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Foundation seaweed species are experiencing
widespread declines and localized extinctions due to
increased instability of sea surface temperature.
Characterizing temperature thresholds are useful
for predicting patterns of change and identifying
species most vulnerable to extremes. Existing
methods for characterizing seaweed thermal
tolerance produce diverse metrics and are often
time-consuming, making comparisons between
species and techniques difficult, hindering insight
into global patterns of change. Using three kelp
species, we adapted a high-throughput method –
previously used in terrestrial plant thermal biology –
for use on kelps. This method employs
temperature-dependent fluorescence (T–F0) curves
under heating or cooling regimes to determine the
critical temperature (Tcrit) of photosystem II (PSII),
i.e., the breakpoint between slow and fast rise
fluorescence response to changing temperature,
enabling rapid assays of photosynthetic thermal
tolerance using a standardized metric. This method
enables characterization of Tcrit for up to 48
samples per two-hour assay, demonstrating the
capacity of T–F0 curves for high-throughput assays
of thermal tolerance. Temperature-dependent
fluorescence curves and their derived metric, Tcrit,
may offer a timely and powerful new method for
the field of phycology, enabling characterization and
comparison of photosynthetic thermal tolerance of

seaweeds across many populations, species, and
biomes.

Key index words: chlorophyll fluorescence; macroal-
gae; photosystem II; temperature stress; thermal
biology

Abbreviations: F0, minimal fluorescence; FV/FM,
maximum quantum yield of PSII; Tcrit, critical tem-
perature of PSII; T–F0, temperature-dependent
fluorescence

With rising sea surface temperatures, predicted at
1–3°C before 2100 (IPCC 2021) and an increase in
the frequency and intensity of marine heatwaves
(Oliver et al. 2018), understanding temperature
thresholds of marine organisms is needed to iden-
tify vulnerability, predict patterns of ecological
change and inform management and conservation
strategies (Coleman and Wernberg 2020, Wood
et al. 2021, Davis et al. 2022, Eger et al. 2022). As
such, there is a need for fast, reliable, and high-
throughput quantitative approaches to measure
temperature tolerance in marine systems and to
standardize measures over large spatial and tempo-
ral scales. This is particularly vital for foundation
seaweeds that underpin vast ecological, economic,
and cultural values in marine ecosystems (Eger
et al. 2022), but for which empirical measures of
temperature tolerance are often lacking.
Both warming and the frequency and intensity of

extreme temperature events, such as marine
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heatwaves (Holbrook et al. 2020) have, and will con-
tinue to have, major impacts on seaweeds (Harley
et al. 2012, Sunny 2017), including local extinctions
and declines (Verg�es et al. 2016, Thomsen
et al. 2019, Davis et al. 2022) and total reorganiza-
tion of ecosystem structure (Verg�es et al. 2014). For
example, warming and heatwaves have caused local
extinction of dominant kelps such as in Durvillaea
spp. in New Zealand (Thomsen et al. 2019), Ecklonia
radiata on the east and west coasts of Australia
(Verg�es et al. 2016, Wernberg et al. 2016), and
range contraction of Macrocystis pyrifera forests in
Baja California and Tasmania (Johnson et al. 2011,
Cavanaugh et al. 2019). Similarly, cold snaps are
also predicted to increase, and may have large
impacts on intertidal species in polar and subpolar
systems (Becker et al. 2009, Scrosati and Ell-
rich 2018). Cold snaps during the shoulder seasons
when frosts and sea ice can occur earlier or later in
the season can result in extracellular ice formation
leading to cell death and inhibition to growth and
development (Davison et al. 1989, Zhu et al. 2022).
It is, therefore, necessary to investigate seaweed tol-
erance to both extreme heat and cold, to under-
stand global patterns and drivers of seaweed losses
and to be able to predict the future vulnerability of
these important habitats.

Seaweed thermal tolerance has traditionally been
measured using a wide variety of methods and many
different response variables, making comparisons
among different species, places and studies difficult.
Techniques range from measuring gas exchange,
biomass accumulation the use of chlorophyll fluo-
rometry (Xiao et al. 2015, Savva et al. 2018) with
response variables from oxygen concentration, rela-
tive growth rates and photosynthetic maximum
quantum yield (FV/FM). While different techniques
are likely appropriate for specific studies, the wide
variety of methodologies means there is currently
no comparative, standardized metric or thermal
threshold value that can be assessed across species,
seasons, latitude, and other variables of interest. For
seaweeds there is a lack of insight into global ther-
mal physiological patterns as described for animals
(Sunday et al. 2011) and more recently for land
plants (Lancaster and Humphreys 2020). A stream-
lined, high-throughput approach to determine ther-
mal thresholds would greatly enhance our ability to
compare thermal thresholds and understand the rel-
ative vulnerability of seaweeds to temperature
change.

Thermal tolerance in animals is often quantified
by point of death or by changes in metabolic rate
under a stress treatment, which are generally quite
simple to detect (Roze et al. 2013, Caetano
et al. 2020, Hall and Sun 2021). For photosynthetic
organisms, the photosynthetic apparatus is an
appropriate focus for thermal tolerance assays due
to its sensitivity to temperature (Schreiber and

Berry 1977). However, in contrast to animals, it is
difficult to determine either the point of death or
the threshold for function of photosynthetic tissue
through instantaneous visual detection. To tackle
this issue, terrestrial plant ecologists and physiolo-
gists often use temperature-dependent chlorophyll
fluorescence curves – generally defined as the rise
in basal fluorescence, F0, with an increase/decrease
in temperature – to measure temperature sensitivity
in plants within the photosynthetic apparatus
(Schreiber and Berry 1977). Temperature stress
results in the unfolding of photosystem II (PSII)
protein complexes and the oxygen-evolving com-
plex is denatured by the removal of manganese
under adverse conditions (Enami et al. 1994).
Temperature-dependent fluorescence (T–F0) curves
provide a well-established way to measure heat or
cold stress and thermostability of PSII (Il�ık
et al. 2003). This method has successfully been used
to identify temperature thresholds of PSII and pre-
dict temperature sensitivity of species across varying
latitudes, populations etc. Because it provides a
mechanistic understanding of photosynthetic physi-
ology in response to temperature, this method has
enabled understanding of large-scale ecological pat-
terns in land plants (Bilger et al. 1984, Knight and
Ackerly 2002, O’Sullivan et al. 2017). For example,
Knight and Ackerly (2002) compared congeneric
species of desert versus coastal terrestrial plants
between the field and glasshouse environments
using metrics derived from temperature-dependent
fluorescence (T–F0). They found no evidence to
support that thermal tolerance of PSII was intrinsic
across closely related genera from seed grown plants
from desert and coastal environments, suggesting a
high degree of plastic acclimation to the controlled
environment they were grown in. As for the plants
in the field, thermal tolerance varied more between
species within a community than between congener-
ics of desert and coastal genera suggesting that T–F0
parameters are more sensitive to the environment
in which species occur than their phylogeny. Lastly,
they found thermal tolerance of PSII was always
lower in the glasshouse common environment
(25°C day/15°C night) than in the field, indicating
natural temperature fluctuations and extremes likely
drive thermal tolerance higher to protect the plant.
Chlorophyll fluorometry has been applied to sea-

