (PSRF). Summer water temperatures from 2022 sampled in kelp beds from Weigel et al. in

review, NOAA buoys, and PSRF. Mean summer temperature is used as Thanitat. ND = no data

. . Population . . . Other Thermal Summer
Site Region . Latitude Longitude Characteristics . temp. (°C)
genetics kelps  regime
Mean Max
Tongue Strait of WA coastal 48°09'58" N 123°41'53" W  Oceanic, nearshore, large 7 Cold 11.1 137
Point Juan de forest
Fuca
Turn Rock San Juan WA coastal 48°32'07" N 122°57'52" W  Deep water, fast currents, 9 Cold 111 152
Islands large forest
North Beach  Strait of WA coastal,  48°08'37"N 122°46'48"W  Nearshore, large forest 6 Cold 115 143
Juan de Donnor for
Fuca restoration
Salmon Puget Puget Sound  47°17'50" N  122°31'56" W  Nearshore, fast currents, ND Moderate 12.3 144
Beach Sound moderate forest
Jefferson Puget Same as 47°44'37" N 122°29'01"W  Restored small kelp bedon 3 Moderate 13.6 17.7
Head (PSRF  Sound North Beach seeded lines attached to
restoration) benthos
Lincoln Park  Puget Puget Sound  47°32'01" N  122°23'54" W  Nearshore, shallow kelp 3 Moderate 12.7 15.3
Sound forest, small forest, nutrient
poor
Cherry Point  Strait of WA coastal 48°51°24” N 122°44°40” W  Nearshore, close to Fraser 3 Warm 134 205
Georgia River plume, large forest,
low nutrients
Squaxin Puget Puget Sound  47°10'04" N  122°53'38" W  Nearshore, shallow kelp 2 Warm 147 18.6
Island Sound forest, nutrient poor, in

major decline
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Table 2. Summary of model residual standard error (SE) and degrees of freedom of thermal

performance curves for each assay and site as well as estimates of Topt and CTmax With 95%

confidence intervals (Cl), warming tolerance (WT), thermal safety margin (TSM). ND = no

data.
, Residual
Site SE DF  Tox Cl Topt CTmax CICTmax WT TSM
Growth
Tongue Point 9.32 11 120 9.0-134 189 17.9-19.7 78 0.9
Turn Rock 7.01 12 127 9.0-14.2 20.0 18.4-215 89 16
North Beach 7.49 12 141 133-147 21.2 20.4 -22.0 9.7 26
Salmon Beach 5.45 12 136 128-143 20.3 19.5-21.0 80 1.3
Jefferson Head 9.04 12 136 10.7-145 21.2 20.2-22.8 76 0
Lincoln Park 11.06 9 145 12.0-165 185 15.1-20.9 58 1.8
Cherry Point 5.10 9 144 141-155 205 20.1-21.0 71 1.0
Gross photosynthesis
Tongue Point 51.38 11 9.0 9.0-189 21.0 20.9-21.2 9.9 ND
Turn Rock 3910 11 9.0 9.0-12.0 214 21.2-216 103 ND
North Beach 3749 11 ND ND ND ND ND ND
Salmon Beach 8394 11 18.6 9.0-199 213 21.0-22.8 9.0 6.3
Jefferson Head 96.09 11 149 9.0-20.3 ND ND ND 1.3
Lincoln Park 10240 10 161 13.8-17.2 205 20.2-21.1 78 34
Cherry Point 11510 11 9.0 ND ND ND ND ND
Squaxin Island 105.60 11 19.2 9.0-20.2 214 21.1-22.6 6.7 45
Fv/iFm
Tongue Point 0.11 11 19.2 18.0-199 215 21.1-216 104 8.1
Turn Rock 0.04 11 170 157-198 248 21.7-275 137 59
North Beach 0.03 11 16.8 15.3-19.7 25.9 219-293 144 53
Salmon Beach 0.07 11 156 ND 22.0 ND 9.7 3.3
Jefferson Head 0.03 11 200 19.0-20.1 218 21.8-21.9 82 6.4
Lincoln Park 0.11 10 195 17.3-19.7 210 18.7-21.2 8.3 6.8
Cherry Point 0.04 11 178 159-20.0 244 21.8-293 11.0 44
Squaxin Island 0.04 11 199 185-20.1 216 215-21.8 6.9 5.2
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Table 3. Summary of linear regressions examining the relationship between Topt O CTmax

with Thaitat fOr all performance assays.

Assay DF F P R?  Slope
Topt
Growth 1,5 373 01 0.43 0.56
Photosynthesis 1, 4 730 005 065 257
Fv/Fm 1,6 221 0.2 0.27 0.66
CTmaX
Growth 1,5 047 05 0.09 0.29
Photosynthesis 1,3  0.03 0.9 0.01 0.03
Fv/IFm 1,6 0.10 04 0.14 -0.54
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Figure 1. Nereocystis luetkana forests across the Salish Sea that we sampled, color coded by

temperature (cold, moderate, or warm). Salish Sea regions are labeled with blue text and sites
with black text.
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Figure 2. Morphological characteristics including (A) pneumatocyst diameter and (B) blade
thickness index as boxplots and colored diamonds represent site means. Colors correspond to
Fig. 1 with cold (blue), moderate (orange), and warm (red) temperature regimes. Sites are
listed from cool to warm. Pneumatocysts were larger with thicker blades at cooler sites.
Lowercase letters represent significant differences between sites from Tukey tests.
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Figure 3. Nutrient characteristics of blades represented as boxplots with colored diamonds as
site means for (A) 8'3C, (B) 8'°N, (C) percent blade carbon, (D) percent blade nitrogen, (E)
and carbon to nitrogen ratio. Colors correspond to Fig. 1 with cold (blue), moderate (orange),
and warm (red) temperature regimes. Sites are listed from cool to warm. Lowercase letters
represent significant differences between sites from Tukey tests.
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Abstract

Kelp forest declines have been linked to warming ocean temperatures worldwide.
Ocean warming rarely occurs in isolation, so multiple stressor studies are necessary to
understand the physiological responses of kelp to rapidly changing ocean conditions. The
canopy-forming bull kelp, Nereocystis luetkeana, is going locally extinct in areas of the
Salish Sea that are seasonally warm and nutrient poor, while the understory kelp, Saccharina
latissima, persists at those sites. Further, nitrogen availability can alter physiological
responses of kelps to high temperature stress, including alleviating warming stress. Thus,
there is an urgent need to understand the interactive effects of these correlated stressors on
kelp physiology among species and populations which can differ due to thermal history or
other factors. We compared the physiological responses of kelp to high temperature stress
and nitrogen limitation between two N. luetkeana populations with different environmental
histories (warm and nutrient poor vs. cold and nutrient rich) and between two species, N.
luetkeana and S. latissima. Using laboratory mesocosms, we tested the interactive effects of
short term (9 day) exposure to temperatures (9-21°C) and nitrogen concentrations (low (1-3
uM) vs. high (>10 uM)) on a comprehensive suite of kelp responses: blade growth,
photosynthesis, respiration, photosynthetic yield, nutrient uptake, and tissue C:N. Both kelp
species responded negatively to elevated temperatures but not to low nitrogen levels. Blades
of both species showed signs of metabolic stress and reduced growth at 21°C, regardless of
nitrogen levels, suggesting S. latissima cannot outperform N. luetkeana under thermal stress
in either high or low nutrient conditions. Populations of N. luetkeana from warm, nutrient
poor and cool, nutrient rich areas were equally susceptible to the effects of ocean warming.
Our results suggest that nutrient additions are unlikely to enhance kelp performance at supra-
optimal temperatures, and a thorough understanding of coastal temperature dynamics is
needed to guide conservation and restoration actions.
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Introduction

The ocean is warming rapidly due to the thermal impacts of greenhouse gases, as it
has absorbed more than 90% of the global excess heat generated since 1971 (Zanna et al.,
2019). Global mean sea surface temperatures have increased by 0.88°C over the last century,
and marine heatwaves are twice as frequent (IPCC, 2022). Some coastal regions are warming
more rapidly — for example, the Salish Sea in the Northeast Pacific is projected to warm by
1.5-3°C by 2100 (Khangaonkar et al., 2019; Riche et al., 2014). Temperature exerts a major
influence on organismal physiology due to the temperature dependence of biochemical
reactions, including metabolic rates (Brown et al., 2004; Dillon et al., 2010). Ectothermic
organisms, whose metabolism is controlled by environmental temperatures, are especially
susceptible to exceeding their thermal tolerance limits. Marine ectotherms experience
temperatures closer to their upper limits than terrestrial ectotherms, leading to greater
vulnerability in the face of global climate change (Pinsky et al., 2019).

