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Kelp forests are productive and biodiverse ecosystems with high ecological,
cultural, and economic importance. However, the high sensitivity of kelp to
water temperature means that these ecosystems are vulnerable to marine
heatwaves (MHWs), especially at the equatorward edge of their range. To date,
few laboratory studies have compared the effects of MHWs of different durations
or intensities on kelp, and it is difficult to determine these effects from naturally
occurring MHWSs in the field. We exposed juvenile sporophytes of the giant kelp
Macrocystis pyrifera from Wellington, Aotearoa New Zealand to simulated MHWs
three or six weeks in duration, at temperatures of 18°C, 20°C, and 22°C,
corresponding to 2, 4, and 6°C above local mean summer temperatures. While
all MHW treatments reduced mean kelp growth rates by over 30% relative to 16°C
controls, the 22°C treatments had much more severe and wide-ranging effects,
including rapid blade erosion, reduced chlorophyll fluorescence, tissue bleaching,
increased 8C values, and mortality. Nonetheless, sporophytes had some ability to
recover from heat stress; within the 18°C treatment, mean relative growth rates
neared or exceeded those within the control treatment within three weeks after
MHWSs concluded. These results support the findings of previous studies which
indicate that M. pyrifera sporophytes experience a key physiological tipping point
around 20°C. Additionally, our findings suggest that juvenile M. pyrifera from the
Wellington population could be relatively resilient to MHW:s if temperatures remain
at sub-lethal levels. However, if average MHW intensities and durations continue to
increase over time, survival and recruitment of juvenile kelp could be adversely
affected, thus threatening the long-term persistence of giant kelp forests near the
warm edge of their range in New Zealand.
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Abbreviations: CCM, Carbon dioxide concentrating mechanism; DIC, Dissolved inorganic carbon; DMSO,
Dimethyl sulfoxide; MHW, Marine heatwave; RGR, Relative growth rate; TA, Total alkalinity; 8"*C Ratio of

13C to "*C, expressed in %o units; 5'°N Ratio of '°N to "N, expressed in %o units.
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1 Introduction

Kelp forests are highly productive and biodiverse temperate
marine ecosystems which occupy around a quarter of the world’s
coastlines (Wernberg et al., 2019). Kelps are ecosystem engineers
that modify their physical environment through shading (Arkema
et al., 2009) and alteration of current velocities (Gaylord et al,
2007), as well as altering their chemical environment by increasing
oxygen concentrations and pH (Britton et al., 2016; Traiger et al.,
2022). Kelp sporophytes create complex three-dimensional
structures that serve as an important habitat for highly diverse
biotic assemblages (Teagle et al., 2017), especially of sessile
invertebrates (Graham, 2004; Arkema et al., 2009; Miller et al.,
2015) and fish (Villegas et al., 2019). The loss of kelp canopies can
cause severe declines in biomass and diversity within these
communities, including the complete loss of commercially
important species such as abalone (Graham, 2004; Vanella et al,
2007; O’Connor and Anderson, 2010; Johnson et al., 2011; Arafeh-
Dalmau et al,, 2019). Moreover, kelp forests contribute to many
ecosystem services, including carbon sequestration (Filbee-Dexter
and Wernberg, 2020), nutrient cycling (Wernberg et al., 2019), and
reduction of coastal erosion (Lovéds and Torum, 2001). Kelp also
holds cultural value and serves as food for some communities, and
has a broad variety of commercial uses, including biofuel and
production of pharmaceuticals (Wernberg et al, 2019; Li et al,
2023). The economic value of the ecosystem services provided by
kelp forests globally is estimated to be as high as US$500 billion
(Eger et al., 2023).

Anthropogenic stressors currently threaten the persistence of
kelp forests and the biotic communities that they support. Kelps
and other macroalgae are thought to be particularly susceptible to
the impacts of ocean warming, as their large surface area to volume
ratio makes them highly responsive to changes in environmental
conditions (Smale, 2020). In kelps, thermal stress can cause
thinning of cellular structures, leading to reduced tissue strength
and rapid erosion (Simonson et al., 2015). Declines in abundance
and range shifts or contractions have been reported for numerous
kelp species within the past decade (Straub et al., 2016; Smale,
2020), and the total extent of kelp forests is declining at a global
scale (Krumhansl et al., 2016). Climate change is thought to be one
of the key drivers of these changes, along with pollution and
overgrazing due to overexploitation of predators that consume
grazers (Steneck et al, 2002; Wernberg et al, 2019). Climate
change can also have indirect negative impacts on kelp, such as
promoting range expansion by herbivores (Ling et al., 2009; Verges
etal., 2014; Provost et al., 2017) and increased competition between
cold-temperate kelps and eurythermal algae (Filbee-Dexter and
Wernberg, 2018) or heat-tolerant invasive kelps (Edwards and
Hernandez-Carmona, 2005; Smale et al., 2015; James and Shears,
2016; Lebrun et al., 2022; Wright et al., 2022).

The increasing frequency of marine heatwaves (MHWs) is an
important consequence of climate change that threatens kelp forest
ecosystems (Wernberg et al,, 2023). MHWs are defined as
anomalously warm events in which sea surface temperatures
within a specified area exceed the 90" percentile, based on 30
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years of historical baseline data, for at least five days (Hobday et al.,
2016). They are often driven by interactions between local weather
and oceanographic conditions and increasing greenhouse gas
emissions (Salinger et al., 2019; de Burgh-Day et al., 2022; Kerry
et al., 2022). The increasing frequency of MHWs means that local
sea temperatures may exceed lethal thresholds for some species
much earlier than predicted by some models of future climate
scenarios that simply assess means changes in temperature (Harvey
et al, 2022). MHWs have been linked to severe declines in kelp
canopy cover (Wernberg et al., 2016, 2018; McPherson et al., 2021;
Tolimieri et al., 2023) and regime shifts from kelp forests to less
productive, turf algae-dominated ecosystems (Wernberg et al,
2016). More broadly, MHWSs can cause local extinctions of
sensitive macroalgal species (Smale and Wernberg, 2013;
Thomsen et al., 2019).

The giant kelp Macrocystis pyrifera is an abundant and
ecologically vital species, but its potential vulnerability to
climate change and MHWSs is concerning. M. pyrifera is the
world’s most widely distributed kelp species and is spread
throughout temperate coastal regions of the Pacific basin,
including the west coast of the Americas, southeastern Australia,
and central and southern Aotearoa New Zealand (Mora-Soto
et al,, 2020). M. pyrifera is also the world’s largest kelp species,
reaching lengths of up to 60 meters (Schiel and Foster, 2015).
MHWs and other extreme warming events have been linked to
declines in M. pyrifera canopy cover (Dayton et al., 1992; Arafeh-
Dalmau et al.,, 2019; Tait et al., 2021; Tolimieri et al., 2023).
Laboratory studies have found that exposure to elevated
temperatures can have a variety of adverse impacts on both
microscopic stages (gametophytes) and diploid, macroscopic
sporophytes of M. pyrifera, with gametophytes often having
greater thermal resilience than sporophytes (Ladah, 2000;
Hollarsmith et al., 2020; Le et al., 2024). The effects of increased
temperatures can include increased mortality (e.g., Ladah and
Zertuche-Gonzalez, 2007; Fernandez et al., 2020; Purcell et al,,
2024), reduced reproductive success (Muth et al., 2019;
Hollarsmith et al., 2020; Le et al., 2022; Fernandez et al., 2023),
lower growth rates (Brown et al., 2014; Fernandez et al., 2020,
2021), photosynthetic impairment (Umanzor et al., 2021), and
reduced pigmentation (Sanchez-Barredo et al,, 2020; Umanzor
et al, 2021). Increasing the duration of exposure to elevated
temperatures can also increase the severity of these negative
effects on kelps (Leathers et al., 2023).