weeds broadly, with prior studies tending to focus
on FV/FM (potential maximum quantum yield of
PSII) as an instantaneous indicator of photo-
synthetic “health” or efficiency (Papageorgiou
et al. 2007, Enr�ıquez and Borowitzka 2010, Fern�an-
dez et al. 2020). Although in some contexts FV/FM
can be a useful indicator of various stressors, experi-
ments using this metric tend to vary greatly in how
long the photosynthetic tissue are exposed to set
temperatures. There is also often variation in irradi-
ance and how long a sample is given to acclimate or
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recover, which make comparative measures across
experiments difficult. FV/FM measurements are also
time-consuming and often only capture a small sub-
set of temperatures that individuals are exposed to,
requiring interpolation, and thereby reducing preci-
sion. To date, assessment of T–F0 curves has not
been attempted on seaweeds, but this approach
holds great promise as a standardized and high-
throughput metric for broad comparisons of
thermal tolerance and thresholds. Because brown
seaweeds and terrestrial plants have similarities in
their light-harvesting pigment-protein complexes of
PSII, with chlorophyll molecules phylogenetically
related to each other (Caron et al. 2001), it is likely
that this method can be used to assess the photosyn-
thetic thermal tolerance of PSII of brown seaweeds.
We expect that with examination into pigment com-
positions – note that red algae have the light-
harvesting complexes outside of the photosynthetic
membrane (Caron et al. 2001) – the method can
likely be applied to many red and green algae spe-
cies as well. Brown seaweeds are similar in their pig-
ment to green plants in that they both share
chlorophyll a, the pigment responsible for convert-
ing solar energy into metabolic energy and dissipat-
ing the excess of energy as fluorescence. Brown
seaweeds do not have chlorophyll b, but have
chlorophyll c1 and c2 (Etemadian 2017, Alam 2019)
and have an increased antennae size in the light-
harvesting complex adapted for low light conditions
(Caron et al. 2001). Ultimately these pigments all
function to deliver electrons to chlorophyll a reac-
tion centers (Caron et al. 2001) and thus, measure-
ments of PSII fluorescence in response to
temperature should be applicable to seaweeds as
they are to land plants.

When light energy is absorbed by a photosyn-
thetic organism, it can be used for photosynthesis, it
can be dissipated as heat, or it can be re-emitted as
fluorescence (Maxwell and Johnson 2000). Each of
these three fates is interlinked: a decrease in the
efficiency of one will increase the yield of another.
Chlorophyll a from PSII dominates chlorophyll fluo-
rescence, especially minimal fluorescence (F0),
which is the observable increase in fluorescence
upon illumination, and thus, increases in fluores-
cence relate to the properties of PSII regarding
energy conversion and excitation. Fluorescence
yield can be used as an indicator of the efficiency of
the photosynthetic apparatus as a whole (Schreiber
and Bilger 1987). In temperature-dependent fluo-
rescence curves, minimal fluorescence, F0, is mea-
sured continuously under a weak measuring light
while photosynthetic samples are being heated or
cooled at a determined rate (Arnold et al. 2021). A
steep fluorescence rise occurs when electron trans-
port from the primary Quinone acceptor of PSII
(QA) to the secondary electron acceptor (QB) is
deactivated, indicating the onset of photosystem
damage in response to temperature (Yamane

et al. 1997). This steep fluorescence rise can be cal-
culated from the breakpoint between the slow and
fast rise of F0, which is referred to as the critical
temperature (Tcrit) of PSII. Numerous studies use
the term Tcrit, thus to be clear, we are referring to
the critical temperature, Tcrit, as the onset of dam-
age of PSII, which provides us with insight into the
sensitivity of the thylakoid membrane to extreme
temperatures (Bilger et al. 1984, Krause et al. 2010,
Curtis et al. 2016, Zhu et al. 2018). Note that these
rapid assays of T–F0 curves are indicators of temper-
ature stress within the thylakoid membrane only
during the heating/cooling treatment itself, and it
cannot be assumed that irreparable damage has
occurred (Bilger et al. 1984, Allakhverdiev
et al. 2008). It is also important to note that the
Tcrit values derived from this method often exceed
thermal tolerance limits cited in other work because
the breakdown of PSII occurs after other physiologi-
cal threshold processes have already begun. Further,
the rate of change in temperature in the field can
be as critical as its magnitude. Therefore, these are
not “lethal limits” and should be viewed as relative
values rather than absolute values, such that they
provide a comparative metric of thermal tolerance
useful for many macro-physiological and macro-
ecological comparisons (Knight and Ackerly 2002,
Curtis et al. 2016, O’Sullivan et al. 2017).
To accelerate research into the ecology and evolu-

tion of seaweed thermal tolerance, we developed an
efficient, repeatable, and widely applicable thermal
metric for seaweeds. Informed by terrestrial T–F0
methods, we applied a new method across multiple
species of kelp and identify several important
methodological considerations for application with
species of differing thallus morphology or thickness.
To optimize the use of T–F0 curves for the screening
of thermal tolerance in seaweeds, we conducted sev-
eral characterization experiments using three kelp
species. These experiments aimed to characterize:
(i) Decay of FV/FM of stored samples from time of
collection, (ii) Optimal saturating pulse for use with
kelps, (iii) Differences between FV/FM when mea-
sured using a Diving PAM and Maxi PAM (Maxi-
Imaging-PAM (Pulse Amplitude Modulated); Heinz
Walz GmbH, Effeltrich, Germany) and (iv) Effect of
heating and cooling rate selection on kelp critical
temperatures (Tcrit) of PSII. We reveal that this high
throughput and efficient method could be widely
adopted to support global research into the ecology
and evolution of thermal tolerance in seaweeds and
represents an important resource to predict the
responses of seaweeds to changing temperatures.