To persist in the face of climate change, species can acclimate, adapt, or migrate to
less stressful conditions. Immobile organisms such as primary producers may be more
susceptible to climate change, but they also experience high selection pressure in response to
changing environmental conditions (Bennett et al., 2019). Populations can differ in their
thermal tolerance limits due to acclimation to local environmental conditions or adaptive
genetic differentiation (King et al., 2017). Previous thermal exposure, which tends to differ
across populations in heterogeneous environments, can modify physiological responses to
warming (Becheler et al., 2022; Gauci et al., 2022). For example, macroalgae sampled across
latitudinal gradients that spanned a range of thermal environments displayed variable
responses to heat stress (Liesner et al., 2020; Vranken et al., 2021; Wernberg et al., 2018).
Knowledge of population-level variability in thermal tolerance is critical to determining how

a species will respond to global climate change, as certain populations may go locally extinct.
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Kelp, marine macroalgae in the order Laminariales, are foundation species that create
underwater forests in temperate and subpolar regions. Kelp forests have been declining
rapidly in response to warming ocean temperatures and marine heatwaves (Arafeh-Dalmau et
al., 2019; Smale, 2020), with more than one-third of global kelp forests in decline over the
past 50 years (Krumhansl et al., 2016). Supra-optimal temperatures are physiologically
stressful leading to higher respiration rates and greater metabolic demand, which has also
been shown in kelp sporophytes (Biskup et al., 2014; Gerard, 1997; Staehr & Wernberg,
2009; Umanzor et al., 2021). Photosynthesis rates usually decline above optimum
temperatures while respiration rates continue to increase, leading to decreased growth rates at
supra-optimal temperatures (Umanzor et al., 2021). These physiological responses to elevated
temperatures can lead to decreased size and survival of sporophytes, and thus kelp forest
losses. In addition to supra-optimal temperatures, low dissolved inorganic nitrogen
concentrations can be stressful for marine primary producers, as they require nitrogen to
sustain rapid growth rates (Fernandez et al., 2020; Gerard, 1997; Umanzor et al., 2021).
Nitrogen-containing chlorophyll pigments decline with nitrogen deficiency, which can reduce
photosynthesis and growth rates (Korb & Gerard, 2000; Roleda & Hurd, 2019).

In temperate marine ecosystems, sea surface temperatures and dissolved inorganic
nitrogen levels are often negatively correlated due to the effects of upwelling and
stratification (Palacios et al., 2013). Upwelling brings cool, nutrient rich water to the surface,
while thermal stratification of the water column can lead to nutrient depletion by
phytoplankton in the warmer surface waters. In estuarine systems such as the Salish Sea,
temperature and nutrients are driven partly by mixing associated with tidal currents, but
thermal stratification and nutrient reduction still results from sustained high temperatures
(Khangaonkar et al., 2021). As sea surface temperatures continue to rise and stratification

increases, surface nitrate concentrations are predicted to decline (IPCC, 2022), thus there is
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an urgent need to understand the interactive effects of these correlated stressors on kelp
physiology.

Prior experimental studies have found positive or neutral effects of nitrogen
availability on kelp performance and thermal tolerance. High nitrogen concentrations
improved the growth and photosynthetic rates of Macrocystis pyrifera blades at elevated
temperatures (Fernandez et al., 2020). Gerard (1997) found that the photosynthetic
performance of juvenile S. latissima improved at high temperatures only when N reserves
were maintained. Survival, photosynthesis, and growth of juvenile sporophytes of Ecklonia
cava improved with additional nitrogen across all temperatures (Gao et al., 2016).
Photosynthetic responses to simulated marine heatwaves improved with higher nitrate
availability, but pigment content decreased at high temperatures despite high nitrate levels
(Umanzor et al., 2021). Franco et al. (2018) found that nitrogen had no effect on the survival
of Laminaria ochroleuca at elevated temperatures, but additional nitrogen increased growth
under optimal temperatures. Studies on the interactive effects of temperature and nitrogen on
early life history stages of kelp (zoospores, gametophyte, and microscopic sporophytes)
found that elevated temperatures were much more limiting than low nitrogen concentrations
(Mabin et al., 2013; Martins et al., 2017; Muth et al., 2019; Weigel et al., in review). These
studies highlight the complexity of kelp responses to interactive stressors, including the
potential for nitrogen availability to reduce the stress of high temperature, and the importance
of assessing nitrogen and temperature interactions across multiple species and populations.

The annual bull kelp, Nereocystis luetkeana, is one of the largest canopy-forming kelp
species in the Northeast Pacific. Bull kelp forests have been declining rapidly in some areas,
including warmer, wave-sheltered coastlines in British Columbia (Starko et al., 2019, 2022),
warm and nutrient-poor regions of South Puget Sound (Berry et al., 2021), and in northern

California following the 2013 marine heatwave and sea urchin population increases (Rogers-
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Bennett & Catton, 2019). Additionally, a decade-long temperature increase of 3.5°C induced
by the thermal outflow from a power plant led to a 97% decline in the abundance of N.
luetkeana in California (Schiel et al., 2004). Despite the correlation of bull kelp losses with
elevated summer water temperatures and low nutrient concentrations, no studies to date have
examined the interactive effects of these two stressors on the physiology of sporophytes of N.
luetkeana.

Kelp forests often contain diverse assemblages of understory species that inhabit
deeper subtidal environments and make important year-round contributions to kelp forest
productivity (Bell & Kroeker, 2022). These forests also provide many important ecosystem
services, including habitat for rockfish (Williams et al., 2010). In Washington state (USA),
the understory kelp S. latissima has persisted in areas where the N. luetkeana canopy has
disappeared (Berry et al., 2021). As an understory kelp, S. latissima greatly differs from N.
luetkeana in morphology and habitat and may compete with N. luetkeana for space and light.
Both species have benthic holdfasts and grow in the shallow subtidal; S. latissima grows at
depths up to 20 m (Lamb & Hanby, 2005), while N. luetkeana can be found deeper (Abbott &
Hollenberg, 1976). However, the buoyant pneumatocysts keep the majority of the blade
biomass N. luetkeana at the surface, while blades of S. latissima remain prostrate near the
benthos. As nitrogen concentrations are generally higher and temperatures are cooler in
deeper waters beneath the thermocline due to stratification (Khangaonkar et al., 2019), it is
possible that S. latissima has a refuge from the stressful surface conditions that surface
floating sporophytes of N. luetkeana experience. However, thermal tolerances and nitrogen
requirements often differ among kelp species (Llning & Freshwater, 1988; Roleda & Hurd,
2019), and it is not known the extent to which the persistence of S. latissima at warm, nutrient
poor sites is due to higher thermotolerance or nutrient acquisition abilities or stress avoidance

due to its benthic habitat.
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We conducted two controlled mesocosm experiments to determine the interactive
effects of temperature and nitrogen on the physiology of N. luetkeana and S. latissima
sporophytes. We first compared the physiological responses of N. luetkeana from two
populations with different environmental histories (warm and nutrient poor vs. cold and
nutrient rich) to test the hypothesis that a population with a history of stressful environmental
conditions will perform better when challenged with thermal and/or nutrient stress, due to
local adaptation or acclimation. We then compared the physiological responses of N.
luetkeana and S. latissima collected from the same location to test the hypothesis that the
persistence of the understory species is due to superior performance under temperature stress
and nitrogen limitation. By measuring diverse response variables including growth,
photosynthesis and respiration rates, photosynthetic physiology via pulse amplitude
modulated (PAM) fluorometry, blade tissue C:N, and nitrogen (NOz, NH4) uptake rates, we
aimed to gain a comprehensive mechanistic understanding of the effects of these stressors on
kelp physiology. We hypothesized that photophysiology and growth would be negatively
impacted by warmer temperatures, but greater nitrogen availability could mitigate the effects
of high temperature stress. Additionally, we expected blade tissue nitrogen to increase with
nitrogen availability, but if nutrient uptake rates are temperature-dependent, then blade tissue

nitrogen may be affected by temperature as well.

