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Short-term exposure to different thermal
variability regimes does not shift
heatwave tolerance in tropical calcifying
macroalgae
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Walter Rich 1& Maggie D. Johnson1

Exposure to fluctuating seawater temperatures can increase the physiological tolerance of some
marine organisms to heatwaves. Yet, if thermal variability similarly influences the tolerances of key
calcifying taxa, such as reef-building algae, remains unresolved. We experimentally tested whether
diurnal temperature variability enhances heatwave tolerance in four species of tropical calcifying algae
(Halimeda opuntia, Halimeda discoidea, Neogoniolithon sp. and Lithophyllum sp.), and whether
responses differ depending on the occurrence of peak temperatures during the day versus the night.
Heatwave exposure suppressed calcification and photophysiological performance in three of the four
species, and neither temperature variability, nor the timing of peak thermal exposure, significantly
altered this response. The thermal tolerance of the study species may, therefore, be rooted in their
long-term environmental history, rather than short-term exposure to different variability regimes. The
metabolic suppression induced by the heatwave demonstrates a poorly understood degree of
vulnerability in this functional group. Despite these impacts, the algal species demonstrated greater
resilience to heat stress thanmany reef-building corals likely would under equivalent conditions (7–10
Degree Heating Weeks). Differential thermal susceptibility among reef-building taxa, including
potentially greater resilience in some algal species, may strongly influence the ecological trajectories
of tropical reef communities as heatwaves increase in frequency and intensity.

Calcifying macroalgae are essential for maintaining healthy coral reef
ecosystems1–3. Services provided by this important functional group include
facilitation of coral larval settlement, reef framework stabilization and the
production of sediment and carbonate4–6, thereby contributing substantially
to reef recovery, accretion and global carbonate cycling. Indeed, algal car-
bonate production can equal, or even surpass, that of reef-building corals,
particularly aftermass bleachingormortality events6. Calcifyingmacroalgae
are pivotal in driving ecosystem trajectories under present-day conditions,
and their significance will only continue to grow with the global decline in
coral cover7 and the transition towards algal-dominated states. Yet, sig-
nificant gaps remain in our understanding of calcifying macroalgal
responses to the local and global stressors that are driving contemporary reef

degradation8,9. These gaps include marine heatwaves (MHWs), which have
emerged as principal drivers of ecological collapse on coral reefs globally10.

Our understanding of calcifying macroalgal responses to MHWs
remains limited, particularly in tropical systems, in contrast to chronic
warming, for which physiological responses are better understood. Under
chronic exposure, elevated temperatures can cause pigment loss, mortality,
and reduced calcification and photosynthetic performance11–14. However,
the effects of warming can also be neutral15 or positive16, suggesting variable
but robust photosynthetic and calcification physiology in some taxa. Posi-
tive calcification responses may reflect temperature-driven increases in
carbonate saturation state within the calcifying microenvironment,
although empirical support remains limited and inconclusive17. Despite
these insights, the physiological impacts of MHWs remain less well
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constrained. The few available studies, largely from non-tropical systems,
tend to report muted physiological responses17–19. Extrapolating these
findings to tropical taxa is problematic, given the narrower thermal safety
margins of these organisms20. Considering their importance inmaintaining
the structural integrity and ecological functioning of coral reefs, there is an
urgent need to understand how tropical calcifying macroalgae respond to
MHWs and which parameters may modulate their tolerance.

Organismal tolerance to MHWs reflects physiological responses to
local ocean climate variability across seasonal and broad spatial scales. At
seasonal scales, negative MHW impacts are often more pronounced in
summer than in winter, reflecting the respectively smaller or larger thermal
safety margins (i.e., difference between tolerable and experienced
temperatures)21. At the same time, thermal tolerance can also be lower in
winter than in summerdue to seasonal acclimatization21. Similar patterns of
sensitivity emerge across spatial scales. Tropical taxa generally live closer to
their thermal maxima than extratropical ones and therefore tend to
experience negative impacts earlier20. Comparable differences are seen
within species ranges: populations from the warm-edge of a distribution are
typically more vulnerable than those from the cold-edge22. Yet, while cold-
edge populations may be more tolerant and can even benefit from an alle-
viation of cold stress during MHWs, they may also be thermally naïve and
thus more sensitive23.