M. pyrifera grows throughout the South Island and at the
southern tip of the North Island of New Zealand, with its range
limited mostly by temperature (Hay, 1990). Three genetic clusters
have been identified for M. pyrifera diversity within New Zealand;
gametophytes from the northernmost populations have a higher
temperature threshold for successful fertilisation than those from
southern regions, perhaps indicating higher thermal tolerance (Le,
2022). MHWs have become increasingly severe within New Zealand
waters during the past three decades (Montie et al., 2023).
Modelling suggests that mean MHW intensities could increase by
up to 1.75°C by 2100 under a high greenhouse gas emissions
scenario (SSP3-7.0) (Behrens et al., 2022). MHWSs have been
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linked to declines in M. pyrifera canopy cover throughout New
Zealand (Tait et al., 2021), and there is anecdotal evidence of losses
of M. pyrifera abundance throughout the Wellington region
(authors, pers. obs), near the northern distribution limit described
by Hay (1990). M. pyrifera abundance is predicted to decline near
the northern edge of its distribution in New Zealand in the near
future due to ongoing warming and MHWSs (Cornwall et al., 2023).

Field studies of the impacts on MHW's on macroalgae must rely
on naturally occurring events and cannot easily separate the effects
of MHW:s from other environmental stressors, nor determine the
relative importance of MHW duration and intensity, thus limiting
our ability to use past events to forecast future change. Manipulative
experiments which simulate the impacts of MHW:s are a useful tool
to predict how wild populations might respond to MHWs of a
specified duration or intensity. Previous laboratory studies on the
effects of simulated MHWSs on M. pyrifera sporophytes have
typically focused on relatively short, intense heatwaves (up to 7
days, with temperature increases of 6—8°C relative to local mean
temperatures), which led to severe reductions in growth and
photosynthetic performance (see Sanchez-Barredo et al., 2020;
Umanzor et al, 2021). In this study, we used a laboratory
experiment to simulate longer heatwave periods (21 or 42 days)
at several different temperatures (ranging from 2-6°C above local
summer mean temperatures) to assess the impacts of heatwave
duration and intensity on juvenile M. pyrifera sporophytes. Our aim
was to investigate how M. pyrifera populations near their warm
distribution limit in New Zealand might respond to a broad range of
present-day and future MHW scenarios. We hypothesised that the
severity of any negative physiological impacts of the heatwave
would be positively correlated with both the temperature and
duration of the heatwave.

2 Materials and methods
2.1 Spore collection and culture

Macrocystis pyrifera sori were collected by snorkelling at low
tide, at depths of 1-2 meters, at Kau Bay in Wellington Harbour
(41.29°S, 174.83°E) in the North Island of New Zealand in July
2022. Sori from several individuals were kept chilled and taken
immediately to the National Institute of Water and Atmosphere
Research’s (NIWA) experimental facility. These sori were rinsed
with freshwater and patted dry, then refrigerated overnight at 4°C.
The next day, sori were cut into 1-2 cm? fragments, then immersed
in F/2 nutrient-enriched filtered seawater (Guillard, 1975; AusAqua,
Wallaroo, South Australia) for about an hour to stimulate spore
release. The seawater slurry containing spores was then poured over
sheets of plastic mesh immersed in 400 mL glass jars. This mesh was
left undisturbed at 15°C for a few days to allow the spores to settle.

After settlement, the mesh sheets were transferred to tanks in a
temperature-controlled room set at 15°C. Light panels provided
steady illumination of around 30 umol photons m > s™' during a
12-hour photoperiod, giving a total daily dose of 1.3 mol photons
m 2. Seawater was sterilised using a 30 W UV steriliser (Trevoli,
Auckland, New Zealand) and recirculated in a 295 L capacity
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system, which included a 250 L sump and seaweed growth tanks
with an internal volume of 45 L. Water temperature was maintained
using a 500 W drop-in aquarium element (EHEIM, Deizisau,
Germany) located in the sump, which was controlled by a CN74
temperature controller (Omega Engineering, Norwalk,
Connecticut, USA) and an electronic relay coupled to a PT100
temperature probe (Omega Engineering, Norwalk, Connecticut,
USA), also located in the sump. Tank temperature was monitored
using HOBO Pendant MX Data Loggers (Onset, Bourne,
Massachusetts, USA).

Sporophytes with a blade length of at least 20 mm were removed
from their original mesh sheets and re-attached to separate pieces of
mesh. Sinkers were tied to these mesh parcels to keep the
sporophytes submerged. The sporophytes were left for two weeks
to re-attach and were then transferred to the experimental tanks at
Victoria University of Wellington Coastal Ecology Laboratory on 4
October 2022.

2.2 Experimental conditions

The experimental setup consisted of eight 70 L (250 x 470 x 610
mm) water baths, each connected to a separate header tank. Each
water bath contained four separate 4 L (155 x 235 x 105 mm)
experimental tanks. Seawater was pumped continuously into the
header tanks from the nearby Taputeranga Marine Reserve, on the
south coast of Wellington. To stabilise pH, air was bubbled
constantly through the header tanks via air stones (Aqua One,
Ingleburn, Australia) connected to an LP-100 aerator pump (Resun,
Shenzhen, China). Seawater flowed from the headers into the
experimental tanks, then out into the water baths, at a rate of
approximately 120 mL per minute. Each tank contained a 2 W, 150
Lh™' HL-BT100B immersible pump (Hailea, Guangdong, China) to
maintain water motion. Tanks were scrubbed weekly to remove
epiphytic algae.

The tanks were illuminated on a daily 12:12 light/dark cycle,
with customised Zeus 70 LED panels (Ledzeal, Shenzhen, China).
These turned on at 08:00, increased steadily in intensity to a peak at
13:00 of around 65 umol m >
active radiation (PAR), remained at that peak value for two hours,

s~" of photons of photosynthetically

then steadily decreased in intensity until they turned off at 20:00.
The LED panels predominantly emitted light in the blue and green
regions of the visible light spectrum, to mimic the light spectrum
available in subtidal habitats approximately 2 m deep along
Wellington’s south coast (see Krieger et al, 2023a). The tanks
received a total daily irradiance dose of approximately 1.6 mol
m 2 d”'. The water baths were surrounded by a mesh curtain to
limit exposure to external light sources.