Methods
Kelp blade collection

We conducted two separate experiments to examine the interactive effects of
temperature and nutrients on 1) sporophyte blades of Nereocystis luetkeana collected from
two populations with different thermal histories (hereafter referred to as “population exp.”),

and 2) sporophyte blades of N. luetkeana and Saccharina latissima collected from the same
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location (“species exp.”). For the population exp., we collected non-reproductive blades of N.
luetkeana on July 06, 2022 from 48 distinct individuals from the population at each of two
sites: 1) Cherry Point, Strait of Georgia, USA (48.855194, -122.730944) and 2) Turn Rock,
San Juan Islands, USA (48.535333, -122.964778). We collected blades of N. luetkeana (n =
48 per population) from the surface by carefully detaching the blade from the pneumatocyst
at the narrowest point. For the species exp., we collected non-reproductive blades of N.
luetkeana from the surface and whole sporophytes of S. latissima (n = 42 per species) via
scuba diving at Deadman Island, San Juan Islands, USA (48.457833, -122.942111) on
August 04, 2022. We collected sporophytes of S. latissima (30-40 cm in length) from a depth
of 5-9 m (relative to mean lower low water) by carefully detaching the holdfast from the
substrate. We also collected extra kelp blade tissue samples from each population and species
from the field for comparison with C:N content of experimental kelp (n = 8 for population
exp., n =7 for species exp.).

We transported kelp immediately back to Friday Harbor Laboratories (FHL) in
coolers with seawater and ice packs, and placed samples into flow-through seawater tanks at
11-12°C. On the day of collection, we cleaned each replicate of epiphytes, cut the blades to a
standard length, and tagged each replicate by sewing fishing line with small numbered beads
into the thick narrow tissue at the proximal end of the blade of N. luetkeana or the stipe of S.
latissima. We cut the blades of N. luetkeana to a length of 40 cm from the blade base in the
population exp., and 30 cm from the blade base in the species exp. to better match the size of
S. latissima. In addition, we removed the holdfasts from S. latissima and cut blades to 30 cm
so both species had equivalent tissue types and initial wounding levels.

Experimental design
We manipulated seawater temperatures and nutrient concentrations using 100 L (91 x

34 x 30 cm; L x W x H) recirculating tanks in the FHL Ocean Acidification Environmental
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Laboratory (Guenther et al., 2022; O’Donnell et al., 2013). Natural seawater was UV-
sterilized to deter phytoplankton and diatom growth prior to starting experiments. For both
experiments, treatments included 3 static temperatures crossed with 2 nitrogen levels (n = 7-8
blades per treatment and population). Our biological replicates were individual blades that
were mixed between both populations or species within tanks; replication for each treatment
and response variable can be found in Table S1. To establish low N levels (<3 uM), kelp
blades drew down dissolved nitrogen from starting mean (£SD) NO3 levels of 23.40 £ 0.22
uM (population exp.) and 18.14 + 0.01 uM (species exp.) over 2 days. Temperatures were 13,
16 and 21°C in the population exp. and 9, 15 and 21°C in the species exp. Temperatures in
the species exp. were slightly lower to mimic relatively cooler conditions likely experienced
by S. latissima in the understory of a stratified water column. We manipulated temperatures
in each tank following the methods in O’Donnell et al. (2013) and Guenther et al. (2022) and
measured temperature (£0.1°C) with HOBO Pendant Temperature/Light Data Loggers (Onset
model #MX2202, Bourne, MA) every 5 min. We slowly changed temperatures (by 2°C per
day) over 5 days until final treatment temperatures were reached (Fig. S1). LED lights
(5000K daylight) provided 100 umol m 2 s™! of photosynthetically active radiation to the
water surface on a 16:8 light-dark cycle. Additionally, we added two submersible micro-
pumps (Aquaneat BP-50, CLL Pet Supplies, Madison, WI) in each tank to move blades
around and reduce boundary layers. Finally, we exposed kelp blades to temperature and
nutrient treatments (described below) for 8 days (population exp.) and 9 days (species exp.),
after which we measured response variables (Fig. S1).

After a 2 day period of initial nutrient drawdown to allow kelp to deplete nitrogen in
the low N tanks, which occurred at the start of the 5-day acclimation period (Fig. S1), we
manipulated nutrient concentrations in recirculating tanks with daily nutrient additions of

sodium nitrate (NaNOs3), ammonium sulfate ((NH4)2SOs4), and sodium phosphate (NaH2PO.).
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We calculated targeted nutrient additions based on tank volume, expected starting
concentrations of dissolved inorganic nutrients, and established nutrient uptake rates for N.
luetkeana (Weigel & Pfister, 2021) and S. latissima (Forbord et al., 2021). We aimed to
manipulate nitrogen levels, so we added phosphate in a 16:1 N:P ratio to ensure that
phosphorus did not become limiting. For the population exp., we aimed to maintain dissolved
nutrient concentrations (uM) of 35 NOs, 2 NH4 and 2.2 PO4 (high N treatment) vs. 5 NOs, 0.5
NHz and 0.3 PO4 (low N treatment). Starting seawater N availability (Table S2) was high (23
pmol NOs) for the San Juan Islands (Murray et al., 2015), and nitrogen uptake rates were
lower than expected in the population exp., causing a slow increase in N availability over the
experiment that led to higher than targeted N levels (Fig. S2). Therefore, in the species exp.
we targeted lower dissolved nutrient concentrations (uM) of 15 NOs, 2 NH4 and 1.9 PO4
(high N treatment) vs. 1 NOs, 0.1 NH4 and 0.06 PO4 (low N treatment).

To monitor whether nutrients were at targeted levels, we collected seawater samples
from each tank 2 hours after daily nutrient addition, samples were filtered through 0.7 pm
glass-fiber filters and frozen until analysis. The University of Washington Marine Chemistry
Lab quantified seawater inorganic nutrient concentrations (NOs, NH4, PO4) using standard
methods (UNESCO 1994).

Response variables

After collecting sporophyte blades, we weighed blotted blades to determine the initial
wet biomass, photographed each individual with a reference scale to determine the initial
surface area and length, and measured initial dark adapted photosystem Il yield with a PAM
fluorometer (described in detail below). We also collected measurements of growth (wet
weight, length, surface area) and PAM response variables after the acclimation period and at
the conclusion of the treatment period (Fig. S1). We measured length and surface area from

photographs with a reference scale at 1 mm resolution by outlining each kelp blade in ImageJ
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(Schneider et al., 2012). The blade area of S. latissima was underestimated by this method
because of the bullate blade morphology, compared to the smooth blades of N. luetkeana. We
calculated change in wet mass (hereafter biomass) as percent change from the beginning to
the end of the treatment period (Fig. S1). Finally, we calculated growth rates (of blade length
and area) as the difference between final and initial measurements and divided by the number
of days in treatment.

We measured dark adapted yield of photosystem Il (Fv/Fm) with a Pocket PEA
Chlorophyll Fluorimeter (Hansatech Instruments, Norfolk, England) following 15 min of
dark adaptation under leaf clips. We collected one measurement 10 cm from the base of the
blade at the same time of day. We collected Fv/Fm measurements daily in the population
exp., and only on days 1, 6, and 14 in the species exp. As with the growth rates, we calculated
percent change in Fv/Fm from the beginning to the end of the treatment period (Fig. S1).

After 6 to 8 days of exposure to experimental treatments (Fig. S1), we quantified
mass-specific metabolic rates (net photosynthesis and dark respiration) from changes in
dissolved oxygen (DO) over time. We measured DO (in mg/L) optically with a FireSting-
GO2 pocket oxygen meter equipped with a robust oxygen probe and a temperature sensor
(Pyroscience, Aachen, Germany). We incubated individual blades in 1.6 L clear Nalgene
bottles filled with seawater from the corresponding tank and maintained the treatment
temperature by submerging the bottles. Bottles were sealed water-tight with an 8 mm rubber
stopper to allow for quick access with minimal disturbance during DO measurements. A large
(1,000 GPH) aquarium pump shook the bottles around in the tanks to ensure that the seawater
inside was well-mixed.