In addition to variability at seasonal and large spatial scales, MHW
tolerance is further shapedbyfine-scale thermalfluctuations such as diurnal
temperature cycles. High-frequency (i.e., daily) temperature variability can
enhance thermal tolerance in many organisms by promoting phenotypic
plasticity, conferring greater resilience than in organisms from more ther-
mally stable environments24,25.While enhancedheat tolerance in corals from
thermally variable environments has likely reduced MHW impacts in
associated reef communities24,26,27, it remains unclear whether other key
functional groups, such as calcifying macroalgae, exhibit similar responses.
Addressing this knowledge gap is important because responses are not
uniform: the impact of thermal variability on MHW tolerance can also be
neutral or even negative26,28, with diverging outcomes likely hinging on the
magnitude, amplitude, and frequency of the fluctuations experienced27.
Different variability regimesmay also reduce the experienced heat stress, by
directly interactingwith theMHW.Significant cooling atnight, for example,
can offer a period of respite and recovery frompeak daytime temperatures29

and tidal flushing of cooler water may directly reduce daily temperature
extremes30,31. Conversely, heat stress may be exacerbated in scenarios that
intensify daily temperature extremes or create overlap with extremes in
other environmental drivers.

Tolerance to MHWs is not only shaped by the thermal regimes
encountered by organisms, but also by the broader environmental back-
ground, which includes all other abiotic parameters such as salinity, oxygen,
irradiance and nutrient availability. For photoautotrophic taxa, both light
and nutrient availability are particularly important for organismal
performance32–35. Light is pivotal because it provides the primary energy for
photosynthesis and, in the MHW context, modulates heat-stress
responses36,37. Stressful temperatures can inhibit the dark reactions of
photosynthesis38, leading to a potentially harmful accumulation of unused
energy. MHW-induced stress can therefore be amplified when peak tem-
peratures coincide with periods of high irradiance. Although the interplay
between irradiance and heat-driven bleaching is well documented in
corals39, comparable work on other tropical calcifiers remains scarce, par-
ticularly with macroalgae. Evidence from temperate non-calcifying mac-
roalgae suggests that low, rather than high, light reducesMHWtolerance by
limiting energy reserves, thereby constraining coping mechanisms40. In
calcifyingmacroalgae, interactions between irradiance and chronic thermal
stress often appear more muted15, but have nevertheless been implicated in
bleaching (i.e., loss of photosynthetic pigments) and mortality in both
tropical41 and temperate algae42. Acute heat stress and irradiance intensity
donot appear to interact strongly, although evidence remains limited to two
temperate coralline algal species43. Targeted experiments are now required
tounderstand the role of irradiance, including its timing relative topeakheat

stress, in influencing thermal tolerance to acute heat stress in tropical cal-
cifying macroalgae.

Despite their importance to the persistence of coral reefs, the responses
of calcifying macroalgae toMHWs and the factors that shape them remain
insufficiently characterized. Within this broad functional group, two
lineages are significant at global scales. The green, articulated algaHalimeda
contributes to sediment production, while crustose coralline algae (CCA)
provide structural stability and facilitate coral recruitment. In this study, we
assessed the tolerance of four calcifying reef-algal species fromtheRedSea to
a simulatedMHW,using two representatives fromeach lineage. Specifically,
we addressed knowledge gaps regarding the physiological responses of these
important functional taxa to MHW exposure and examined how these
responses are modulated by diurnal temperature variability. By applying
two variability regimes that differed in peak-temperature timing (daytime
versus nighttime), we further explored the potential mechanistic role of
temperature–irradiance coupling. We predicted that (1) diurnal tempera-
ture variability would enhance macroalgal tolerance to an MHW, whereas
(2) co-occurrence of the daily irradiance maximum with the temperature
peak would reduce that tolerance.