Apex temperature probes (Neptune Systems, Morgan Hill,
California, USA) were placed in one tank within each water bath.
Probes were calibrated weekly against a reference thermometer
(FisherBrand, Waltham, Massachusetts, USA). The temperature
probes were connected via an Apex Classic programmable control
unit (Neptune Systems, Morgan Hill, California, USA) to 300 W
submersible heaters (Weipro, Zhongshan, China) within the water
baths, and to Hailea 300A 1/4HP external chillers (Hailea,
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Guangdong, China) connected to the header tanks. Heaters or
chillers were automatically switched on if the temperature in the
tanks exceeded 0.1°C below or 0.2°C above the target temperature.

To ensure consistency, temperature and pH were measured
weekly in the experimental tanks, water baths, and header tanks.
Temperature was measured using a Fisherbrand Traceable
Kangaroo Thermometer (FisherBrand, Waltham, Massachusetts,
USA) and pH was determined potentiometrically using an
IntelliCAL PHC101 glass electrode (Hach New Zealand,
Auckland, New Zealand). This electrode was calibrated weekly
against artificial seawater with Tris buffer added (Dickson et al.,
2007). The R package “seacarb” (Gattuso et al., 2021) was used to
convert the tank pH readings from millivolts to the total scale.
Water samples for nitrogen analysis were collected at two-week
intervals during the heatwave period, using methods derived from
Pritchard et al. (2015). Samples were taken using a 50 mL syringe
and passed through a 0.45 um filter into a labelled 50 mL plastic
storage vial, then frozen at —20°C. A separate syringe and filter
were used for each sample. The seawater samples were later
analysed at the University of Otago’s Portobello Marine
Laboratory. A Lachat QuikChem 8500 Series 2 FIA auto
analyser (Hach New Zealand, Auckland, New Zealand) was used
to calculate the concentrations of NOy ions and ammonia using
methods derived from Strickland and Parsons (1972).

Two sporophytes were allocated to each experimental tank,
giving a total of eight for each experimental treatment and 16
controls. The largest and smallest individuals were apportioned as
evenly as possible between treatments. Sporophytes were scrubbed
gently with a toothbrush once a week to remove epiphytic algae and
dead tissue. Sporophytes were marked as dead if the blade
completely eroded or detached from the meristem. The initial
lengths of the sporophytes ranged from 20 to 95 mm, with an
arithmetic mean value of 50.5 + 2.2 mm (mean = standard error).

2.3 Heatwave simulations

Initially, all tanks were kept at a stable temperature of 16°C for
three weeks to allow the sporophytes to acclimate to laboratory
conditions. The 16°C treatment was chosen to approximate the
historical mean summer (i.e., December to February) sea surface
temperature throughout the Wellington region (Booth, 1975;
Krieger et al., 2023b; Supplementary Figure S1). Six different
heatwave scenarios were simulated. Three of the water baths were
subjected to three-week heatwaves, at temperatures of 18°C, 20°C,
and 22°C respectively. Another three water baths were subjected to
six-week heatwaves at the same temperatures. The remaining two
water baths were kept at 16°C to act as controls. The experimental
treatments were interspersed systematically to minimise the impact
of any non-treatment effects (i.e., A-3 from Hurlbert, 1984). At the
start of the simulated heatwaves, temperatures were increased by
increments of 2°C day’l, after Sanchez-Barredo et al. (2020) and
Umanzor et al. (2021), in order to simulate a rapid onset MHW;
temperatures were then lowered by 2°C daily increments at the end
of each heatwave period. After the three-week heatwave period, the
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sporophytes were left in the tanks for another three weeks to
examine whether they showed signs of recovery.

To compare the experimental scenarios to real-world MHWs,
daily sea surface temperature data for the greater Wellington region
were obtained from the National Oceanic and Atmospheric
Administration’s “Optimum Interpolation Sea Surface
Temperature V2.1 dataset (Reynolds and Banzon, 2008). A
baseline seasonal climatology from 1982 to 2011 was constructed
for the greater Wellington region using the R package “heatwaveR”
(Schlegel and Smit, 2021) to detect and analyse MHWs that
occurred within the region between 1982 and 2023. These data
are summarised in the Supplementary Material (Supplementary
Figures S1-53). Throughout the last three decades, there has been
an average of 3.2 MHW events per year throughout the greater
Wellington region, with a mean duration of 16 days and a mean
temperature anomaly of 1.27°C (Supplementary Figures S1-S3).
The 18°C treatment, or a temperature anomaly of approximately
2°C, is most similar to the mean temperatures during previous
summer MHW events within the Wellington region
(Supplementary Figures S1, S2). The 20°C treatment is more
representative of maximum temperature anomalies of 3-4°C
during more recent, strong heatwaves (Supplementary Figures S1,
S2). The 22°C treatment, corresponding to a 6°C temperature
anomaly, represents a worst-case scenario that has not yet
occurred in this region, but could become more plausible under
the most severe greenhouse gas emissions scenarios modelled by
Behrens et al. (2022). Numerous MHWs within the Wellington
region have lasted longer than three weeks, while a few events have
surpassed six weeks (Supplementary Figure S3).

2.4 Kelp performance

2.4.1 Growth

Sporophyte length measurements were taken weekly during the
acclimation and experimental phases. Length was measured to
the nearest millimetre using a ruler, from the base of the blade to
the apex. Relative growth rates (RGR; Kain and Jones, 1976) were
calculated on a week-to-week basis, and for the duration of the
acclimation and heatwave phases.

2.4.2 Chlorophyll fluorescence

Chlorophyll fluorescence was measured the day before the
heatwaves began, and on the days that the three- and six-week
heatwaves ended, using a Diving-PAM blue light fluorometer
(Walz, Effeltrich, Germany). The effective quantum efficiency of
photosystem II electron transport (F,/F,) was calculated by
measuring the ratio of variable fluorescence to maximum
fluorescence in the low-light adapted state. The fluorometer was
held near the base of the blade to ensure consistent assessment of
the youngest tissue.

2.4.3 Dissolved inorganic carbon uptake
Incubations were carried out during weeks two and five of the
heatwave period. Four sporophytes from each heatwave treatment
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and eight from the control treatment were assessed; one individual
was chosen at random from each experimental tank. For each
incubation, a 500 mL transparent plastic incubation chamber was
filled with water from an experimental tank, then one of the
sporophytes from that tank was placed into the chamber. A
stirrer bar was placed in the chamber’s lid, separated from the
sporophyte by a mesh grid. The chamber was then sealed
underwater to minimise the intrusion of air bubbles. The pH
within the tank was measured in millivolts using an IntelliCAL
PHCI101 glass pH electrode (Hach New Zealand, Auckland, New
Zealand), and its temperature was recorded in °C using a
Fisherbrand Kangaroo Traceable Thermometer (FisherBrand,
Waltham, Massachusetts, USA). The chamber was then placed
upside-down on a 2mag MIXdrive 6 magnetic stirrer plate (2mag
AG, Munich, Germany) set to 200 revolutions per minute, within a
water bath set to the same temperature as the experimental tank,
under illumination of 70 pmol photons m *s™". After half an hour,
the chamber was taken out and the temperature and mV of the
water in the chamber were measured. The R package “seacarb”
(Gattuso et al.,, 2021) was later used to convert the pH readings to
the total scale using mV calibration in Tris buffer, following
Dickson et al. (2007).