METHODS

Species selection and sampling. Three subtidal Phaeophyceae
(brown seaweed) species were selected: Phyllospora comosa, Eck-
lonia radiata and a Sargassum sp., hereafter referred to as Phyl-
lospora, Ecklonia, and Sargassum, respectively. These species are
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the main habitat formers across south-eastern Australia (Cole-
man and Wernberg 2017, Wernberg et al. 2019) and differ in
thallus shape, thickness, and size and thus represent a
breadth of morphologies for optimizing this technique. Aver-
age thallus thickness was 0.89 mm, 0.64 mm, and 0.21 mm
for Phyllospora, Ecklonia and Sargassum, respectively (n = 20
per species). Species were collected on snorkel in approxi-
mately the middle of their latitudinal range, at Horseshoe
Bay Beach, Bermagui, NSW, Australia (36°25029.4″ S,
150°04046.3″ E) in October 2021 for characterization experi-
ments and to investigate the effect of heating/cooling rates
on Tcrit, and again in January 2022 to further test heat-
ing/cooling rates with changes in thermocouple placement.
All samples were collected from ~2 m at low tide in the
morning. The average water temperature was 16°C in Octo-
ber and 20°C in January. During collection, large sections
from mid blades of healthy thallus were cut using secateurs
and placed into moist cotton bags in a light-proof, black
catch bag. On shore, samples were transferred to a cooler
and transported to a laboratory within 10 min. On arrival to
the laboratory, in a dimly lit room, eight thallus sections were
cut into ~1 cm2 sections per individual (same individual, dif-
ferent tissue used for multiple assays) and – to avoid tissue
dehydration during the processing of other samples – placed
into indexed pill boxes in the dark in the cooler. Preliminary
assays showed that excised samples could be kept cut in these
boxes under cool conditions for more than 12 h without a
decline in FV/FM, a proxy assessing possible wounding effects
(see Fig. S1 in the Supporting Information).

Thermal tolerance measurements using temperature-dependent
changes in chlorophyll fluorescence (T–F0) to obtain Tcrit of
PSII. Following and adapting terrestrial plant methods from
Arnold et al. (2021), thallus sections were placed onto a
paper grid array of 30 cells, with a unique grid reference for
each cell, before being covered with a sheet of plastic film
wrap. Each sample was placed over a type-T thermocouple
(Omega Engineering) to record temperature every 5 s using
a dataTaker DT85 (Lontek, Glenbrook, New South Wales,
Australia) with a layer of plastic film wrap between the ther-
mocouple and the sample to avoid salt-corrosion of the ther-
mocouple (Fig. 1). The array sat on top of a Peltier plate
(CP-121HT; TE-Technology, Inc., Traverse City, Michigan,
USA; 152 9 152 mm surface) that was controlled by a bipolar
proportional-integral-derivative temperature controller (TC-
36-25; TE-Technology, Inc.) and powered by a fixed-voltage
power supply (PS-24-13; TE-Technology, Inc.). The plate was
heated and cooled using four thermoelectric module points
across the plate that can achieve a range from �20°C to
100°C if using a MP-3193 thermistor (TE-Technology, Inc.).
Heating and cooling rates were controlled by an adapted ver-
sion of LabVIEW software (National Instruments, Austin, TX,
USA) using source code available from TE-Technology, Inc.
based on the supplied user interface.

The samples were gently flattened against the plate and
thermocouples with double-glazed glass to ensure good con-
tact with thermocouples and to provide insulation to closely
match the temperature of the Peltier plate and the samples
(Fig. 1). Fluorescence parameters were measured using a
Pulse Amplitude Modulated (PAM) chlorophyll fluorescence
imaging system using the standard blue-diode (450 nm) light
source (Maxi-Imaging-PAM; Heinz Walz GmbH). The fluores-
cence camera was mounted 185 mm above the Peltier plate
to capture a total imaging area of 120 9 90 mm. Basal
chlorophyll fluorescence (F0) was measured using a continu-
ous weak blue pulse modulated measuring light (0.5 mmol
photons � m�2 � s�1) from the light-harvesting complex with-
out driving photosynthesis in PSII (Schreiber and Berry 1977).
Samples were dark-adapted for a minimum of 20 min to
obtain minimal fluorescence (F0) and ensure that the

oxidized primary Quinone acceptor and non-photochemical
quenching were inactive. Following dark adaptation, a saturat-
ing flash of 4000 lmol photons � m�2 � s�1 was applied to the
samples to obtain maximal fluorescence (FM), variable fluo-
rescence (FV = FM – F0) and their ratio (FV/FM) as the poten-
tial maximum quantum yield of PSII (i.e., the quantum
efficiency if all reactions centers were open; Maxwell and
Johnson 2000).

After the saturating pulse, an image of the samples on the
grid array could be viewed using the ImagingWin software
(PC software ImagingWinGigE V2.56p), whereupon areas of
interest were drawn over each sample to outline the largest
region possible while avoiding the cut edges of the samples.
To begin measurements, the modulated measuring light was
turned on and the camera was set to record F0 every 20 s.
Simultaneously, the Peltier heating/cooling program was set
to the chosen heating/cooling rate and the dataTaker was
turned on to record temperature every 5 s. The critical tem-
perature (Tcrit) of PSII was derived from the breakpoint/in-
flection point between the slow rise phase and the fast rise
phase of F0 (Fig.1c). These critical temperature values can be
extrapolated as thresholds by which relative thermal tolerance
can be compared across species, populations and seasons
(Curtis et al. 2016, O’Sullivan et al. 2017, Zhu et al. 2018).
Below, we detail several characterization experiments to adapt
and optimize a T–F0 protocol used for terrestrial plants
(Arnold et al. 2021) for use with kelps.