Material and methods
Sample collection and field site
Algaewere collectedhaphazardly by snorkelers onemonth (18thMay2023)
prior to the start of the experiment (19th June 2023) at depths between 0.5
and 2m on the Al-Fahal reef flat in the central Red Sea (22.297604,
38.962194). Based on qualitative field observations, the four selected species
represent themost commonly encountered calcifyingmacroalgal taxa at the
collection site Two crustose coralline algal species (Lithophyllum sp. and
Neogoniolithon sp., n = 120 individuals per species) were collected from the
reef flat as uniform (i.e., single species), free-living nodules. These species
differ macro-morphologically, which facilitates field collections of the same
species. For example, Lithophyllum sp. used in this study has branching
protuberances, making it more structurally complex than the smooth,
encrusting Neogoniolithon sp. Individuals of two Halimeda species (H.
opuntia and H. discoidea, n = 120 individuals per species) were collected
from cracks and crevices in the reef framework by carefully prying the
holdfast loose from the substrate, while minimizing damage to the thallus.
The two Halimeda species are morphologically distinct, with H. discoidea
having larger and less calcified segments than H. opuntia (Fig. 1c).

After collection, algae were placed in coolers with seawater and
transported immediately to thewet lab facilities atKingAbdullahUniversity
of Science and Technology (KAUST). In the laboratory, organisms were
carefully rinsed with seawater and cleaned of larger epibionts before being
placed in experimental tanks. Algae were allowed to recover from collection
for two days at 29 °C, with a daily light dose of ~2.6molm⁻² d⁻¹. After this
initial resting phase, temperatures were slowly increased over eight days
(~0.35 °C d-1) until the target baseline temperature (31.7 °C) was reached.
During these 10days of acclimation, the organismswere carefully cleanedof
remaining epibionts and labeled with zip-tie tags. To prevent damage to
fragileHalimeda segments, a piece of rubber tubing was placed between the
thallus and the tag. After labeling and cleaning, algae were left in the tanks
for another 10 days. After this period, the day and night temperatures were
slowly raised or lowered (0.15 °C d-1) over the course of an additional
10 days to create the desired diurnal variability (3 °C) in the respective
treatments. Specimens (except forH.discoidea, whichdoesnot respondwell
to carbonate staining) were then stained with alizarin red (0.75 g L-1) in
resealable plastic bags for 24 h to mark pre-existing skeletal material for
potential subsequent geochemical analyses. Organisms were then removed
from the bag and initial response variablesweremeasured,marking the start
of the experimental treatments and the pre-MHW phase. The experiment
ran for 70 days from the 19th of June to the 28th of August 2023. An
overview of the experimental timeline is provided in Table 1.
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Taxonomic identification of coralline algae
The coralline algae collected for the experiment were identified using
morpho-anatomical characteristics, although we acknowledge the known
difficulties with this approach44. Macroscopic identification was verified by
molecular analysis of prior collections of the same morphotypes from the
same site, which revealed little to no cryptic diversity (Fig. S1). Thus, we are
confident that our coralline algal samples consistently belong to two
undescribed species, one in the genus Lithophyllum and one in the genus
Neogoniolithon.

The full molecular protocols of this verification step are detailed in
Giorgi et al.45, with brief methodological details provided here for com-
pleteness. DNA was extracted from RNAlater™-preserved or air-dried
fragments using the Qiagen Plant Mini Kit (Qiagen, Germantown, MD,
USA). PCR amplification targeted the chloroplast rbcL gene using the for-
ward primer F753 in combination with either RrbcS46 or R1460cor47,
yielding amplicons of approximately 700–750 bp. PCR thermal cycling
conditions followed48. Successful amplification and fragment size were
verified by agarose gel electrophoresis prior to purification using theOmega
Bio-Tek MicroElute Cycle Pure Kit (Omega Bio-Tek Inc., Norcross, GA,
USA). Purified PCRproducts were bidirectionally sequenced at the KAUST
Bioscience Core Lab, and sequence assembly and phylogenetic analyses
followed Giorgi et al.45, with genus identity confirmed based on placement
within well-supported clades containing reference sequences.