A 150 mL water sample was taken from one of the header tanks
on each day that incubations were carried out, and salinity was
measured within that tank using an IntelliCAL CDC401
conductivity probe (Hach New Zealand, Auckland, New Zealand).
These water samples were filtered through 0.45 um glass microfiber
discs (Whatman, Chalfont St. Giles, UK) and refrigerated in airtight
containers, then total alkalinity (TA) was determined through titration
and addition of 0.1 mol m™ hydrochloric acid, according to the
methodology described in Huang et al. (2012), using an AS-ALK2
titrator (Apollo SciTech, Newark, Delaware, USA). Titrations were
carried out on at least three 25 mL subsamples from each water
sample. During each titration, the weight of water used was measured,
and the R package “seacarb” (Gattuso et al., 2021) was used to account
for the mass and salinity of the water sample and to increase the
accuracy of the calculated TA value. To assess the accuracy of these
results, titrations were also regularly carried out on Certified Reference
Material (University of California, San Diego, California, USA) with a
known TA value; the final calculated TA values for the reference
material remained within 95% confidence intervals.

The temperature, pH, and TA data were used to estimate the
change in total dissolved inorganic carbon (DIC) during each
incubation, using the CO2SYS Microsoft Office Excel program
(Pierrot et al., 2011). DIC uptake rates were then standardised
against the surface area of the sporophytes. This was estimated by
taking a photograph of each sporophyte with a 1 cm grid in the
background and counting the number of grid squares fully or
partially covered by each specimen.

2.4.4 Pigment content

After three weeks in heatwave conditions, tissue sub-samples
were taken from half of the sporophytes in the control and three-
week heatwave treatments. Four individuals were sampled from
each heatwave treatment, as well as eight from the control. Sub-
samples were not taken from the sporophytes on which incubations
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were carried out, to avoid placing additional stress on these
individuals. One small sporophyte was sacrificed at this
timepoint; the other sporophytes were returned to their tanks.
After the six-week heatwave ended, all surviving sporophytes
were sampled. Sub-samples were taken using a scalpel blade,
which was rinsed with ethanol between sampling to prevent
cross-contamination. These sub-samples were patted dry, then
sealed in Eppendorf tubes, which were wrapped in aluminium foil
and frozen at —20°C.

Chlorophyll a, chlorophyll ¢, and fucoxanthin were extracted
from these tissue samples using methods adapted from Seely et al.
(1972). Each sub-sample was patted dry, and around 0.05 g of tissue
was weighed out, then subsequently crushed in a mortar and pestle
with a known volume of dimethyl sulfoxide (DMSO). More DMSO
was used to wash the ground algal tissue into a 1.5 mL Eppendorf
tube, which was put on ice for at least 10 minutes, then centrifuged
at 13200 RPM for 10 minutes in a 5145 D centrifuge (Eppendorf,
Hamburg, Germany). After centrifuging, the supernatant was
transferred to a quartz cuvette (Starna Scientific, Hainault, UK).
More DMSO was added to fill the cuvette if necessary; the total
volume of DMSO used was in proportion to the mass of tissue used,
and did not exceed 1.5 mL per sample. A UV-1900i
spectrophotometer (Shimadzu, Kyoto, Japan) was used to
measure the absorbance of each sample between 400 and 700 nm
and to generate a spectrogram. Before running the algal samples, a
“blank” cuvette containing DMSO only was run to correct for the
absorbance of DMSO alone. Cuvettes were rinsed with DMSO
between samples to avoid cross-contamination.

Acetone was then added to the pellets. The volume of acetone
added to each sample was equal to the volume of DMSO used for
the same sample. The Eppendorf tubes were shaken for 1 minute,
then left on ice. After 1.5-3 hours, the Eppendorf tubes were
centrifuged at 13200 rpm for 10 minutes. The supernatant was
then transferred to a quartz cuvette, and spectrophotometry was
carried out. Another “blank” sample was run to account for the
absorbance of acetone, and cuvettes were rinsed with acetone
between samples. Peak and trough values from the spectrograms
were used to calculate the amount of chlorophyll a (Equation 1),
chlorophyll ¢ (Equation 2), and fucoxanthin (Equation 3) per gram
of tissue in each sample.

Equation 1:

Chlorophyll a = (72'87‘6 (1)

Equation 2:

T1p+THp—0.297 X P Tia+Tya—0.3x Py
61.8 + 62.2 ) xV

Chlorophyll ¢ = (2)

m

Equation 3:

Pap-0.722(Typ+Top-0.297x Pip)+0.049x Prpy Py =1.239(Tyy T30 ~0.3%P1,)40.027x Pry Y XV
= 130 141
Fucoxanthin =

m

A3)

Where m is the wet weight of the tissue sample in grams, V is
the total volume of DMSO or acetone used in litres, P; is the
maximum absorbance value at the long-wavelength peak of the
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spectrograph (around 660 nm) in DMSO (P;p) or acetone (P1,), P>
is the maximum absorbance value at the short-wavelength peak
(around 450 nm), T, is the minimum absorbance value at the
trough nearest the long-wavelength peak, and T, is the minimum
absorbance value at the trough nearest the short-wavelength peak.

2.4.5 Total % carbon, % nitrogen, and stable
isotope values

Tissue samples were collected for stable isotope analysis from all
surviving sporophytes after the conclusion of the six-week
experimental period. These samples were wrapped in aluminium foil
and left overnight in an Isotherm convection oven (Esco Lifesciences
Group, Singapore) at 75°C. The dried samples were then homogenised
by grinding into powder with a mortar and pestle, and were then sealed
in Eppendorf tubes. The mortar and pestle were rinsed with water and
dried between samples to avoid cross-contamination. Six additional
sporophytes were sampled from the culture facility at NIWA to obtain
baseline values and evaluate whether the different seawater sources
utilised by NIWA and the Coastal Ecology Laboratory could have
contributed to any differences in stable isotope ratios.

Stable isotope analyses were carried out at the NIWA
Environmental and Ecological Stable Isotope Analytical Facility in
Wellington. Dried algal samples were weighed to the nearest
microgram. Samples were analysed for total carbon content (%), total
nitrogen content (%), 8'°C, and 8N values using a DELTA V Plus
continuous flow isotope ratio mass spectrometer, linked to a Flash 2000
elemental analyser using a MAS200R autosampler (Thermo Fisher
Scientific, Bremen, Germany). International reference materials were
used to normalise the stable isotope values, after Paul et al. (2007).
Sample §'°N values were two-point normalised using stable isotope data
from the daily analysis of National Institute of Standards and
Technology (NIST)8573 USGS40 L-glutamic acid and NIST8548
International Atomic Energy Agency (IAEA)-N2 ammonium sulfate.
Sample §"°C values were two-point normalised using stable isotope data
from the daily analysis of NIST8573 USGS40 L-Glutamic acid and
USGS74 L-Valine #2. Data from the daily analysis of the following
materials were used to check accuracy and precision: USGS65 Glycine
(values of both 8'°N and §">C) and L-Valine #2 USGS74 (value of 8°N
only). Precision was determined by the repeat analysis of a working
laboratory standard DL-Leucine (DL-2-Amino-4-methylpentanoic acid,
C6H13NO2, Lot 127H1084, Sigma, Australia). Repeat analysis of
international reference standards produced data accurate to within
0.5% for % carbon and % nitrogen, and 0.2 %o for 8'3C and 8N
values; and a precision of better than 0.2% for % carbon and % nitrogen,
and 0.1 %o for §"°C and §"°N values.