We measured dark respiration from 75 min incubations under dark tarps with lights
off, then photosynthesis from 45 min incubations in 100 pmol m2s* of light. Prior to the

measurements for respiration, we acclimated blades to dark conditions for 15 mins to allow
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oxygen to equilibrate in the bottles. During each run, we had a seawater control to account for
potential plankton metabolism. To accommaodate all replicate blades in the experiment, we
split measurements into multiple runs over 2 days (Fig. S1). We measured the biomass of the
blades immediately after metabolic rates, and converted to dry mass based on the relationship
between wet mass and dry mass from blades sampled at the end of the experiment. We

calculated photosynthesis and respiration rates (mg Oz g hr?) as:

metabolic rate = (—) * (_>
t m

Where AO; is the change in DO in mg L™ between the start and end of the incubation, C is
the seawater correction factor due to metabolism by plankton, t is the incubation time in
hours, V is the volume of the bottle in liters, and m is the dry mass of the blade in grams.

On the final day of each experiment (Fig. S1), we quantified kelp blade nutrient
uptake rates on a random subset of blades in each treatment (n = 4 per treatment). Each kelp
blade was placed into a sealed 1.6 L clear Nalgene bottle filled with seawater from the
corresponding tank and maintained at the treatment temperature. Therefore, low N treatments
had lower nutrient availability at the start of the nutrient uptake assay. We collected initial
seawater nutrient samples from the well-mixed tank prior to filling bottles and final seawater
nutrient samples from each individual chamber after an incubation period of 100 mins. We
included seawater control bottles to account for possible nutrient uptake by plankton in the
seawater. We filtered seawater samples through 0.7 um glass-fiber filters and froze the
samples until analysis of NOs, NH4, and PO4 concentrations. We calculated nutrient uptake

rates (umol gthr?) as:

AN —C %4
uptake rate = ( ) * (—)
t m

Where AN is the change in NO3 or NH4 concentration (umol L) between the start and end of

the incubation, C is the seawater correction factor due to uptake by microalgae, V is the
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volume of the chamber in liters, m is the dry mass of the blades in grams, and t is incubation
period in hours.

At the end of each experiment, we dried kelp blade tissues to constant mass in a
drying oven. We pulverized dried kelp blade tissues (field-collected and experimental) with a
Retsch Mixer Mill 400 tissue grinder. The Washington State University Stable Isotope Core
Laboratory analyzed these samples for percent carbon and nitrogen on an elemental analyzer.
Data Analyses

We used R version 4.1.2 for all data analyses and visualizations (R Core Team 2021).
Using the “car” package in R, we ran multi-factor ANOVAs with temperature, nutrients, and
population (population exp.) or species (species exp.), and their interactions, as fixed effects
(Fox & Weisberg, 2019). We ran separate models on each response variable for each
experiment. We used Type Il Sum of Squares ANOVASs to account for our unbalanced
design (in the species exp., as some kelp died at the highest temperature, Table S1) as well as
interactions among factors. Following significant ANOVA outcomes, we performed Tukey

post hoc tests with the package “emmeans” (Lenth et al., 2023).

Results
Site differences and efficacy of treatments

On the day of the kelp collections, seawater dissolved inorganic nutrient levels were
high at Turn Rock (NOs: 23.4, NH4: 0.2, PO4: 1.8 uM) and low at Cherry Point (NOz: 0.8,
NHa: 0.4, PO4: 0.8 uM; Table S2). In the summer of 2022, from July 07 to Sept. 27, Cherry
Point experienced elevated water temperatures (mean + SD: 13.3 + 1.8°C, min: 10.3°C, max:
20.5°C), while Turn Rock (mean £ SD: 11.3 £ 0.8°C, min: 10.0°C, max: 15.2°C) remained

cool (Fig. S3, Weigel et al. in review). Deadman Island temperatures are generally cool, and
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likely similar to Turn Rock due to their close proximity (8 km). Nutrient levels at Deadman
Island were high on the day of collection (NOs: 19.1, NH4:0.7, PO4: 1.7 uM; Table S2).

Temperature treatments in the population and species experiments were stable and
within 1°C of the targeted range. In the population exp., temperatures as mean + SD and
ranges as (min, max) were 12.7 + 0.2°C (12.1, 13.4), 16.2 + 0.1°C (16.0, 16.9), and 20.6 £
0.1°C (20.2, 20.8) during the full treatment period (Fig. S1A). In the species exp.,
temperatures were 9.0 + 0.3°C (8.3, 9.2), 14.6 + 0.1°C (14.4, 15.4), and 20.7 £ 0.2°C (20.1,
21.6) during the full treatment period (Fig. S1B). Meanwhile, nutrient treatments were within
targeted range for the species exp. but were higher than expected in the population exp.
Following nutrient draw down, mean NOs levels in the low N treatments remained around 1.0
uM (species exp.) and below 3 uM (population exp.; Table S2, Fig. S2). In the population
exp., NOs levels in the high N treatments increased gradually over time from 25 up to 100
uM, with a mean of ~80 uM (Table S2, Fig. S2). We reduced daily nutrient additions for the
species exp., so mean NOs levels in the high N treatments were between 10 and 20 uM
(Table S2, Fig. S2). Despite the difference in NOs concentrations in the high N treatments
between the two experiments, there were clear differences between low and high N
treatments in each experiment (Fig. S2).
Survival and condition

In both experiments, we observed mortality or visual tissue damage and decay only at
the highest temperature of 21°C (Fig. S4). In the population exp., survival was 100% across
all treatments, but signs of damage to kelp blades were visible in both high and low nutrient
treatments at 21°C. In the species exp., survival was 100% across nutrient treatments in the 9
and 15°C treatments, but not in the 21°C treatments. Specifically, at the conclusion of the
species exp., the 21°C high N treatment had high mortality (N. luetkeana: 71%, S. latissima:

57%) while the 21°C low N treatment had low mortality (N. luetkeana: 0%, S. latissima:
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14%). Mortality prevented measurement of some response variables at the highest
temperature.
Growth rates

In both experiments, blade growth rates responded to temperature and nutrient
treatments, as well as source population or species (Table 1). All aspects of blade growth,
whether measured as change in biomass, length, or blade area, were significantly lower at
21°C compared to the two cooler temperatures in each experiment (Figs. 1 & 2, P <0.05). At
21°C, change in biomass was negligible in the population exp. and negative in the species
exp., indicating a net loss of tissue (Fig. 1). All aspects of growth (wet biomass, length, area)
were positive at the two cooler temperatures (population exp: 13 and 16°C, species exp: 9
and 15°C) in each experiment (Figs. 1 & 2). Further, for all metrics of growth, there were no
differences between growth rates at the cool and moderate temperatures (P > 0.05), indicating
that kelp grew equally well at 13 vs. 16°C and at 9°C vs. 15°C (Fig. 1, Fig. 2). The only
exception was that in the species exp., N. luetkeana displayed a 0.5 cm/day higher elongation
rate at 15°C compared to 9°C (P < 0.001, Fig. 2B). At these cooler temperatures, blades in
both experiments grew ~15-30% in overall biomass (Fig. 1), 1.0-1.5 cm in length per day,
and 5-10 cm? in area per day (Fig. 2), demonstrating that laboratory conditions were suitable
to both species.

Kelp blade growth metrics responded to nitrogen in both experiments (Table 1). In the
population exp., change in biomass and length responded significantly to the interaction
between temperature and nitrogen (P < 0.001, Table 1). Change in biomass in the low N
relative to the high N treatment was 11% higher at 13°C, and 2% higher at 16°C (Fig. 1A).
Additionally, kelp from the low N treatment elongated by 0.5 cm more per day at 13°C (P >
0.05, Fig. 2A). In the species exp., there were no interactions between temperature and

nitrogen, but there were significant effects of nitrogen on all growth metrics (P < 0.05, Table
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1). Kelp from the low N treatments displayed higher growth rates compared to kelp from high
N treatments in the species exp. On average, N. luetkeana blades in low N treatments grew
7% more in biomass, 0.4 cm/day in length, and 4 cm?/day in area compared to blades in high
N treatments. Likewise, S. latissima grew 9% more in biomass, 0.1 cm/day in length, and 1.2
cm?/day in area in low N compared to high N treatments (Figs. 1B, 2B & D). However,
change in biomass was low to negative at 21°C in both experiments regardless of nitrogen
levels, with an average loss of 9% biomass while cooler temperatures had increases (Fig. 1).