Experimental treatments and design
The study was conducted in the aquarium facilities at KAUST’s Coastal
Marine Resources core lab, located on the central coast of the Saudi Arabian
Red Sea, 30min from the collection site. The experiment included six
treatments combining two thermal regimes, control and MHW, with three
variability conditions: (1) no temperature variability, (2) diurnal variability
with peak temperatures during the day, and (3) diurnal variabilitywith peak
temperatures during the night (Fig. 1a). The baseline/non-MHW (i.e.,
control) temperature (31 °C) corresponded to themaximummonthlymean
(30.93 °C) at the collection site (Fig. S2) while the selected diurnal variability
of 3 °C exceeded the average daily temperature variation observed there
(mean: 1.73 °C; Figs. S3–S4).We adjusted the baseline temperature of 31 °C

upwards by 0.7 °C to account for themean annual discrepancy between the
satellite record and logger-based in situ measurements (Fig. S5). Thus,
baseline temperatures and peak MHW intensity were closer to 31.7 °C and
34.7 °C, respectively (Fig. 1a andTable S1).Heatwave intensity andduration
were modeled after regional historic MHWs, but it should be noted that
simulated events are above average in termsof strengthandduration (Fig. S6
and Tables S2–4).

Each treatment was replicated three times at the tank level for a total of
eighteen tanks. However, one tank assigned to the control regime with
daytime-peaking temperatures experienced a temperature-control failure at
the start of the experiment. Samples from this tank were therefore excluded
from all analyses. Each tank initially held five specimens of each species, but
mortality prior toMHWexposure (i.e., the pre-MHWphase) decreased the
number of replicates in the subsequent experimental phases (Table S5). In
addition to the 90 initial individuals, we distributed 30 additional specimens
for each of the two coralline algal species into the tanks (five per treatment).
These samples were destructively sampled at the peak of the MHW for the
Raman analysis (see section “Raman spectroscopy” below). All samples
were placed on clear acrylic racks, elevated above the bottom of the tank to
spatially separate them from the pumps and the heaters.

Experimental conditions
Seawater supply. Seawater was pumped from a depth of 5–6 m from
1.3 km offshore to an onshore intake facility at KAUST’s core lab. At the
facility, the seawater was filtered (20 μm sand filter) and temperature
adjusted to 27 °C before being pumped into the individual 70 L flow-
through tanks at a rate of 150 mLmin-1. Each tank contained a wave-
maker pump (EcoDrift 4.3, AB Aqua Medic GmbH, Bissendorf, Ger-
many) to facilitate circulation and mixing.

Temperature control. Temperature in the individual tanks was con-
trolled using two submersible 600W titanium heaters placed at the
bottom of each tank and connected to an aquarium controller (T con-
troller Twin, AB Aqua Medic GmbH, Germany). Controllers turned the
heaters on or off whenever temperatures deviated by 0.3 °C from the set
value. Temperature settings for tanks with diurnal variability were

Fig. 1 | Experimental design and study species. a Schematic illustrating experi-
mental design and treatments. Treatments with a red background were exposed to
the heatwave, while those with a white background remained at normal summer
temperatures. Temperatures in black text indicate target temperatures. Dashed and
solid black lines indicate mean temperatures. Solid blue and yellow represent night
and daytime temperatures, respectively. White straight and wavy lines indicate

whether temperatureswere stable or varied over the course of a day, respectively. The
sun andmoon symbols represent treatments with peak temperatures during the day
and at night, respectively. b The relationship between photosynthetically active
radiation (PAR) and temperature in the different treatments. c Pictures of the four
species studied. Photos: Erik C. Krieger and Huajing Yan.
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changed manually every morning (07:30–08:00) and evening
(19:30–20:00). This timing coincided with the onset and offset of the
photoperiod, ensuring the target temperature peaks were strictly aligned
with either the light or dark phase to test the interplay between thermal
and irradiance stress. Temperatures were validated with a handheld
thermometer (Fisherbrand Traceable Digital Thermometer, Thermo
Fisher Scientific Inc., USA) before daily temperature setpoints were
changed. Further temperature monitoring was achieved with tempera-
ture loggers (HOBO MX2202, Onset, USA; calibrated against Fish-
erbrand Traceable Digital Thermometer, Thermo Fisher Scientific Inc.,
USA) (results see Table S1 and Figs. S7–S8). One logger was placed in
each tank one week after the start of the experiment.