2.5 Statistical analysis

The Shapiro-Wilk test (Shapiro and Wilk, 1965) was used to
determine that the datasets from this experiment were normally
distributed. The R package “Ime4” (Bates et al., 2023) was then used
to fit linear mixed-effects models to the data for growth rates, F,»/
F,», DIC uptake, pigment content, total % carbon and nitrogen, and
8"°N and 8"C values. Temperature and heatwave duration were
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treated as fixed effects, while water bath was treated as a random
effect. Only the effects of temperature were assessed for the data
collected during the first three-week heatwave phase. The effects of
temperature, duration, and their interaction were assessed for the
data collected during the latter phase of the experiment, when the
three-week heatwaves had concluded while the six-week heatwaves
continued. Analysis of Variance (ANOVA) was then run on these
models, and p-values were generated using the R package “car” (Fox
etal., 2023). The R package “multcomp” (Hothorn et al., 2023) was
used to run pairwise Tukey’s tests (Tukey, 1949) on the models to
assess significant differences between individual treatments.

3 Results

Raw experimental data is accessible in the Supplementary Material
(“Supplementary Data”, Sheet 1-5). Temperature, pH, and nitrogen
availability data are available in the Supplementary Material
(“Supplementary Figures and Tables”, Supplementary Tables S1, S2).

3.1 Survival and physical appearance

By the third week in heatwave conditions, several of the
sporophytes within the 22°C treatments were visibly bleached, and
their blades were eroding rapidly (Supplementary Material, Images
SIA-D). Bleaching was also visible after five weeks at 20°C. Five
sporophytes died during the experiment. All deaths occurred in the 22°
C treatments, during the second half of the heatwave period; two
during week 4, and three during week 6. Four of the sporophytes within
the 22°C, six-week heatwave treatment died in total, giving a mortality
rate of 50%, while one sporophyte died within the 22°C, three-week
treatment, with a mortality rate of 12.5%.2

3.2 Growth

There was no consistent variation in mean RGR between
treatments during the acclimation period (Figure 1; p = 0.847).
Heatwave temperature had a significant negative relationship with
RGR during the three-week heatwave period (Figure 2; p< 0.001,
Table 1). This effect was noticeable after just one week in heatwave
conditions (Figure 1). By the end of the three-week heatwave, many of
the sporophytes in heatwave conditions were eroding faster than they
grew, including almost all of the sporophytes at 22°C. Mean RGR over
the three-week heatwave period were 1.46 + 0.28 in the control
treatment, 0.17 + 0.54 at 18°C, 0.50 + 0.33 at 20°C, and -1.06 + 0.23
at 22°C (mean *+ SE) (Figure 2). The 22°C treatment was the only
treatment with a significantly lower mean RGR than the control
treatment over the three-week heatwave period (p< 0.001, Figure 2).

Heatwave temperature continued to have a significant negative
effect on RGR during the last three weeks of the experimental period
(p< 0.001, Table 1). Heatwave duration also had a significant effect
on long-term RGR during this period (p< 0.001, Table 1), as the
sporophytes which remained in heatwave conditions for six weeks
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FIGURE 1

Mean relative growth rates (with standard error) of Macrocystis pyrifera sporophytes measured weekly over the experimental period.

continued to decline in length at a more rapid rate than those which
were returned to 16°C after three weeks. The sporophytes returned
to 16°C had some signs of recovery, with their mean RGR becoming
more positive during weeks four and five (Figure 1; day 49-56). The
sporophytes from the 18°C, three-week heatwave treatment had a
particularly high mean RGR during this period (Figure 2).
Conversely, many of the sporophytes that had been kept at 20°C
and 22°C continued to erode, although less rapidly than those that
remained in heatwave conditions (Figure 2). There was no evidence
for an interactive effect of heatwave temperature and duration. Over
the final three weeks of the experimental period, the sporophytes in
the 22°C, six-week heatwave treatment had a significantly lower

mean RGR than the control treatment (p = 0.001), as well as the
three-week heatwave treatments at 18°C and 20°C (p< 0.001 and p =
0.029, respectively, Figure 2).

3.3 Chlorophyll fluorescence

Overall, there was little variation in mean F,/F,,; values between
treatments, except for the 22°C heatwave treatment, which had a
significantly lower mean (0.704 + 0.012) than any of the other
treatments after three weeks in heatwave conditions (p = 0.001,
Figure 3). This difference decreased by the end of the six-week

< 0.001
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|
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<0.001

Heatwave duration

% 3 weeks
. 6 weeks
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Acclin'1ation Week's 1-3

FIGURE 2

Week's 4-6

Mean relative growth rates (with standard error) of Macrocystis pyrifera sporophytes over each three-week experimental phase. Significant (p< 0.05)
differences between treatments are indicated by bars, with p-values provided.
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TABLE 1 Predicted effects of heatwave temperature, duration, and their interaction on Macrocystis pyrifera sporophyte relative growth rates (RGR),
chlorophyll fluorescence (F,/F,y), and pigment content, obtained by fitting linear mixed-effects models to the data collected during the

heatwave experiment.

Response variable

Response p-value Response p-value Response p-value Response p-value
RGR -0.361 0.001 -0.580 < 0.001 -0.992 < 0.001 -0.052 0.879
Fy/Fyy -0.005 0.004 0.002 0.706 0.124 0.964 -0.006 0.259
Chlorophyll a -0.008 0.465 -0.048 0.020 -0.866 0.129 0.042 0.094
(g kg™ wet blade)
Chlorophyll ¢ 0.002 0.198 0.004 0.500 0.092 0.984 -0.005 0.427
(g kg'1 wet blade)
Fucoxanthin -0.012 0.337 -0.018 0.656 -0.620 0.570 0.031 0.136
(g kg'1 wet blade)

RGR were calculated for each three-week experimental phase. Effects are expressed as the predicted change in each response variable resulting from a °C increase in temperature (T), the predicted
difference in each response variable for the sporophytes exposed to a six-week heatwave relative to those exposed to a three-week heatwave (D), and the predicted effects of T and D in
combination. Water bath was treated as a random effect. The p-values are provided and highlighted in grey, and statistically significant effects (p< 0.05) are indicated in bold.

heatwave; at that point, the mean F,/F,, value of the surviving
sporophytes in the 22°C, six-week treatment was 0.731 + 0.010,
which was noticeably, but not significantly, lower than the other
treatments (Figure 3). Overall, temperature had a significant impact

on F,/F,, during the first three weeks of heatwave conditions (p =
0.004, Table 1), but not the latter half of the experiment (p
0.706, Table 1).