Decay in FV/FM of stored samples from time of collection. As our
experiments required measuring T–F0 curves on multiple
assays of samples, we first tested the most viable way to store
the samples in the laboratory between assays. We tested the
decay of the maximum quantum yield (FV/FM) of samples
stored in either seawater – that was changed every 24 h – or
cotton bags wetted with seawater but not submerged, both
stored in a dark cooler with a temperature of 16°C � 1°C.
Iterative FV/FM measures were taken from the intact thallus
of five individuals per species held in each storage treatment
for 100 h. FV/FM measurements were made using a Diving
PAM (Heinz Walz, Effeltrich, Germany) using the ML-BURST
mode.

Saturating pulse optimization using the Maxi PAM. A saturat-
ing pulse (intense flash of light) is applied to a dark-adapted
sample to achieve FM for calculating change in the ratio vari-
able to maximum fluorescence (Maxwell and Johnson 2000).
Studies vary widely in the intensity of the saturating flash
that a sample is given to obtain FV/FM (Cabello-Pasini
et al. 2000, H€uve et al. 2006, Arnold et al. 2021). The MAXI
Version Imaging PAM M-SERIES (Heinz Walz GmbH) was
designed for terrestrial plants that are adapted to high light
environments relative to seaweeds. Hence, we optimized light
settings to avoid photo inhibition of our samples while using
a pulse strong enough capture maximal fluorescence. Sam-
ples from each of the three species were placed on the array
under the PAM and exposed to one of a range of flash
intensities (different array of samples per intensity setting).
The units on the PAM are arbitrary and range from 1–10,
Walz suggests setting 10 is 4000 lmol quanta � m�2 � s�1.
Regardless of unit, we sought to find the minimum saturat-
ing pulse that would give the highest FV/FM value with the
least variation among samples and species. We tested five
levels of intensity (Walz settings 2, 4, 6, 8 and 10) across
three species with 10 replicates per species and, in our analy-
sis, we used the middle setting (6) as the reference level for
comparing FV/FM values.

Comparison of diving PAM to Maxi PAM for measuring FV/FM
of kelp. Conventionally, FV/FM for seaweeds is obtained using
a Diving PAM, but the Maxi PAM and Diving PAM are
designed for different light spectrums and so the measure-
ments are not directly comparable (from discussion with Walz

4 ROSALIE J. HARRIS ET AL.
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technical support). We tested the difference between the two
types of PAMs using tissue cut from the same part of thallus
and split in two, then plotted with a 1:1 regression to show
the offset between the two types of PAMs.

Effect of heating and cooling rates on Tcrit of PSII of kelp spe-
cies. When measuring the T–F0 curves, it is important to
select heating or cooling rates that optimize the trade-off
between high throughput and accuracy. The heating and
cooling rates are also subject to different constraints both for
the machinery and the tissue. Previous work on terrestrial
plants suggests that the rate at which heating/cooling during
the T–F0 curve can significantly affect the measured Tcrit of
PSII value (Arnold et al. 2021). This is likely due to lag times
in heating/cooling the leaf tissue too rapidly, inhibiting the
time the leaf has to initiate protective mechanisms (Bilger
et al. 1984, Frolec et al. 2008). Protocols for measuring heat
tolerance tend to have a faster heating rate of around 60°C �
h�1 compared to cold tolerance studies, which often use
much slower cooling rates (e.g., 5°C � h�1), though in many
cases the choice of rate is arbitrary (Geange et al. 2021). We
followed the same protocol as Arnold et al. (2021) to test the
effects of different heating and cooling rates, where thermo-
couples were placed beneath the tissue samples and seven

rates (8, 15, 30, 45, 60, 120, and 240°C � h�1) were compared
for both heat and cold tolerance. We sought to identify the
heating and cooling rates that generated consistent T–F0
curves and Tcrit values with minimal variation among species.
Each heating/cooling rate began at the temperature from
which the tissue had been collected (measured with HOBO
Pendant Data Logger during collection, 16°C in October and
20°C in January). The heating/cooling rate assays were
applied to the three species with 10 replicates per species
and repeated three times over different times of day across
multiple days for each rate. We analyzed the effect of heating
and cooling rates on Tcrit values across species, using 60°C �
h�1 and 8°C � h�1 as respective reference levels against which
the other rates were compared.

Heating rate artifacts and modification of thermocouple placement
for kelp species. Analyses of the effects of heating and cooling
rates from the above experiment revealed an increase in Tcrit

of PSII with rate (see Results). Large brown kelp thalli are
thick and have high water content, and therefore, high ther-
mal mass relative to most terrestrial leaves. We, therefore,
posited that the placement of the thermocouple on the bot-
tom of the sample may yield a discrepancy between measured
temperature and the realized temperature at the thallus

FIG. 1. T–F0 setup and example fluorescence curve. (a) Imaging PAM (with red light shield) mounted with metal frame on top of
the Peltier plate supported by a lab jack. Samples are compressed by double-glazed glass for contact with thermocouple and for tem-
perature buffering. (b) Seaweed samples on array with grid references with a thin cover of plastic film with thermocouples attached
to each sample. (c) Temperature-dependent fluorescence curve example showing the breakpoint/inflection between slow and fast rise
fluorescence (Tcrit).
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surface, as it takes some time for the temperature of water-
heavy tissue to reach equilibrium relative to the source tem-
perature (Bell 1993, Djaeni and Sari 2015, L�opez-
Cristoffanini et al. 2015). The Maxi PAM measures fluores-
cence changes from the top of the sample and so it is likely
overestimating Tcrit of PSII if there is a lag time between
when the bottom and top of the sample heat to a point of
fast rise fluorescence. Therefore, to investigate this strong
positive correlation of heating/cooling rate with Tcrit, we
repeated our previous experiment but added a thermocouple
to both the top and bottom of the sample and calculated crit-
ical temperature for each side of the sample for heating rates
only. In this repeated experiment, we included an additional
heating rate of 3°C � h�1 to ensure we captured a more com-
plete range of rates.

Testing the utility of Tcrit as a comparative metric. To briefly
highlight the utility of T–F0 curves as a comparative and use-
ful ecological metric, we compared a subset of the data from
the previous experiment, collected in January 2022, to the
initial data, collected in October 2021, for each of the three
species at one heating rate of 8°C � h�1. At the time of collec-
tion these sites had sea surface temperatures of 16°C and
20°C, respectively, and so we were able to test the hypothesis
that a 4°C increase in SST would induce an acclimation
response in Tcrit.