Seawater carbonate chemistry. Seawater carbonate chemistry in each
tank was monitored through discrete measurements of both dissolved
inorganic carbon (DIC) and pH on the total scale (pHT) (results see
Table S6).Measurements spanned different times of the day, including at
night and during each experimental period, to capture any potential
short- and long-term variability of pHT andDIC. Total pHwasmeasured
with a pH meter (Orion Star A329 equipped with Orion Ross pH/ATC
triode 8107UWMMD, Thermo Fisher Scientific Inc., USA) calibrated
with Tris/HCl buffers49. Water for DIC analysis was collected in clean
120 mL borosilicate bottles. After the collection, samples were poisoned
with mercuric chloride (HgCl2), and the bottles were then sealed with
greased ground glass stoppers following Dickson et al.49. All water sam-
ples for DIC analysis were processed within three weeks of collection.
Samples for DICwere analyzed on anAS-C3DIC analyzer (LI-COR Inc.,
USA). Regular analysis (n = 63) of certified reference material (Batch 206
provided by A.G. Dickson lab) yielded DIC concentrations accurate to
within 0.02 μmol kg⁻¹ of the nominal value, with a precision of ±
2.47 μmol kg⁻¹.

Irradiance. Light was provided by 95W LED panels (Radion XR15 G6,
EcoTech LLC., USA) mounted above each tank. The panels followed a
natural 12 h diel cycle, with irradiance gradually increasing from 07:00
until reaching peak intensity at 13:00, and then decreasing until “sunset”
at 19:00. Peak intensity was set to 100–135 μmol m-2 s-1 for a daily dose of
approximately 2.6 mol m-2 d-1 (results see Tables S7–S8 and Fig. S8). The
chosen irradiance levels strike a balance between the high light that
coralline algae experience on the reef flat at the time of collection and the
much lower light thatHalimeda receives beneath overhangs; overall, they
approximate the conditions found in larger reef crevices (Table S9 and
Fig. S9). Photosynthetically active radiation (PAR) levels were regularly
checked using a handheld underwater PAR meter (Apogee MQ-510,
Apogee Instruments Inc., USA) and light loggers (HOBO MX2202,

Onset, USA), which were calibrated against the handheld meter and
placed in each tank at the center of the acrylic plastic racks.

Physiological metrics
Net calcification. Net calcification rates were quantified using the
buoyant weight technique50. Buoyant weights obtained at the start and
end of each experimental period were converted to the dry weight of
calcite (for coralline algae) and aragonite (forHalimeda). Net changes in
weight between timepoints were then normalized for time (in days) and
surface area (in cm2, see Section “Surface area determination” for more
details) to obtain net calcification rates. To ensure correct calculations,
label weights obtained during the last weighing session at the end of the
experiment were subtracted from all previously obtained weights.

Photochemical efficiency. Variable fluorescence (Fv) normalized to
maximalfluorescence (Fm) of each samplewasmeasured in themiddle of
each experimental period (experimental days 17, 35 and 58; Fig. 1a) to
determine maximum photosynthetic efficiency (Fv/Fm). Measurements
of Fv/Fm were taken with a red-light Pulse Amplitude Modulated fluo-
rometer (Diving-PAM-II/R, Heinz Walz GmbH, Effeltrich, Germany)
30 min after the end of the photoperiod (ca. 19:30) and only when
minimum fluorescence (Fo)was >120. The same settings were used for all
taxa, as they yielded reliable results for all species (saturation light
intensity = 12; gain = 2; damping = 3; measuring light intensity = 1;
saturation pulse width = 0.8).

Rapid light curves. Rapid light curves (RLCs) were used to characterize
algal photosynthetic activity by deriving three key parameters: maximum
relative electron transport rate (rETRmax), light-use efficiency (α; initial
slope of the curve), and minimum saturation irradiance (Ek). RLCs were
conducted midway through each experimental phase (days 17, 35, and
58; Fig. 1a) between 12:00 and 14:00. Measurements were obtained from
five individuals per species and treatment, including at least two inde-
pendent treatment tanks. Individuals were exposed for 10 s to each of the
six increasing PAR levels, ranging from 0 to 497 μmol photons m−2 s−1.
Determination of rETRmax, α and Ek followed

51 using non-linear models
that were fitted to the data via least-squares error calculations.