3.4 Dissolved inorganic carbon uptake

DIC uptake rates were extremely variable within treatments; the
sporophytes with the highest uptake rates tended to be those kept at

18°C and 20°C (Figure 4). Mean DIC uptake rates remained
relatively stable between the heatwave and recovery periods in the
20°C and 22°C, three-week heatwave treatments. However, there
was a noticeable, but non-significant, decline in mean DIC uptake
rates within the 18°C, three-week treatment, from 2.50 + 0.40 pmol
hr! cm™ during the heatwave to 1.99 + 0.79 umol hr'! cm™ during
the recovery period. Conversely, mean DIC uptake rates increased
non-significantly between week two and week five among the
sporophytes subjected to six-week heatwaves (Figure 4). There
was no relationship between temperature and DIC uptake (p =
0.642, Table 2); however, heatwave duration did have a significant
impact on temperature, due to the increase in average DIC uptake
rates within the heatwave treatments during the second half of the
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Mean effective quantum yield of photochemical energy conversion (F,/F.) (with standard error) of Macrocystis pyrifera sporophytes at the end of
each experimental phase. Significant (p< 0.05) differences between treatments are indicated by bars, with p-values provided.
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Mean dissolved inorganic carbon (DIC) uptake rates (with standard error) of Macrocystis pyrifera sporophytes at the mid-point of each

heatwave phase.

six-week heatwave (p = 0.039, Table 2). There were no statistically
significant differences between individual treatments.

3.5 Pigment content

After three weeks in heatwave conditions, the sporophytes kept at
22°C had relatively low mean chlorophyll a (0.123 + 0.031 g kg'") and
fucoxanthin (0.095 + 0.025 g kg™') content when compared to the other
temperature treatments (Figures 5A, C). Chlorophyll a and fucoxanthin
content were also slightly lower (chlorophyll a: 0.173 + 0.051 g kg';
fucoxanthin: 0.193 + 0.027 g kg'') at 18°C and higher (chlorophyll a:
0.233 + 0010 g kg™'; fucoxanthin: 0.252 + 0.010 g kg™) at 20°C when
compared to the control treatment (chlorophyll a: 0.204 + 0.028 g kg'';
fucoxanthin: 0.211 + 0.027 g kg™). However, these differences were not
statistically significant (Figures 5A, C; Table 1). Temperature had no
effect on chlorophyll ¢ content (Figure 5B; Table 1).

The mean pigment content of the tissue samples taken at week
six was about twice as high as the week three samples. This trend
was consistent across all treatments, including controls, and all
three pigments analysed. The week six samples generally showed

less variation in pigmentation between treatments when compared
to the week three samples (Figures 5D-F). However, the
sporophytes from the 18°C, three-week heatwave treatment had
noticeably higher mean chlorophyll a (0.524 + 0.028 g kg™) and
fucoxanthin (0.443 + 0.092 g kg'') content than the control
treatment (chlorophyll a: 0.398 + 0.026 g kg™; fucoxanthin: 0.353
+0.019 gkg™"). The sporophytes from the 22°C treatments generally
had low chlorophyll a content when compared to the other
treatments, but this was not statistically significant. Overall, there
was statistical support for a decrease in chlorophyll a content with
increasing temperature at the six-week mark (p = 0.020, Table 1),
but not at the three-week mark (p = 0.465, Table 1). No statistically
significant relationships were found between heatwave temperature
or duration and chlorophyll ¢ or fucoxanthin content (Table 1).

3.6 Total % carbon, % nitrogen, and stable
isotope values

There was a significant relationship between temperature and
total % carbon content (p = 0.009, Table 3), with mean values of %

TABLE 2 Predicted effects of heatwave temperature, duration, and their interaction on dissolved inorganic carbon (DIC) uptake rates of Macrocystis
pyrifera sporophytes, obtained by fitting linear mixed-effects models to the data collected during the heatwave experiment.

Week 2
T (°C) T (°C)
Response p-value Response p-value
DIC uptake -0.047 0.642 -0.197
(umol hour™
cm™)

0.155

D T:D

Response p-value Response p-value

2.301 0.039 0.131 0.478

Effects are expressed as the predicted change in DIC uptake (umol cm-* hour™) resulting from a 1°C increase in temperature (T), the predicted difference in DIC uptake for the sporophytes
exposed to a six-week heatwave relative to those exposed to a three-week heatwave (D), and the predicted effects of T and D in combination. Water bath was treated as a random effect. The p-
values are provided and highlighted in grey, and statistically significant effects (p< 0.05) are indicated in bold.
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Mean concentrations of (A) chlorophyll a, (B) chlorophyll ¢, and (C) fucoxanthin (with standard error) in Macrocystis pyrifera blade tissue after three
weeks in heatwave conditions, and mean concentrations of (D) chlorophyll a, (E) chlorophyll ¢, and (F) fucoxanthin (with standard error) in blade

tissue at the end of the experiment.

carbon increasing consistently with temperature (Figure 6). The 20°
C and 22°C, six-week treatments both had significantly higher mean
% carbon values than the control treatment (p = 0.031 and p< 0.001,
respectively). No significant relationship was found between
0.350, Table 3);
however, the 22°C, six-week treatment had significantly higher
0.12%) than the control and both 20°C
treatments (Figure 7). There was no consistent relationship between

temperature and % nitrogen content (p =
mean % nitrogen (1.68 +

temperature and mass carbon: nitrogen (C:N) ratios; the highest
values were found in the 20°C, six-week treatment (Figure 8; p =
0.720, Table 3). Stable isotope ratios were also affected significantly
by temperature, with both mean §'>C values (Figure 9; p< 0.001,
Table 3) and 8"°N values (Figure 10; p = 0.043, Table 3) increasing
consistently with temperature among the sporophytes exposed to
six-week heatwaves. There were no significant differences in §'°N
values between individual treatments, but the 22°C, six-week

heatwave treatment had significantly higher §">C values than the
control or 18°C treatments (Figure 9).

The sporophytes that had been kept in heatwave conditions for
three weeks still showed some treatment effects at the end of their
recovery period, with elevated carbon content, §'°C, and §"°N
values relative to the control treatment. The 18°C, three-week
treatment was somewhat of an exception, as the sporophytes in
this treatment had slightly lower mean values of 8'°C (-25.25 +
0.33%0) and 8'°N (5.08 + 0.31%o) relative to the control treatment
(—24.90 + 0.31%o0 and 5.28 + 0.18%o, respectively), however, these
differences are within the range of analytical precision of the stable
isotope measurements. Overall, total % carbon content and 83C
values followed similar trends with temperature (Figures 6, 9), and
subsequent modelling found evidence of a linear relationship
between the two variables (p = 0.009). Conversely, there was no
strong evidence of a relationship between total % nitrogen content

TABLE 3 Predicted effects of heatwave temperature, duration, and their interaction on % carbon and nitrogen content and 5*C and 5'°N values,
obtained by fitting linear mixed-effects models to the data obtained from stable isotope analysis of Macrocystis pyrifera blade tissue samples taken at
the conclusion of the experiment.