Finally, there were significant effects of source population and species on kelp growth
metrics (Table 1). In the population exp., blades of N. luetkeana from Turn Rock grew
significantly more in biomass compared to those from Cherry Point by 4% (Fig. 1A), while
N. luetkeana from Cherry Point grew significantly more in total blade area than those from
Turn Rock by 3 cm? per day, averaged across treatments (Fig. 2C), yet the two populations
had equivalent changes in length (Fig. 2A). In the species exp., N. luetkeana increased in
biomass by 13% more than S. latissima across all temperatures (Fig. 1B), while N. luetkeana
elongated more only at 15°C (Fig. 2B) and N. luetkeana grew more in blade area compared to
S. latissima at 15°C and 21°C (Fig. 2D).
Photosynthesis and respiration rates

In both experiments, net photosynthesis responded to temperature and nutrients, as
well as their interaction (Table 2). Net photosynthesis rates increased with temperature in the
population exp., but were highest at the moderate temperature in the species exp. (Fig. 3A &
B); however, these temperature effects interacted with nutrients. In the population exp., net
photosynthesis increased significantly at each temperature under low N conditions, with the
greatest net photosynthesis at 21°C (P < 0.05, Fig. 3A). At high N, net photosynthesis was
0.7 mg Oz gt hr! lower at the coldest temperature (P < 0.0001, Fig. 3A), but did not differ

between 15 and 21°C (P = 0.4, Fig. 3A). Additionally, net photosynthesis was 0.1 mg O, g
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hr'! higher at low N than high N at 13 and 21°C than at 16°C (P < 0.05, Fig. 3A), but nutrient
treatments did not differ at 16°C (P > 0.05, Fig. 3A). In the species exp., net photosynthesis
did not differ with temperature in the low N treatments (P > 0.05), but net photosynthesis was
0.9 mg Oz g hr! higher at 15°C compared to 9 and 21°C in the high N treatments (P < 0.05,
Fig. 3B). Finally, net photosynthesis of both species only responded to nutrients at 21°C,
where low N kelp had 0.8 mg O2 g hrigreater net photosynthesis compared to high N kelp
(P < 0.001, Fig. 3B).

In both experiments, respiration increased with temperature and kelp blades
consumed the most oxygen via respiration at 21°C (Table 2, Fig. 3C & 3D, P < 0.05).
Respiration was not affected by nutrients in the population exp, but responded significantly to
the interaction between temperature and nutrients in the species exp. (Table 2). In the species
exp., high N kelp had 0.3 mg O, g hr! greater respiration rates at 21°C than low N kelp (P <
0.001, Fig. 3D). Finally, we found a significant effect of population but not species on net
photosynthesis and respiration rates (Table 2). Kelp from Cherry Point had higher net
photosynthesis and respiration rates compared to Turn Rock by 0.25 and 0.1 mg Oz gt hr?,
respectively (Table 2, Figs. 3A & C).

Dark-adapted yield of PSII (Fv/Fm)

Change in Fv/Fm only responded to temperature in the species exp. (Fig. 4B), but not
in the population exp. (Table 2), where change in Fv/Fm during the treatment period was
close to 0% (Fig. 4A, Fig. S4). Nutrients did not affect photosynthetic yield in either
experiment (Table 2). In the population exp., the decline photosynthetic yield at high
temperatures was 3.1% more in kelp from Turn Rock than Cherry Point (Table 2, Figs. 4A &
S5). In the species exp., Fv/Fm responded significantly to the interaction between
temperature and species, with 14.5% greater declines in Fv/Fm for N. luetkeana than S.

latissima at 21°C (P < 0.0001, Fig. 4B).

86



Nitrate and ammonium uptake rates

As expected, uptake rates of nitrate (NOs) and ammonium (NHa) were concentration
dependent. NOs and NH4 uptake rates were significantly higher and increased in the high N
treatments compared to the low N treatments across both experiments, reflecting the
difference in nitrogen availability (Table 3, Fig. 5A-D). However, in the population exp.,
NOs and NHg uptake rates were higher in the high N treatment only at 16 and 21°C by 1.6
umol NOs gthrt and 0.1 pmol NH4 ghr? (P < 0.05, Fig. 5A, C). In the species exp., NOs
and NH, uptake rates increased significantly at high N by 0.3 — 1.4 umol NO3 g*hr and 0.4
— 0.6 pmol NH4 gthr? (Table 3, Fig. 5B, D). However, we note that nutrient uptake rates
were not measured for the warmest high N treatment (21°C high N) in the species exp. due to
blade mortality in that treatment, making it difficult to evaluate interactive effects across
temperatures.

Nitrate uptake rates generally increased with temperature across experiments (Fig. 5
A, B), but there were significant interactive effects of temperature and nitrogen in the
population exp. (Table 3). In the species exp., both NOs and NH4 uptake rates were greater at
higher temperatures and nutrient levels, and there were no significant interactions (Table 3,
Fig. 5B, D). In the population exp., there was an interactive effect of temperature and
nutrients (Table 3), specifically NO3 uptake rates increased with temperature only in the high
N treatment (P < 0.001) and did not differ across temperatures at low N (P > 0.05). In
contrast, NH4 uptake rates in the population exp. only differed across temperatures at low N,
where NH4 uptake rates were greater at 13°C compared to 16°C by 0.2 umol NH4 gthr? (P <
0.05, Fig. 5C). Finally, NH4 uptake rates responded significantly to the interaction between
nutrients and population (Table 3); in the low N treatment, kelp from Turn Rock had higher

NH. uptake rates (by 0.2 pmol NH4 g*hr?) than those from Cherry Point (P < 0.01, Fig. 5C).
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In the species exp., S. latissima had higher NH4 uptake rates than N. luetkeana at 9 and 15°C
by 0.1 pmol NH4 ghr? (Table 3, Fig. 5D).
Blade tissue percent carbon and nitrogen

At the end of each experiment, blade tissue % nitrogen was significantly higher in the
high N treatment compared to the low N treatment (Table 3, Fig. 6E, F), demonstrating that
kelp blade nitrogen content was successfully manipulated in both experiments. Compared to
field-collected blade tissue samples, the nitrogen content of the high N kelp in the population
exp. was 0.7-1.0% higher (P < 0.05), while the nitrogen content of the low N kelp did not
differ from field-collected samples (P > 0.05, Fig. 6E). In the species exp., neither treatment
differed significantly from the nitrogen content of field-collected samples (Fig. 6F).

Kelp blade nitrogen content also changed significantly within the experimental
treatments. In the species exp., nutrient treatment was the only factor that affected kelp
nitrogen content (Table 3), while in the population exp., blade tissue % nitrogen also
responded to temperature, population and the interaction between temperature and nitrogen
(Table 3). Surprisingly, despite lower seawater NOs levels at Cherry Point (Table S2), the
blade tissue nitrogen content of N. luetkeana from Cherry Point was significantly higher than
from Turn Rock at the time of collection (Table 3, Fig. 6E). At high nutrient levels in the
population exp., percent nitrogen at 16°C was lower by 0.3% compared to 13 and 21°C (P <
0.05, Fig. 6E), while at low nutrient levels, % nitrogen was 0.4% lower at 13°C (P < 0.05,
Fig. 6E).