Raman spectroscopy. Confocal Raman spectroscopy provides more
detailed insight into calcification physiology and was applied to deter-
mine sample mineralogy and carbonate lattice properties. Mineralogy
was determined from the presence and shape of two Raman peaks: the ν₁
carbonate peak (1080–1090 cm−1), which indicates CaCO3, and the ν₄
peak (700–720 cm−1), whose shape differentiates aragonite (double peak)
from calcite (single peak). The position of the ν₁ peak provides infor-
mation onMg content, whereas the full width at halfmaximum(FWHM)

Table. 1 | Experimental timeline and phases

Dates Experimental period Description

18 May 2023 Acclimation Sample collection

18–20 May 2023 Two-day post-collection recovery in experimental tanks at 29 °C

21–29 May 2023 Temperature increased from 29 °C to the experimental baseline of 31.7 °C over eight days (0.35 °C d⁻¹)

29 May–8 June 2023 Ten-day rest period at 31.7 °C

9 June–19 June 2023 Daytime and night-time temperatures in the four variability treatments were increased or decreased over ten
days (0.15 °C d⁻¹)

20 June–4 July 2023 pre-MHW All organisms were exposed to a mean temperature of 31.7 °C; one-third experienced no temperature variability,
one-third experienced daytime-peaking variability, and one-third experienced nighttime-peaking variability.

5 July–9 August 2023 MHW Half of the organisms were exposed to the simulated MHW, while the previously established variability treatments
were maintained.

10 August–28 August 2023 post-MHW All organisms were returned to a mean temperature of 31.7 °C; one-third experienced no temperature variability,
one-third experienced daytime-peaking variability, and one-third experienced night-time-peaking variability.

Date range and brief description of experimental periods.
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of the ν₁ peak reflects carbonate lattice disorder and has been used to
approximate calcifying-fluid saturation state (ΩCF) in corals52. FWHM
likely tracks ΩCF in coralline algae53,54 and can be expected to do so in
Halimeda. However, given the lack of studies validating this approach in
Halimeda, Raman analyses were restricted to coralline algae. A total of
30 samples per species (five per treatment) were collected midway
through the MHW phase. These samples were placed in all tanks solely
for this purpose at the start of the experiment, and their removal did not
affect replication for all other physiological metrics. For each sample, we
obtained and analyzed nine spectra (three from surface cells of three
different growth margins). The rest of the sample preparation and ana-
lysis follows the protocol described in Krieger et al.55, which is based on
the procedures established by DeCarlo et al.52 and the abiogenic cali-
brations for Mg of Perrin et al.56. Measurements were conducted on a
WITec Apyron alpha 300AR+ Raman spectroscope (Oxford Instru-
ments, UK) using a 532 nm laser, a long working distance objective (×50
magnification and 0.5 numerical aperture) and a 1800 mm−1 grating.
Wavenumber calibration was achieved through the repeated analysis of a
silicon substrate.

Surface area determination
Surface area for coralline samples was calculated using a dry weight-surface
area relationship. The relationship for each coralline taxon was determined
using a subset of specimens from the same species, collected during a pre-
vious experiment. Dry weight for each specimen was calculated from
buoyant weight as described above (see Section “Net calcification”), and
surface areawas obtained from3Dscans (FAROEdge and ScanArm, FARO
Inc., USA and Geomagic Wrap, Oqton Inc. USA). The equation from the
linear regression relating dry weight to surface area was then used to cal-
culate surface area of all samples in this experiment.

The surface area eachHalimeda specieswas calculated as above, except
that the dry weight-surface area relationship was derived from this study’s
samples, and the dry weight was determined by directly weighing silica-
dried material, rather than by converting buoyant weight. This approach
was chosen because the silica-dried samples, especially H. opuntia, lost
several segments during storage and handling, which would have caused a
large discrepancy between the dry weight calculated at the end of the
experiment and the scanned surface area. Since samples were scanned from
only one side, the measured surface area was doubled to estimate the total
surface. Derived relationships for all species are shown in Fig. S10.