Response variable T (°C) T:D
Response p-value Response p-value Response

Total carbon (%) 0.196 0.009 -10.328 0.226 0.571 0.116

Total nitrogen (%) ~0.002 0.350 -1.157 0.991 0.058 0.307

Mass C:N ratio 0.182 0.720 4.524 0.622 ~0.188 0.704

3C (%o) 0.304 < 0.001 ~1.490 0.158 0.075 0.678

3'°N (%) 0.146 0.043 0.792 0.241 ~0.024 0.858

Effects are expressed as the predicted change in each response variable resulting from a 1°C increase in temperature (T), the predicted difference in each response variable for the sporophytes
exposed to a six-week heatwave relative to those exposed to a three-week heatwave (D), and the predicted effects of T and D in combination. Water bath was treated as a random effect. The p-
values are provided and highlighted in grey, and statistically significant effects (p< 0.05) are indicated in bold.
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Mean % carbon content (with standard error) of Macrocystis pyrifera
blade tissue at the end of the experiment. Significant (p< 0.05)
differences between treatments are indicated by bars, with p-
values provided

and 8"°N values (p = 0.074). There was no evidence that heatwave
duration had any significant effects on total % carbon, total %
nitrogen, 8'3C, or 8"°N values (Table 3).

The % carbon and % nitrogen content and carbon and nitrogen
stable isotope ratios of the sporophytes sampled directly from the
culture tanks at NIWA are summarized in the Supplementary
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FIGURE 7

Mean % nitrogen content (with standard error) of Macrocystis
pyrifera blade tissue at the end of the experiment. Significant (p<
0.05) differences between treatments are indicated by bars, with p-
values provided
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Mean mass carbon:nitrogen (C:N) ratio, with standard error, of
Macrocystis pyrifera blade tissue at the end of the experiment
Significant (p< 0.05) differences between treatments are indicated
by bars, with p-values provided.

Material (Supplementary Table S3). These sporophytes had a
mean §"C value of —29.94 + 0.33%o, and a mean §'°N value of
—-3.22 £ 0.21%o; both values were much lower than any of the
experimental treatments. Conversely, the sporophytes in the culture
tanks had a mean % nitrogen content of 2.06 + 0.05%, which was
much higher than any of the experimental treatments.
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Mean §°C values (with standard error) of Macrocystis pyrifera blade
tissue at the end of the experiment. Significant (p< 0.05) differences
between treatments are indicated by bars, with p-values provided.
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tissue at the end of the experiment.

4 Discussion

4.1 Impacts of heatwave intensity
and duration

Increasing both the duration and intensity of marine heatwave
treatments used in this experiment had significant negative impacts
on the growth of Macrocystis pyrifera sporophytes. The 22°C
heatwave treatments, representing a 6°C temperature anomaly
relative to summer average temperatures, had larger impacts on
growth than any of the other treatments, and were the only
treatments with consistent negative impacts on survival,
photosynthetic performance, or pigmentation. These findings
suggest that local M. pyrifera populations experience a tipping
point near 22°C, beyond which significant physiological impacts,
including photosynthetic impairment and death, become much
more probable.

The longer heatwave had significantly greater impacts on blade
growth rates than the shorter heatwave; however, the impacts of
elevated temperatures on F,/F,, and pigmentation became less
pronounced over time. In the case of the 22°C treatment, this may
have been the result of the less thermally resistant sporophytes
dying over the course of the longer heatwave, rather than a sign of
acclimatisation to the increased temperature. We were unable to
assess the recovery rates of the sporophytes exposed to six-week
heatwaves due to time constraints; it would be worthwhile for future
studies to further investigate the capacity for M. pyrifera
sporophytes to recover from the effects of long-lasting heatwaves.

The M. pyrifera sporophytes used in this experiment were able
to recover from thermal stress to some extent. The sporophytes
exposed to an 18°C heatwave for three weeks appeared to be in good
health by the end of the recovery period, growing more rapidly than
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the control treatment. The DIC uptake rates from this experiment,
as well as previous studies (Fernandez et al., 2020), suggest that M.
pyrifera sporophytes have higher thermal optima for
photosynthesis, at water temperatures between 17-20°C, than for
growth. Therefore, the sporophytes in the 18°C treatments may
have been able to photosynthesise more rapidly and accumulate
greater quantities of stored carbohydrates during the heatwave.
Since they were less severely affected by thermal stress than the
higher temperature treatments, they may have been better able to
direct these reserves towards growth and pigment production
during their recovery period.

4.2 Trends and comparisons to
previous findings

The consistent negative relationship between heatwave
temperature and M. pyrifera growth rates that was observed
during this study supports trends found in previous laboratory
experiments. Temperatures higher than 14°C are consistently
associated with reduced blade growth in M. pyrifera (Mabin et al.,
2019; Fernandez et al., 2020; Umanzor et al., 2021); our results
mirror this trend, though we did not use a 14°C treatment here, as
our experiment was designed to assess responses to MHWs at local
summer temperatures. Our findings also support field observations
which linked a MHW event, with widespread temperature
anomalies of 1-4°C (equivalent to our 18°C and 20°C
treatments), to declines in M. pyrifera canopy cover throughout
southern New Zealand (Tait et al, 2021). Negative impacts on
survival, chlorophyll fluorescence, and photosynthetic performance
are often only observed at or above 20°C (Mabin et al, 2019;
Fernandez et al., 2020; Sanchez-Barredo et al., 2020; Fernandez
et al.,, 2021; Umanzor et al., 2021), as was the case in our
experiment, although they have sometimes been reported at lower
temperatures (Brown et al, 2014; Fernandez et al., 2020). The
threshold for 100% mortality in young M. pyrifera blades from
Tasmania, Australia was between 24°C and 27°C (Fernandez et al.,
2020). The Wellington population could have a similar survival
threshold; the study site used by Fernandez et al. (2020) had a mean
summer sea surface temperature of around 16°C between 1980 and
2010 (Butler et al., 2020), which is similar to Wellington’s mean
summer sea surface temperatures. Around 30% of M. pyrifera
gametophytes from New Zealand survived at 23.6°C (Le et al,
2024). Further studies would be required to confirm where the
survival threshold lies for sporophytes from the Wellington M.
pyrifera population. The effect of temperature on pigmentation in
M. pyrifera is variable (e.g., Mabin et al., 2019; Fernandez et al.,
2020; Sanchez-Barredo et al., 2020; Umanzor et al., 2021); it has
been suggested that related stressors, such as nutrient depletion,
could be a more important driver of tissue bleaching in M. pyrifera
than temperature itself (Sanchez-Barredo et al., 2020).

The increased uptake of the heavier isotopes >C and '°N by M.
pyrifera sporophytes at elevated temperatures in this study is
unusual when compared to previous studies (e.g., Fernandez
et al., 2020). We considered the alternative hypothesis that the
seawater source used by NIWA, where the sporophytes were
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originally cultured, might have had higher concentrations of these
heavy isotopes than the source used by the Wellington University
Coastal Ecology Laboratory, and the heat-stressed sporophytes
might have preferentially retained these heavier isotopes due to
their reduced growth and tissue turnover rates. However, the
sporophytes grown under pre-experimental conditions at NIWA
had much lower mean §">C and 8"°N values than the sporophytes
used in the experiment. Hence, the increases in 8C and 8°N
values with temperature within our experiment are likely a direct
response to the simulated heatwaves.