Statistical analyses. Tcrit of PSII values were extracted using
breakpoint analysis of the T–F0 curves to determine the tem-
perature at the inflection point between the slow and fast
rise phases of the curve. These were assessed by fitting lines
to each phase of the curve. For land plants we have R scripts
to assist with this but because the kelps were relatively more
variable, they were extracted manually. We assessed the
repeatability of the breakpoint extraction method using three
naive assessors with a subset of 30 curves from the present
data and compared these to the lead authors assessment.
R2 = 0.92 and on average, assessors differed by less than
0.5°C � 0.15 to the lead authors assessment (Table S1 in the
Supporting Information). See Fig. S2 in the Supporting
Information for Tcrit extraction criteria, examples, and curve
variation. A small proportion of curves fail due to poor con-
tact on the Peltier plate, fouling – which caused a relatively
high proportion of failure in Sargassum – or low initial FV/FM
(i.e., already stressed tissue). The supplement provides advice
on how to identify these failed curves as well (Fig. S3 in the
Supporting Information). We recommend practice runs to
assess the best arrangement and way to get contact with the
thermocouple as the proportion of failed curves decreases
with time.

Linear mixed-effect models were used to investigate the
decay of FV/FM of stored samples, with FV/FM as the response
variable, storage time as a fixed effect and replicate as a ran-
dom effect; each species was analyzed separately. Similarly, to
determine the optimal saturating pulse for obtaining FM used
to calculate FV/FM we used linear mixed-effect models with
FV/FM as the response variable, saturating pulse as the fixed
effect and replicate as a random effect, with each species ana-
lyzed separately. To assess the effect of heating and cooling
rates on the critical temperature (Tcrit) of PSII, linear models
were used, with Tcrit-hot or Tcrit-cold as the response variable,
heating/cooling rate treated as continuous variables and spe-
cies as fixed effects. For the final experiment to determine
the effect of heating/cooling with thermocouples placed
above and below the sample, linear models were used similar
to above but with thermocouple position as an additional
fixed effect. To demonstrate the utility of Tcrit as a compara-
tive metric, we used a linear model with Tcrit as the response
variable and interactions between season and species as fixed
effects. All analyses were performed in the stats package in R
version 4.0.2 (R Core Team 2018).

RESULTS

Decay of FV/FM of stored samples from time of collec-
tion. To determine photosynthetic physiological
effects of samples removed from the water and
stored, we compared the physiological response of
samples to different storage methods (in wetted cot-
ton bags vs. in seawater) over time. There was a sig-
nificant interaction between storage method and
time since collection for all species (t126 = 12.230,
P < 0.001; Table S2 in the Supporting Information).
There was no change in FV/FM for samples kept in
wet cotton bags throughout the entire 100 h of
measurements (Fig. 2). By contrast, for the samples
kept in seawater, FV/FM began to decline substan-
tially for Ecklonia and Phyllospora after 24 h and even
earlier for Sargassum (10 h). There may be an effect
from the initial wound during collection; however,
this effect was consistent across all samples and is
minimized by transporting samples in a dark cooler
and measuring FV/FM in the center of tissue, away
from the wounded edge. Therefore, because of the
consistently high FV/FM values (the proxy for photo-
system health) from the samples kept in wet cotton
bags, all subsequent collections were thus made
using the wet cotton bag method.
Saturating pulse optimization using the Maxi

PAM. There was no difference in FV/FM as a func-
tion of saturating pulse intensity for values between
PAM settings 4, 6, and 8 for both Phyllospora and
Sargassum, but FV/FM was more variable, and gener-
ally depressed at the lowest (2) and highest (10)
pulse intensities (Fig. 3a, Table S3 in the Support-
ing Information). Ecklonia showed no difference
across any intensity settings. Collectively, FV/FM val-
ues were highest at 4 and 6. In the case of these
three species, setting 4 or 6 would have been
equally appropriate; we chose 6, which is approx.
2000 lmol quanta � m�2 � s�1 and all following data
presented are based on that setting.
Comparison of diving PAM to Maxi PAM for measur-

ing FV/FM of kelp. FV/FM measurements from the
Maxi PAM and Diving PAM were tightly correlated
but the Maxi PAM values were on average 0.09 units
lower than the Diving PAM across the range of mea-
surements (SE = 0.025, n = 85; Fig. 3b). Therefore,
when assessing FV/FM values for measurements on
the Maxi PAM, adding ~0.1 units to that output is
necessary to obtain directly comparable values for
those familiar with Diving PAM outputs.
Effect of heating and cooling rates on Tcrit of PSII of

kelp species. The heating and cooling rates affected
Tcrit when thermocouples were placed under the
samples. For Tcrit-hot we found that the critical val-
ues generally increased as heating rate increased
(Fig. 4a, Table 1a). This increase with heating rate
was similar between Ecklonia and Phyllospora,
whereas Tcrit of Sargassum was affected significantly
more so, with a steeper increase with heating rate
(Fig. 4a). These results suggest that ramp rates of
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15, 30, or 45°C � h�1 are appropriate options for
these species when measuring Tcrit-hot. For Tcrit-cold,
overall, values became increasingly more negative at
faster cooling rates, although again, there was varia-
tion among species (Fig. 4b, Table 1b). Phyllospora
appeared virtually unaffected by changes in cooling
rate, whereas Tcrit-cold values in Ecklonia and

Sargassum were significantly affected by cooling rate
as the rate increased, Tcrit-cold became more nega-
tive (Fig. 4b).
Heating rate artifact and modification of thermocouple

placement for kelp species. To further explain the
effect of heating rate on Tcrit-hot, we explored
whether the placement of the thermocouple

Ecklonia Phyllospora Sargassum
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FIG. 2. Decay of maximum quantum yield (FV/FM) with time since collection between two different treatments of storage: seawater
(blue solid line) and in damp cotton bags (black dotted line) for three different seaweed species (Ecklonia, Phyllospora and Sargassum).
Across all species, there was no change in FV/FM for samples stored in cotton bags across time, while for samples stored in seawater, FV/
FM decline started at 25 h since collection. Points are means � SE, n = 5 per time point per species.