In the population exp., the carbon content of kelp blades differed significantly with
temperature, nitrogen, and by population (Table 3, Fig. 6C). The carbon content of kelp in the
species exp. did not differ with any experimental factor (Table 3, Fig. 6D). In the population
exp., N. luetkeana from Cherry Point had 2.7% higher carbon content than those from Turn

Rock (Table 3, Fig. 6E). In addition, kelp from the high N treatment had 4.6% greater percent
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carbon compared to kelp from the low N treatment (Table 3, Fig. 6E). Finally, kelp blade
carbon content responded significantly to temperature; percent carbon was 2.9% higher at
21°C compared to 13°C (P=0.046), but neither treatment differed from 16°C (Fig. 6E).
Correspondingly, there were also differences in the C:N ratio of kelp blade tissues in
both experiments with temperature, nitrogen, and species or population (Table 3, Fig.6A, B).
In both experiments, kelp from the low N treatment had a higher C:N compared to kelp from
the high N treatment, by 1.1 for the population exp. and 3.1 for the species exp. (Fig. 6A, B),
reflecting the differences in nitrogen content between treatments. In the population exp., N.
luetkeana from Turn Rock had higher blade tissue C:N by 1.1 compared to those from Cherry
Point (Table 3, Fig. 6A). There also was a significant effect of temperature on blade tissue
C:N in the population exp. (Table 3), where kelp from 16°C had a 0.7 higher C:N compared
to kelp from 13 and 21°C (P < 0.05, Fig. 6A). In the species exp., blade tissue C:N responded
significantly to the interaction between temperature and species (Table 3), where the C:N of
N. luetkeana was 1.2 higher at 9 than 21°C (P = 0.046), while the C:N of S. latissima was 1.6
higher at 15 than 21°C (P = 0.0024, Fig. 6B). Finally, the two species only differed in blade
tissue C:N at 15°C (P = 0.0003), where S. latissima had a 1.5 higher C:N than N. luetkeana

(Fig. 6B).

Discussion

We found that despite their different morphologies and habitats, the canopy-forming
kelp Nereocystis luetkeana and the understory kelp Saccharina latissima responded strongly
and similarly to elevated temperatures, showing signs of metabolic stress and low to negative
growth rates at 21°C. We found interactive effects of temperature and nitrogen stress, but
surprisingly, no negative impacts of low NOs concentrations (1-3 uM) on the growth,

metabolism, or photophysiology of either species. Our findings suggest that physiological
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damage from exposure to supra-optimal temperatures (21°C) can be greater than stress from
short-term nutrient limitation, thus temperature should be considered a primary stressor.
Additionally, we found few differences in the physiological responses of N. luetkeana from
two populations with different environmental histories, suggesting that kelp from warm and
cool areas are equally susceptible to the effects of ocean warming. Finally, we did not find
evidence that S. latissima could outperform N. luetkeana under temperature stress and
nitrogen limitation.

Kelps require nitrogen to sustain rapid growth rates, as both amino acids (the building
blocks of proteins) and chlorophyll pigments are nitrogen rich (Korb & Gerard, 2000). In
some cases, nitrogen-replete conditions can alleviate the effects of high temperature stress
(Fernandez et al., 2020), and most studies report higher physiological stress under warm
temperatures combined with low nitrogen levels (Endo et al., 2020; Gao et al., 2016; Gerard,
1997; Umanzor et al., 2021). In contrast, we found that low nitrogen levels were not
physiologically stressful for N. luetkeana or S. latissima sporophytes and high nitrogen levels
did not improve survival, growth, or photophysiology at high temperatures. We found that
nitrate levels as low as 1- 3 uM supported high growth rates at cold to moderate temperatures
of 9 to 16 °C for up to 9 days. These low nitrogen concentrations are similar to the nutrient-
poor conditions experienced during the summer by declining kelp populations in southern
Puget Sound (Berry et al., 2021), yet were not limiting to kelp growth at any temperature in
our experiments.

While our study indicated strong physiological effects of elevated temperatures and
no deleterious effects of low nitrogen or rescue from thermal stress with the availability of
nitrogen, the experimental duration (8-9 days) was short. Other studies testing the interactive
effects of temperature and nitrogen stress have also occurred over short durations of 3to 5

days (Fernandez et al., 2020; Umanzor et al., 2021). In the Salish Sea, stressful conditions
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can span hours, days, weeks or even months in response to tidal cycles, mixing, wind,
bathymetry, and other physical factors. For example, daily maximum seawater temperatures
exceeded 16°C for 50 consecutive days in a kelp forest in southern Puget Sound (Weigel et
al., in review), and subtidal daily maximum temperatures at Cherry Point exceeded 18°C on
multiple days in the summer (Fig. S3). We hypothesize that longer periods of elevated
temperatures would exacerbate blade tissue damage, which was already present after 8-9 days
of exposure to 21°C (Fig. S4). In contrast, the effects of longer duration nutrient limitation
are harder to predict. Blade tissue nitrogen declined significantly after 8-9 days in low N
treatments, suggesting that nitrogen stores would become depleted with persistent nutrient
limitation. Gerard (1997) found that holding juvenile S. latissima for 1.5 to 6 weeks with no
nutrient enrichment depleted internal N reserves to growth-limiting levels of 1.8% nitrogen.
In our experiments, high vs. low N treatments had a mean of 3.0 vs. 2.3% and 2.5 vs. 2.0%
nitrogen in the population and species exp., respectively. It is possible that the blades could
have drawn from internal reserves during the limited duration of our study, as kelps are
known to store nitrogen for later use (Gerard, 1982; Korb & Gerard, 2000; Pueschel & Korb,
2001). Our experiments, as well as others, show that nutrient uptake rates can increase with
temperature (Harlin & Craigie, 1978; Nishihara et al., 2005; Roleda & Hurd, 2019). Both
NOs and NH3 uptake rates increased with temperature, which could increase nitrogen supply,
but only if there is sufficient dissolved inorganic nitrogen available. Over longer time
periods, nutrient limitation likely plays an increasingly important role in kelp physiological
performance as reserves are depleted. The magnitude and duration of elevated temperatures
and limited nutrients will ultimately drive kelp responses. A more nuanced understanding of
stress thresholds related to magnitude and duration may explain, in part, observed patterns of

kelp loss and persistence in the Salish Sea and other regions.
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Counterintuitively, we found that some aspects of kelp performance were higher in
the low N treatment in both experiments. The nutrient concentrations in the species exp. were
on target, representing high (10-20 uM) and low (1 uM) NOs levels in the Salish Sea (Berry
et al., 2021; Murray et al., 2015). We note that the population exp. had higher than targeted
NOs levels in the high N treatments (~80 pM), which elevated blade percent nitrogen above
field conditions, but both experiments successfully manipulated kelp blade nitrogen content.
There are many other kelp studies using excess nitrogen availability that do not report
deleterious effects (eg. 240 uM NOs in Pueschel and Korb 2001, 80 uM NOs3 Fernandez et al.
2020). Because we found similar counterintuitive effects of low N in both experiments, it is
unlikely that the excessive nitrogen levels in the population exp. altered our conclusions.
Both species grew significantly more biomass in low N treatments in the species exp., and N.
luetkeana in the population exp. that were exposed to cool and moderate temperatures grew
more in low N treatments. One possible explanation for this counterintuitive growth trend is
that kelp grew more to increase blade area for nutrient uptake under nitrogen limited
conditions, as they did in the species exp. Analogously, terrestrial plants can increase their
root-to-shoot ratio in nitrogen-poor soil (Lopez et al., 2023). In response to nitrate
enhancement in the field, blades of M. pyrifera increased in thickness and tissue percent N,
but did not elongate faster (Stephens & Hepburn, 2016). Another possible explanation is that
high temperatures are usually correlated with low, and not high, nitrogen levels (Palacios et
al., 2013), thus the combination of warm temperatures and elevated nitrogen conditions is
unnatural.