Macroalgal §"°C values between -30 and -10 %o theoretically
indicate the use of both bicarbonate and carbon dioxide (CO,) as
carbon sources (Raven et al, 2002). In macroalgae, an increase in
photosynthetic rates can drive increased bicarbonate uptake to satisfy
the carbon requirements of photosynthesis (Cornelisen et al., 2007).
Direct uptake of bicarbonate is achieved by using CO,-concentrating
mechanisms (CCMs) (Raven et al., 2002; Meyer and Griffiths, 2013;
Sun et al,, 2023), which are present in M. pyrifera (Hepburn et al,, 2011;
Fernandez et al., 2014). Although CCMs allow macroalgae to take up
and store more carbon, they are energetically and nutrient costly, and
these demands can limit the growth of CCM-using species in
unfavourable environmental conditions (Hepburn et al., 2011). The
correlation between total % carbon content and §'*C values within our
samples suggests that the relationship between temperature and carbon
content may have been driven by increased bicarbonate uptake at
higher temperatures. Thermal stress could perhaps have driven these
kelp sporophytes to respond by actively taking up and storing more
DIC. Since kelp blade tissue strength is compromised at high
temperatures (Simonson et al, 2015), perhaps the sporophytes
exposed to simulated MHWs in our experiment prioritised storage
of carbohydrates instead of blade growth. These stored reserves could
theoretically have been used to increase blade elongation rates if
temperatures reduced, to compensate for reduced growth during the
heatwave. The strategy of directing more energy towards DIC uptake
and carbon storage could be disadvantageous in the long term, as the
high energetic costs associated with CCM operation might limit the
energy available for other necessary processes such as photosystem
operation and pigment synthesis. Follow-up studies would be necessary
to confirm whether, and how, this M. pyrifera population is capable of
upregulating carbon storage in response to thermal stress. Perhaps this
could be examined by measuring the uptake rates of different carbon
species by kelp sporophytes, or by assessing the expression of genes
related to carbon acquisition and storage. In other kelp species, some
transcripts related to cell division and photosynthesis can be
downregulated under thermal stress (Hara et al., 2022; Liesner et al,
2022), perhaps indicating a trade-off between acclimatisation to heat
stress and the efficiency of some biological processes.

4.3 Wider context

Some M. pyrifera populations are relatively resistant to MHWSs
in the field, even when temperature anomalies exceed 4°C (Reed
et al,, 2016). Even when severe canopy losses occur, M. pyrifera
stands can recover to their original canopy area and stem density
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within several months to two years after disturbance (Dayton et al.,
1992; Edwards, 2004; Edwards and Hernandez-Carmona, 2005;
O’Connor and Anderson, 2010; Tolimieri et al., 2023). Juvenile
recruitment plays a central role in this recovery process (Graham
et al., 1997); recruitment success can also serve as an indicator of the
overall health and resilience of kelp forests (Barrientos et al., 2024).
Therefore, the ability of juveniles to survive MHWSs, as
demonstrated by this study, is likely a key contributing factor to
the rapid recovery rates of M. pyrifera stands. However, kelp
population dynamics are affected by more traits than survivorship
rates alone. Larger M. pyrifera juveniles are much more likely to
survive, potentially because they are better able to compete for light
and less vulnerable to density-dependent mortality (Dean et al.,
1989). Our findings suggest that long-lasting MHW:Ss could limit the
growth rates of new recruits. This means that even if they survive
the direct effects of thermal stress, these sporophytes may be more
susceptible to mortality due to other stressors, such as competition
for light (Dean et al., 1989). Thus, reduced growth, and increased
susceptibility to other stressors, could ultimately delay or prevent
canopy recovery. In the field, kelp population recovery can be
suppressed by long-lasting heatwaves (Arafeh-Dalmau et al., 2019),
as well as other stressors including grazing (Dayton et al., 1992;
Edwards, 2019) and wave exposure (Graham et al., 1997). MHWs
can also create more favourable conditions for more heat-tolerant
algal species, leading to increased competition (Wernberg et al.,
2016; Atkinson et al,, 2020), which would likely place additional
pressure on thermally-stressed kelp recruits. In New Zealand, for
instance, MHWSs could allow the invasive kelp Undaria pinnatifida
to outcompete native species (James and Shears, 2016).
Additionally, the deaths of less heat-tolerant individuals during
MHWSs can lead to reductions in genetic diversity within kelp
populations. While this process of “genetic tropicalisation” may
lead to greater thermal tolerance at a population level, it also
increases the risk of inbreeding depression, and may cause a
reduction in overall adaptive capacity (Coleman et al., 2020). This
could ultimately limit the ability of kelp populations to adapt to
other threats, such as novel diseases or pollutants.

A 2°C anomaly relative to mean sea surface temperatures (i.e.,
the 18°C treatment) is the most representative of a typical MHW
event in the Wellington region (Supplementary Figures S1, S2), as
well as MHW events throughout New Zealand as a whole (Behrens
et al., 2022; MetOcean Solutions, 2023). However, mean and
maximum MHW intensities have been trending upwards within
New Zealand for the past two decades (Montie et al., 2023), and are
predicted to continue increasing (Behrens et al., 2022). The
Wellington region has already experienced temperature spikes
higher than 20°C during MHWs (Supplementary Figure S1), with
some sites within the region experiencing temperatures of up to
21.5°C (Krieger et al., 2023c). Modelling suggests that long-lasting
MHWs exceeding 22°C are presently unlikely to occur in the
regions where M. pyrifera grows within New Zealand, but these
could become more likely within the next century if global
greenhouse gas emissions continue to increase (Behrens et al,
2022). Additionally, most models of historical and future
occurrence of MHWSs in New Zealand rely on satellite data
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collected over broad spatial scales. The shallow coastal
environments where kelp grows are highly dynamic; temperatures
within these habitats could exceed MHW thresholds without being
recognised as a regional MHW. Therefore, it is valuable to
understand how M. pyrifera would respond to temperatures
higher than those recorded during contemporary MHW events.

Temperature anomalies greater than 4°C have been recorded
during MHWs in New Zealand, mostly in southern regions
(MetOcean Solutions, 2023). There is some evidence that warm-
edge kelp populations may be more resilient to increased
temperatures than higher-latitude populations (Ladah, 2000;
Muth et al., 2019; Hollarsmith et al., 2020; King et al., 2019;
Liesner et al, 2020), though there are exceptions (Cavanaugh
et al,, 2019). Therefore, populations from New Zealand’s South
Island, where M. pyrifera is most widespread (Shaffer and Rovellini,
2020), could theoretically be less heat-tolerant than the warm-edge
population studied here. Assessing the vulnerability of M. pyrifera
populations from southern New Zealand to MHWs would be a
worthwhile direction for further research.

4.4 Conclusion

This work demonstrates that marine heatwaves can reduce the
growth rates of juvenile M. pyrifera sporophytes in New Zealand, while
heatwaves surpassing 22°C have far more severe impacts, including
potentially reducing the photosynthetic efficiency and survivorship of
juveniles. Long-lasting heatwaves could suppress recruitment and
growth of juvenile kelp, potentially jeopardising the long-term stability
of local populations. However, the kelp studied here demonstrated a
high capacity for recovery after heatwaves, suggesting that populations
can persist if key temperature thresholds are not exceeded. If sea surface
temperatures around New Zealand continue to rise, and temperature
anomalies exceeding 6°C become more prevalent throughout central
and southern New Zealand, M. pyrifera could face a greater risk of
population collapse and local extinction.
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