FIG. 3. Determining appropriate light levels and equipment offsets for using fluorometry on seaweeds, comparing responses of three
species. (a) Optimization of saturating pulse light intensity using a Maxi PAM for each species using FV/FM. Pulse intensity settings 4 and
6 both showed the highest FV/FM with the least variation. Points are means � SE, n = 10 per species per intensity. (b) FV/FM differences
in output from Diving PAM versus Maxi PAM plotted with a 1:1 to show offset. Points are raw data from paired tissue across a range of
samples varying in time out of water to capture entire FV/FM range.
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affected the Tcrit-hot value. When Tcrit-hot was calcu-
lated based on a thermocouple mounted on top of
the sample, there was no difference in Tcrit-hot across
any heating rate. However, the slope of Tcrit-hot with
heating rate depended on the placement of the
thermocouple (t168 = �4.837, P < 0.001; Fig. 4c,
Table 2). These results suggest that the high water
content of large brown kelps likely serves as a ther-
mal buffer and that thermocouples should be
mounted on top of the thallus for improved mea-
surement accuracy.
Testing the utility of Tcrit as a comparative met-

ric. Overall, the 4°C difference in SST was associ-
ated with interactions between season and species,
with increases of ~3°C in Tcrit for Ecklonia and Sar-
gassum (t113 = 2.380, P = 0.019 and t113 = 2.518,
P = 0.013, respectively, Fig. 5) whereas Phyllospora
showed no significant difference between the time
points.

DISCUSSION

Prior studies on seaweed thermal tolerance have
applied a vast range of different methods and
response variables, hindering broadscale assessments
of relative vulnerability to climate change. This is in
contrast to terrestrial settings where meta-analyses of
consolidated datasets using comparable metrics have
begun to shed light on global drivers of organismal
responses to thermal stress (Bennett et al. 2018, Pin-
sky et al. 2019, Sunday et al. 2019, Lancaster and
Humphreys 2020). To facilitate comparative thermal
ecology for kelps, we modified a method from the
terrestrial plant literature, temperature-dependent
fluorescence curves (T–F0 curves), which we opti-
mized using three large brown kelp species with dif-
fering morphologies. We revealed that critical
temperature values can be successfully extracted
from T–F0 curves for kelps and up to 48 samples

FIG. 4. Initial experiment to test heating/cooling rate on variation of Tcrit with thermocouples on the bottom of the sample as per pre-
vious work protocols, for (a) Tcrit-hot and (b) Tcrit-cold. Points are means � SE, n = 30 per species per heating/cooling rate. (c) Repeated
experiment from initial heating/cooling rate variation as per (a) and (b), but with thermocouples on both top and bottom of sample for
Tcrit-hot only. The same pattern is seen with an increase in heating rate and Tcrit when thermocouple is placed on the bottom as per previ-
ous protocols; however, with thermocouples on the top of samples, Tcrit-hot was unaffected by heating rate.
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can be done in about 2 h by incorporating some
important technical considerations. We observed
that thermocouples positioned on top of the sample
provided more accurate critical temperatures due to
a reduction in thermal lag from Peltier plate to the
sample. In addition, we showed that, using an
appropriate storage method from time out of the
water, these samples could be stored for around up
to 100 h with no reduction in FV/FM.

Photosystem II and its relationship with tempera-
ture is a highly sensitive component within the pho-
tosynthetic apparatus and makes for an excellent
indicator of thermal stress. Extreme temperatures
can alter electron transport within PSII by increas-
ing thylakoid membrane fluidity where the light-
harvesting complex is dislodged from the thylakoid
membrane (Berry and Bjorkman 1980, Srivastava
et al. 1997). Because photosynthetic tissue is sensi-
tive to temperature stress, measures of the status of
photosynthetic tissue via FV/FM is an increasing
focus of seaweed research (Pereira et al. 2015, Tan
et al. 2019, Nauer et al. 2022). FV/FM, however, is
generally only measured posttreatment, and usually
in response to a range of pre-determined tempera-
tures. These experiments tend to have a degree of
subjectivity with the use of a wide range of exposure
times to various temperatures, and discrepancies in
both duration and intensity of the treatment, mak-
ing comparisons across experiments difficult. Often
these experiments are very time-consuming with
long acclamatory periods, especially when using
water baths, and are limited to the pre-determined
temperature ranges of the experimenter and so may
not capture the point of thermal stress accurately.
An approach for determining critical temperatures
for comparison across a range of species and envi-
ronmental drivers has yet to be realized, likely
because of the many logistical challenges posed by
sampling marine species such as seaweeds, relative
to terrestrial plants. Our approach of using
temperature-dependent fluorescence (T–F0) curves
proved to be a robust and high-throughput method
that can provide a unifying metric of the photosyn-
thetic thermal tolerance of kelp species, with poten-
tial for wide-scale ecological screening of thermal

TABLE 1. Results from linear model to test for the effect
of heating and cooling rates on Tcrit-hot (a) and Tcrit-cold
(b) on each of the three species.

Predictors
Tcrit-hot

estimates CI P

(a) Tcrit-hot

(Intercept) 33.42 32.63 to 34.22 <0.001***
Heating rate 0.01 0.01 to 0.02 <0.001***
Species: Phyllospora �0.38 �1.52 to 0.77 0.518
Species: Sargassum 0.15 �1.05 to 1.35 0.807
Heating rate *

Species: Phyllospora
0.00 �0.01 to 0.01 0.838

Heating rate *
Species: Sargassum

0.02 0.00 to 0.03 0.015*

Observations 489
R2/R2 adjusted 0.137/0.128

Predictors
Tcrit-cold

estimates CI P

(b) Tcrit-cold

(Intercept) �9.13 �9.59 to �8.66 <0.001***
Cooling rate �0.01 �0.02 to �0.01 <0.001***
Species: Phyllospora 0.24 �0.46 to 0.95 0.494
Species: Sargassum �0.13 �0.88 – 0.62 0.734
Cooling rate *

Species: Phyllospora
0.01 0.01 to 0.02 0.001***

Cooling rate *
Species: Sargassum

0.00 �0.00 – 0.01 0.308

Observations 442
R2/R2 adjusted 0.123/0.113

Bold indicates significance at P < 0.05; *, P < 0.05; **,
P < 0.01; ***, P < 0.001.

TABLE 2. Results from linear model of repeated experi-
ment to test the effect of heating rate with thermocouples
on both the top and bottom of sample for each of the
three species.