Saccharina latissima (sugar kelp) is a cosmopolitan species with one of the widest
distributions of the Laminariales (Bartsch et al., 2008), found across multiple oceans and a
wide range of temperatures. This kelp is also an important food source that is prominent in

seaweed aquaculture (Forbord et al., 2012; Visch et al., 2020). There are few studies on S.
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latissima from the Northeast Pacific, but studies in other locations also found negative
physiological responses to warming above 20°C. For example, pigment concentrations and
photosynthetic capacity decreased and respiration increased under high temperatures
(Andersen et al., 2013; Nepper-Davidsen et al., 2019). Similar to our observations, S.
latissima tissue damage and weakness increased at 21°C compared to cooler temperatures
(Simonson et al., 2015). We hypothesize that the understory stature of S. latissima, relative to
canopy-forming N. luetkeana, may play a role in its ability to persist where N. luetkeana has
been lost in areas of the southern Salish Sea (Berry et al., 2021), since it inhabits cooler and
deeper water. Additionally, S. latissima had higher nitrogen uptake rates and blade tissue
percent nitrogen compared to N. luetkeana, which could be beneficial in nutrient poor waters.
Nereocystis luetkeana is an endemic monotypic genus which is only distributed along
the west coast of North America (Abbott & Hollenberg, 1976). Optimal growth of N.
luetkeana sporophyte blades occurs at 12°C in British Columbia, Canada (Supratya et al.,
2020), which is lower than the temperature range of highest growth rates from 13 to 16°C in
our study. Supratya et al. (2020) also found that N. luetkeana blades were able to elongate at
temperatures as high as 20 and 22°C after exposure for 7 days. We found that temperatures
up to 16°C had no negative impacts on the physiology of N. luetkeana, but at 21°C,
respiration was significantly elevated, and growth was low to negative. Increased metabolic
demand, via elevated respiration, may have prevented kelp from allocating carbon into new
biomass. However, while N. luetkeana in the species exp. had low or even negative net
photosynthesis rates at 21°C, both populations of N. luetkeana still had positive net
photosynthesis at 21°C in the population exp. It is possible that kelp in the species exp.
experienced more stressful field conditions prior to the experiment, as the species exp. was

conducted later in the growing season (early August).
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Other physiological responses to high temperatures, such as lipid degeneration and
oxidative damage (Schmid et al., 2020; Umanzor et al., 2021), likely contributed to the low
growth rates despite positive net photosynthesis. We also saw signs of tissue degradation at
21°C in both species (Fig. S4). Interestingly, we observed blade tissue degradation at 21°C in
both nitrogen treatments, and in the species exp., we observed kelp mortality in the 21°C high
N treatment, suggesting that tissue damage is a result of high temperature, and not low
nutrient levels. In the Salish Sea, other studies report N. luetkeana blade tissue loss,
degradation, and negative growth rates at warm, nutrient poor sites during the summer (Berry
et al., 2021; Starko et al., 2022). Portions of the Salish Sea experience extremely warm
conditions (up to 20°C, Weigel et al. in review) relative to other areas within the range of N.
luetkeana, such as coastal Pacific Ocean populations (Hamilton et al., 2020). Given our
results, recent declines N. luetkeana within the Salish Sea are likely due to elevated
temperatures, and prolonged sea surface temperatures of 21°C and above are likely to lead to
further kelp forest declines in the warmest areas.

Strong negative effects of ocean warming have been well established for many taxa,
including other foundation species (Anthony, 2016; Newcomb et al., 2019; Smale, 2020). But
warming rarely occurs in isolation, therefore studies of multiple interacting stressors are
necessary to understand rapidly changing environments (Crain et al., 2008; Gunderson et al.,
2016; Newcomb et al., 2019). It is important to gain an understanding of the physiological
mechanisms for kelp forest declines and responses to multiple stressors, which will help
determine priorities for management and restoration actions. Hollarsmith et al. (2022)
identified multiple stressor pathways that may be contributing to kelp declines in the Salish
Sea, including temperature, nutrients, salinity, water clarity, benthic sedimentation, and algal
competition, among others. While we focused on temperature and nutrients, it is likely that

other factors such as decreased light availability to benthic life cycle stages are also important
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in urbanized environments. For example, poor water clarity combined with elevated
temperatures exacerbated the loss of Macrocystis pyrifera in New Zealand (Tait et al., 2021).
Future studies in the Salish Sea should examine the interactions among temperature,
nutrients, and light, which together may affect competitive outcomes between benthic and
canopy species.

We found sporophytes of S. latissima and N. luetkeana responded similarly and
strongly to high temperature, which were much more stressful than low nitrogen levels. Our
results support the prioritization of management actions that limit temperature increases,
especially in the coastal oceans and inland seas where temperatures are rising more rapidly
(IPCC, 2022; Khangaonkar et al., 2019; Riche et al., 2014). In addition to curtailing
emissions, management actions to maintain and restore water circulation (Khangaonkar &
Wang, 2013; Khangaonkar & Yang, 2011) could support cooler water temperatures in
portions of the Salish Sea. Further, our results demonstrate that management actions
involving nutrient additions are unlikely to enhance kelp performance at elevated
temperatures. In fact, anthropogenic nutrient additions can exacerbate other kelp stressors,
including light limitation and competition with other primary producers (Filbee-Dexter &
Wernberg, 2018; Tait et al., 2021). Therefore, important policies to limit eutrophication
should remain in place.

Our results highlight the importance of considering elevated temperature in kelp
forest conservation. We found that the deleterious effects of warming to 21°C were consistent
across populations of N. luetkeana and between species, suggesting that kelp from different
thermal environments are equally susceptible to the effects of ocean warming. Other studies
on multiple populations of N. luetkeana in Salish Sea indicated a lack of local adaptation or
acclimation with similar critical temperatures of 16 — 18°C (microscopic sporophytes and

gametophytes, respectively) and 22°C (sporophytes) across populations (Weigel et al., in
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review; Fales et al., in prep). The lack of local adaptation to rising ocean temperatures
highlights the need to understand more about genetic connectivity and differences across
populations when selecting populations for restoration efforts. Furthering our understanding
of the interactive effects of temperature and nutrient stressors on kelp physiology is critical to

guide stressor identification and target conservation and restoration.
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Tables

Table 1. Summary of two-factor ANOVAs of the fixed and interactive effects of
temperature, nutrients and population or species on three kelp growth metrics: wet weight
(percent change), change in length per day, and change in area per day. The population and
species experiments were analyzed separately.

Factor Biomass Length Area
Population exp. Df Fvalue Pvalue Fvalue P value Fvalue P value
Temperature 2 18500 <0.001 11402 <0.001 12.22 <0.001
Nutrients 1 19.02 <0.001 27.69 <0.001 3.69 0.058
Population 1 21.75 <0.001 0.46 0.50 10.26 0.002
Temp: Nutrients 2 10.29 <0.001 1210 <0.001 254 0.08
Temp: Pop 2 159 0.21 0.84 0.44 2.42 0.10
Nutrients: Pop 1 028 0.60 0.25 0.62 0.48 0.49
Temp: Nutrients: Pop 2 0.86 0.43 1.08 0.34 0.34 0.71
Species exp.
Temperature 2 9195 <0.001 67.26 <0.001 39.44 <0.001
Nutrients 1 730 0.009 4.78 0.03 4.66 0.03
Species 1 2071 <0.001 1551 <0.001 353 0.06
Temp: Nutrients 2 053 0.59 0.21 0.81 0.33 0.72
Temp: Species 2 186 0.16 9.77 <0.001 4,92 0.01
Nutrients: Species 1 019 0.67 8.92 0.004 1.25 0.27
Temp: Nutrients: Sp. 2 0.95 0.39 1.74 0.18 0.17 0.85
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Table 2. Summary of two-factor ANOVAs of the fixed and interactive effects of
temperature, nutrients and population or species on kelp photophysiology (net

photosynthesis, dark respiration, and change in Fv/Fm). The population and species

experiments were analyzed separately.

Factor PhotosN;rfthesis Respiration Fv/Fm change
Population exp. Df Fvalue Pvalue Fvalue Pvalue Fvalue P value
Temperature 2 55.20 <0.001 21.45 <0.001 0.89 0.41
Nutrients 1 1833 <0.001 111 0.29 0.12 0.73
Population 1 16.15 <0.001 13.13 <0.001 5.06 0.03
Temp: Nutrients 2 3.38 0.04 1.82 0.17 0.31 0.74
Temp: Pop 2 114 0.33 0.07 0.93 0.77 0.47
Nutrients: Pop 1 0.03 0.87 0.46 0.50 1.74 0.19
Temp: Nutrients: Pop 2 0.56 0.57 0.87 0.42 0.43 0.65

Species exp.

Temperature 2 16.48 <0.001 59.98 <0.001 9.66 <0.001
Nutrients 1 1031  0.002 5.82 0.02 0.13 0.72
Species 1 059 0.44 0.01 0.95 11.90 0.001
Temp: Nutrients 2 7.48 0.001 4.56 0.01 151 0.23
Temp: Species 2 154 0.22 1.17 0.32 7.50 0.001
Nutrients: Species 1 332 0.07 0.07 0.80 0.40 0.53
Temp: Nutrients: Sp. 2 0.55 0.58 0.04 0.96 0.18 0.83

104



Table 3. Summary of two-factor ANOVAs of the fixed and interactive effects of temperature, nutrients and population or species on kelp for
five nutrient assays: nitrate uptake rates, ammonium uptake rates, blade C:N, blade percent carbon, and blade percent nitrogen. The population
and species experiments were analyzed separately.

Factor NOs uptake NH4 uptake C:N % Carbon % Nitrogen
Population exp. Df Fvalue Pvalue Fvalue Pvalue Fvalue P value Fvalue Pvalue Fvalue P value
Temperature 2 1279 <0.001 0.14 0.87 8.78 <0.001 3.37 0.04 4.55 0.01

Nutrients 1 59.54 <0.001 5328 <0.001 41.86 <0.001 2249 <0.001 86.04 <0.001
Population 1 0.09 0.77 3.84 0.058 42.77 <0.001 7.87 0.006 47.44 <0.001

Temp: Nutrients 2 1115 <0.001 6.26 0.005 1.07 0.35 2.31 0.11 6.74 0.002
Temp: Pop 2 074 0.48 0.17 0.85 0.31 0.73 0.65 0.52 0.94 0.39
Nutrients: Pop 1 0.08 0.78 5.21 0.03 0.86 0.36 1.07 0.30 0.88 0.35
Temp: Nutrients: Pop 2 0.53 0.59 2.07 0.14 0.02 0.98 0.01 0.99 0.01 0.99

Species exp.

Temperature 1 511 0.03 2991 <0.001 5.75 0.005 1.43 0.25 0.27 0.76
Nutrients 1 5251 <0.001 14358 <0.001 150.67 <0.001 1.39 0.24 17.43 <0.001
Species 1 221 0.15 5.03 0.03 5.77 0.02 1.82 0.18 0.48 0.49
Temp: Nutrients 1 354 0.07 0.27 0.61 0.25 0.78 0.84 0.44 0.81 0.45
Temp: Species 1 283 0.11 0.00 0.98 3.75 0.03 0.70 0.50 1.26 0.29
Nutrients: Sp. 1 212 0.16 0.18 0.67 291 0.09 2.70 0.11 0.96 0.33
Temp: Nutrients: Sp. 1 3.18 0.09 4.03 0.056 1.08 0.35 1.95 0.15 0.86 0.43
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Figure 1. Change in wet weight (%, mean * SE) during the experimental treatment period
across temperature and nutrient levels as either high (closed circle) or low (open circle). A
(left) is the Nereocystis population exp. from Cherry Point (red) and Turn Rock (blue). B
(right) is the species exp. with Nereocystis (brown) and Saccharina (green) from Deadman
Island. Significant effects are indicated by text with asterisks, see Table 1 for details.
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Figure 2. Change in blade length in cm/day (A & B) and area (C & D) in cm?/day as mean +
SE per day during the experimental treatment period across temperature and nutrient levels as
either high (closed circle) or low (open circle). A & C (left) are the population exp. with
Nereocystis from Cherry Point (red) and Turn Rock (blue). B & D (right) are the species exp.
with Nereocystis (brown) and Saccharina (green) from Deadman Island. Significant effects

are indicated by text with asterisks, see Table 1 for details.
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dissolved oxygen (mean + SE) at the end of the experiments across temperature and nutrient
levels as either high (closed circle) or low (open circle). A & C (left) are the population exp.
with Nereocystis from Cherry Point (red) and Turn Rock (blue). B & D (right) are the species
exp. with Nereocystis (brown) and Saccharina (green) from Deadman Island. Negative
values in C & D are a result of oxygen consumed by respiration. Significant effects are
indicated by text with asterisks, see Table 2 for details.
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Figure 4. Change of dark-adapted yield of photosystem Il (Fv/Fm) (%, mean + SE) during
the experimental treatment period across temperature and nutrient levels as either high
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(brown) and Saccharina (green) from Deadman Island. In the species exp., replication for the
21°C high N treatment was low (n = 2) due to mortality (Table S1). Significant effects are
indicated by text with asterisks, see Table 2 for details.
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Significant effects are indicated by text with asterisks, see Table 3 for details.
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Chapter 3 — Supplementary Materials

Table S1. Sample sizes of biological replicates for each response variable and treatment in the population and species experiments.
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Table S2. Daily nutrient concentrations as mean + SD (species exp. n = 8, population exp. n
=9) in each treatment tank during the treatment period of each experiment, as well as nutrient
concentrations of field-collected water samples of from each collection site (n = 3), and initial
concentrations in the Friday Harbor Laboratories (FHL) ocean acidification environmental

laboratory tanks (n = 2).

Temperature Nutrient NO3 NH4 PO4
Population exp.
13 -N 2.58 +0.34 0.34+0.08 0.54+0.07
16 -N 2.30 £ 0.55 0.23+0.09  0.54 +0.05
21 -N 2.69 + 0.64 0.24+0.10 0.49+0.07
13 +N 77.95+28.66 1.36+0.15 2.24+0.19
16 +N 76.43+29.65 0.84+0.09 210£0.10
21 +N 8148+ 3751 1.04+0.26 1.97£0.10
Cherry Point (field) 0.80 £ 0.03 044+0.03 0.79+£0.01
Turn Rock (field) 23.40+£1.02 0.15+0.11 1.84 £0.08
FHL (tank initial) 23.40+0.22 0.68 +0.01 1.88 £0.01
Species exp.
9 -N 0.59 +0.23 022+0.11 0.59+0.10
15 -N 1.04 £1.83 0.17+0.10 0.46+0.09
21 -N 0.87 +1.37 0.12+0.08 0.69+0.17
9 +N 10.56 £ 0.60 146+£0.16 2.68+0.36
15 +N 16.42 +5.49 1.37+£049 265+0.21
21 +N 20.93 £5.62 1.20£0.43 294+0.89
Deadman Island (field) 19.17 £ 0.12 0.68 £ 0.06 1.73+£0.01
FHL (tank initial) 18.14 £ 0.01 1.15+£0.01 1.66 £ 0.02
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Figure S1. Daily mean temperatures (£ SD) in each treatment tank, measured every 5 min,
for the (A) population exp., and (B) species exp. During the initial 5-day acclimation period
tank temperatures were slowly changed to final treatment levels (2°C/day). The treatment
period was the 8 or 9-day period when experimental temperatures and nutrient levels were
maintained. Treatments temperatures were 21, 16, 15, 13, and 9°C and nutrients were either
high (+N, dark colors) or low (-N, light colors). Measurements for metabolism, including
photosynthesis and dark respiration rates, were carried out over 2 days, and nutrient uptake
measurements were carried out on the last day of the experiment. Day 1 of the population
exp. was July 07 and Day 1 of the species exp. was August 05, 2022.
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Figure S2. Daily nutrient concentrations (n = 1) in each treatment tank of nitrate (A, B),
ammonium (C, D), and phosphate (E, F) in each experiment. Panels on left (A, C, & E) are
from the population exp. and panels on right (B, D, & F) are from the species exp.
Treatments temperatures were 21, 16, 15, 13, and 9°C and nutrients were either high (+N,
dark colors) or low (-N, light colors).
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Figure S3. Daily thermal dynamics of Turn Rock (blue) and Cherry Point (red) in 2022. (A)
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Figure S4. Representative photographs of kelp blades at the conclusion of the experiment for
the (A) population exp. and (B) species exp. in each nutrient and temperature treatment. In
the population exp, N. luetkeana blades from Cherry Point (left) and Turn Rock (right). In the
species exp., S. latissima (left) and N. luetkeana (right). Scales are not the same and photos

intend to show condition of blades not the relative size.
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(Fv/Fm) in each treatment (n = 8 per treatment) as mean + SE in the population exp. Panels
separate populations: Cherry Point (left) and Turn Rock (right). Treatments temperatures

were 21, 16, and 13°C and nutrients were either high (+N) or low (-N). Treatments

temperatures were 21, 16, and 13°C and nutrients were either high (+N, dark colors) or low (-

N, light colors).
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