Predictors
Tcrit-hot

estimates CI P

Tcrit-hot

(Intercept) 35.61 34.79 to 36.43 <0.001***
Thermocouple

position: On top
�2.06 �3.05 to �1.08 <0.001***

Heating rate 0.02 0.01 to 0.03 <0.001***
Species: Phyllospora 0.62 �0.23 to 1.47 0.154
Species: Sargassum 2.20 1.14 to 3.25 <0.001***
Thermocouple

position: On top 9
heating rate

�0.03 �0.04 to �0.02 <0.001***

Observations 168
R2/R2 adjusted 0.457/0.440

Bold indicates significance at P < 0.05; *, P < 0.05; **,
P < 0.01; ***, P < 0.001.
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FIG. 5. Changes in Tcrit across two seasons: Spring (October)
and Summer (January) with sea surface temperature 16°C and
20°C, respectively. There was an interaction between season and
species (P = 0.015) along with a species effect (P < 0.001) with
Tcrit increasing ~3°C in Ecklonia and Sargassum, with no change in
Phyllospora. Points are means � SE, n = 30 per species per season.
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tolerance. T–F0 curves provide an easily applied
method to extract critical temperatures (Tcrit) of
PSII (i.e., changes in energy conversion and excita-
tion within PSII from chlorophyll a fluorescence),
which we found to be successful across all kelp spe-
cies we measured. We were able to quantify Tcrit

from 30 individuals in a single assay (with maximum
of up to 48, depending on datalogger capacity) at a
rate of 15°C � h�1 in just over 2.5 h, or 1.5 h at
30°C � h�1 from the time samples were dark-
adapted to the end of the assay. We found no
dependence on heating/cooling rate as opposed to
previous methods, particularly FV/FM whose results
vary widely depending on the temperature, expo-
sure time, duration, and intensity of the imposed
treatment within the experiment. T–F0 curves pro-
vide a robust comparative metric, offering very high
throughput and the applications of this technique
for future experimental and ecological surveys will
allow physiological thresholds to be compared spe-
cies, space, time, and varying experimental condi-
tions. We note that this method is yet to be tested
on Rhodophyta and Chlorophyta species. However,
with careful consideration of species pigment com-
position – these classes also have chlorophyll a that
dominates fluorescence, particularly at 450 nm,
which is also the wavelength that the PAM uses
(Schreiber et al. 2012, Preuss and Zuccarello 2019)
– and the calibration of the PAM light source used,
T–F0 curves are likely to also prove useful to these
classes and broaden the applications of the tech-
nique and progress the field of algal research.

As is the case for terrestrial plants (Zhu
et al. 2018, Arnold et al. 2021), values of thermal
tolerance from our study suggest the photosystems
of seaweeds can function at higher temperatures
than their ambient environment (e.g., Tcrit of 33°C
in summer for Ecklonia and Phyllospora, and 35°C for
Sargassum with ambient sea surface temperatures
only being ~20°C). For example, Ecklonia thermal
thresholds in the field occur at temperatures much
lower than 33°C (plants generally die at ~27°C;
Wernberg et al. 2019). We note that the relative Tcrit

of PSII values for the three species we tested here
generally followed expectations of thermal tolerance
and persistence from the field, with the widely dis-
tributed Sargassum having higher Tcrit-hot and the
cooler-water Phyllospora having a more negative
Tcrit-cold. PSII thermostability is occurring within the
thylakoid membrane from excised tissue, and the val-
ues derived from Tcrit cannot be scaled to the whole
plant level. In the natural environment, such ther-
mal stress occurs in conjunction with light and
other stressors that culminate to lower the realized
thermal thresholds for species survival (Lobban and
Harrison 1994, Altamirano et al. 2004). Such a com-
plexity of stressors that can be unique to species
and places are impossible to emulate in experimen-
tal settings making direct comparisons of thermal
thresholds difficult. The methods presented here

negate this issue by presenting a standard method
that can be applied across photosynthetic organ-
isms. Here, we were not aiming to emulate the natu-
ral environment but to propose a standardized
method that enables a metric for researchers to
compare instantaneous Tcrit across species and spa-
tial scales. It is likely that with light stress combined
with thermal stress, these critical values may occur
at lower temperatures, but this is not logistically fea-
sible to measure Tcrit during illumination; however,
these protocols allow for the metric to be compara-
tive. Thus, rather than using the absolute value of
Tcrit of PSII to signify when species will cease to per-
sist in natural environments, the critical threshold
has greatest utility as a relative value. When compar-
ing among species, populations, and seasons for
example, these thresholds become useful indicators
of thermal tolerance where patterns match or devi-
ate from one another. An excellent example of the
ecological relevance and application of Tcrit of PSII
is in O’Sullivan et al. (2017). The absolute latitude
and the mean maximum temperature of the warm-
est month were both significantly correlated with
Tcrit-hot for 218 terrestrial plant species across seven
different biomes. The authors found a 10°C
increase in Tcrit-hot from the Arctic to the Amazon
rainforest, with mid-latitude regions having the
narrowest thermal safety margins (defined as the
difference between Tcrit-hot and experienced leaf
temperature during extreme weather events). They
were able to use their dataset in a 2050 climate sce-
nario and found these thermal safety margins would
likely shrink as temperatures begin to exceed ther-
mal tolerance limits, identifying specific biomes
more at risk to severe weather events than others.
Optimizing T–F0 method for seaweeds. Various

parameters needed to be optimized for use with sea-
weeds, including maintaining sample tissue integrity
through optimal storage following removal of sam-
ples from the ocean and thermocouple placement
during measurements. First, our results indicate that
when stored appropriately post-collection, samples
are robust for this method. Samples kept in damp
cotton bags, rather than submerged in seawater,
maintained optimal photosynthetic function for sev-
eral days. We do not advocate storing samples for
longer than 100 h, but one can certainly collect
samples in the field and return samples to the labo-
ratory for assays within a day or two if in a remote
area.
We also identified that several modifications must

be made to transition the T–F0 method from terres-
trial plants to seaweeds. While we initially placed
thermocouples below the samples as per protocols
used for terrestrial leaves (Bilger et al. 1984, Frolec
et al. 2008, Arnold et al. 2021), our results demon-
strate how heating and cooling rates can signifi-
cantly affect Tcrit estimates in our chosen species.
This could be an artifact of delayed heating of the
sample from the heating element to the top of the
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sample due to morphology, or an actual physiologi-
cal response to a faster rate. We sought to tease this
apart by measuring the critical temperature
(Tcrit-hot) both above and below the sample on the
heating element, finding a large difference between
the two surfaces. Part of our methods optimization
was to test this on species with variation in thallus
morphology, and we found the large differences in
Tcrit were exacerbated by increased thickness of the
sample (i.e., the higher water content and thicker
medullary cell layers of Phyllospora and Ecklonia
compared to Sargassum; Bell 1993, Lobban and Har-
rison 1994) led to a greater difference in tempera-
ture between surfaces in these species, which was
enhanced by an increase in heating/cooling rate
(Fig. 4c). When thermocouples were placed on the
top of the sample, there was no evidence of a ther-
mal lag artifact whatsoever, regardless of tempera-
ture ramp rate. Though water in plant tissue heats
uniformly, it heats slowly (Leigh et al. 2012), so we
highly recommend placing thermocouples on top of
seaweed samples as standard practice, rather than
underneath. Only at very slow heating/cooling rates
(3–8°C � h�1) was the temperature difference
between top and bottom thermocouples minimal
(only about 1–2°C) and, therefore, could be
ignored. But we caution that such slow rates may
invoke other artifacts; for example, samples exposed
to high temperatures for a much longer period of
time may induce acclamatory or stress responses.

It is essential that heating and cooling rates are
selected appropriately based on a trade-off between
high sample throughput and accuracy. We mea-
sured heating and cooling rates up to 240°C � h�1,
but do not generally recommend using such rates,
given that the sample will have a temperature gradi-
ent and will lead to less reliable Tcrit values. We rec-
ommend a relatively slow, yet convenient rate of
15°C � h�1 or 30°C � h�1, which takes about 1–2 h
to complete for 30–48 samples. Including time for
sample preparation, placement and dark adaptation,
the full assay would take just 3 and 2 h for 15 and
30°C � h�1, respectively. A slower heating/cooling
rate also allows for increased accuracy in the break-
point analysis for the experimenter. At 15°C � h�1

the temperature change at the point of fast rise of
F0 remains within a difference of less than 1°C, with
minimal temperature change during breakpoint
selection.

Various settings on the Peltier controller software
can be adjusted, such as application of temperature
treatments as a specific temperature shock, different
heating or cooling rates, or in specific stepwise
increments. In addition to Tcrit, T50 (temperature at
50% fluorescence peak F0 fluorescence), and Tmax

(temperature at maximum F0) are also outputs avail-
able from the T–F0 curve, broadening the metrics
and their uses. For example, terrestrial plant physi-
ologists have used Tcrit, Tmax, T20, and T50 to predict
photosynthetic thermal tolerance decline across a

huge range of species, biomes, and treatments with
some parameters better predicting decline than
others (Knight and Ackerly 2002, Tarvainen
et al. 2021).
Researchers will need to optimize the arrange-

ment of samples to account for variation in seaweed
morphologies and variation among individuals. The
T–F0 method was robust to measuring these three
species with different thicknesses in the same assay,
but thickness varies greatly in other species and
needs to be considered. For example, a genus with
a thick thallus such as Durvillaea should not be
assayed alongside a thin Sargassum. Moreover, indi-
viduals of the same species with vastly different thal-
lus thicknesses should be tested separately. The T–
F0 method relies on good contact and minimal air
gaps between the glass, plastic-wrap, thermocouples,
and samples. If contact between the samples and
the glass is poor, then the insulative properties of
the glass will be diminished and the sample will not
maintain a uniform temperature, which would over-
estimate Tcrit of PSII. Therefore, we recommend
that a single assay of up to 48 samples of similar
thickness be done per plate. For experimenters
wishing to employ this method on other species, we
recommend they screen a subset of individuals
beforehand. Being aware of the growth cycles,
wounding responses, morphologies, pigment com-
position, and to optimize use of the PAM for the
target species will reduce the likelihood of failed T–
F0 curves and increase the reliability and repeatabil-
ity of the data.
Future directions. As we have demonstrated here,

T–F0 curves can detect seasonal changes and species
level differences in thermal tolerance and acclima-
tion thereof. Given this, we advocate using these as
a standardized unifying metric to advance thermal
phycology. We advocate temperature-dependent flu-
orescence curves to derive Tcrit of PSII as an excit-
ing tool to assess and compare photosynthetic
thermal tolerance of seaweeds. Its standardized out-
put and high-throughput ability make it possible to
rapidly assay thermal tolerance across many popula-
tions and species across the globe. Cross-species
comparisons of critical temperatures would enable
better predictions of how community composition
could change as a function of changing sea surface
temperature. This method also allows for the calcu-
lation and comparison of thermal safety margins, a
measure of how close thermal tolerance is to the
actual maximum sea temperature, which is a com-
mon metric used to delineate plant species at risk
under climate change (O’Sullivan et al. 2017). In
addition, within-species assessment of variation in
critical temperatures along latitudinal gradients
would provide insight about the extent of local
adaptation in thermal physiology. Assays of temporal
(e.g., among seasons) and spatial (e.g., thermal
depth gradients) differences in Tcrit on a population
would aid predictions of relative acclimation
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potential or range shifts under climate change.
Finally, pairing these phenotypic assays with mea-
sures of genetic differentiation or patterns of gene
expression would provide powerful potential for
mechanistic insight into what confers thermal toler-
ance in seaweeds. Such studies have implications for
conservation and restoration work as well as for our
fundamental understanding of the evolution of
thermal physiology in photosynthetic organisms.
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Supporting Information

Additional Supporting Information may be
found in the online version of this article at the
publisher’s web site:

Figure S1. Decline of FV/FM of samples kept in
pillboxes (for storage while preparing experi-
ments) through time.

Figure S2. Examples of common types of T–F0
curves encountered in breakpoint analysis of tem-
perature-dependent changes in chlorophyll fluo-
rescence in seaweed photosynthetic tissues to
obtain Tcrit.

Figure S3. Examples of the shapes of fluores-
cence curves that experimenter should remove
from further analysis.

Table S1. Results from a linear mixed-effects
model to test the effects of three independent
assessors on Tcrit compared to lead authors extrac-
tions of Tcrit.

Table S2. Results of linear mixed-effects models
of the decay of FV/FM of stored samples from
time of collection.

Table S3. Saturating pulse optimization experi-
ment to determine optimum flash for the three
species collectively using FV/FM.
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