Statistical analysis
In accordance with our two initial research hypotheses, the statistical ana-
lysis was performed in two steps. In the first step, we analyzed the individual
and interactive effects of the variability treatment and the MHW treatment
with a linear mixed effect model using the whole dataset. In this first model
(Model 1), variability, MHW and their interaction were included as fixed
effects and tank identity as a randomeffect. Bothfixed effects had two levels,
with variability treated as a discrete (“YES” and “NO”) and MHW as a
continuous variable (31 °C and 34 °C). In the second step, we examined the
role of temperature variability more closely by contrasting the two thermal
regimes (i.e., temperature peaking at night or day) and their interactionwith
the MHW. To do so, we again employed a linear mixed effects model, but
only with the data from the four variability treatments. The second model
(Model 2) is identical to the one used in the first step of our analysis, except
levels of variability were coded as “DAY” and “NIGHT” to reflect the
occurrence of temperature peaks during the day or night, respectively.
Normality and homoscedasticity were assessed using graphical analysis of
residuals with the R package “sjPlot”. Treatment effects were determined
using one-way ANOVAs with p-values calculated using “lmerTest”. Pro-
portions of the variation (R2) explained by the full models were calculated
with the package “MuMin”. We were unable to test interactions among
drivers in the analysis of light-curved-derived photophysiological para-
meters of H. opuntia and Neogoniolithon sp., due to a smaller sample size
during the post-MHW period. All analyses were conducted using R (ver-
sion 4.3.1).

Results
Physiological outcomes associated with the MHW
Model 1 was applied to the pre-MHWphase to test for potential differences
among experimental groups before the onset of theMHW treatment, when
mean temperatures were still identical across treatments. Future MHW
assignment had no significant effect on calcification, photochemical effi-
ciency (Fv/Fm), maximum relative electron transport rate (rETRₘₐₓ),
saturation irradiance (Ek), or light-use efficiency (α) (Table 2 and
Tables S10–S14), with one exception. Neogoniolithon sp. exhibited higher
calcification in treatments assigned to the future MHW condition.

During theMHWphase,multiple responseswere affected byheatwave
exposure (Table 2 and Tables S15–S21). Calcification declined and became
net negative in bothLithophyllum sp. andH. opuntia, whereas no significant
change was detected in Neogoniolithon sp. or H. discoidea (Fig. 2). Fv/Fm
decreased under MHW conditions but only in the two coralline algal taxa,

Table. 2 | Significant physiological responses and effect magnitudes of the simulated marine heatwave

Driver Metric Species Phase Reference
(mean ± SE)

Treatment
(mean ± SE)

Effect F(df1,df2) p value

MHW Calcification Neogoniolithon sp. pre-MHW 0.0827 ± 0.0136 0.1573 ± 0.0288 90% increase F(1, 11.932) = 7.6119 0.02

Calcification H. opuntia MHW 0.022 ± 0.011 −0.001 ± 0.013 >100%
decrease

F(1, 25) = 6.6033 0.02

Lithophyllum sp. 0.027 ± 0.015 −0.025 ± 0.015 >100%
decrease

F(1, 6.6259) = 10.2160 0.03

Fv/Fm Neogoniolithon sp. 0.61 ± 0.01 0.49 ± 0.02 9% decrease F(1, 57) = 12.3112 0.01

Lithophyllum sp. 0.64 ± 0.01 0.58 ± 0.01 20% decrease F(1, 13.939) = 8.0424 0.01

rETRmax H. opuntia 17.22 ± 6.08 5.63 ± 1.30 67% decrease F(1, 13.940) = 7.4478 0.02

Neogoniolithon sp. 18.37 ± 3.72 15.66 ± 4.73 15% decrease F(1, 13.479) = 5.2858 0.04

Ek H. opuntia 131.25 ± 25.55 28.23 ± 9.86 79% decrease F(1, 22) = 27.394 0.01

FWHM Lithophyllum sp. 0.72 ± 0.06 1.23 ± 0.06 71% increase F(1, 7.3086) = 22.8664 0.002

Calcification Neogoniolithon sp. post-
MHW

−0.0687 ± 0.0134 −0.1195 ± 0.0191 74% decrease F(1, 63) = 7.2884 0.01

Fv/Fm Lithophyllum sp. 0.66 ± 0.01 0.60 ± 0.02 9% decrease F(1, 13.785) = 5.6006 0.03

Physiological responses associated with the simulated heatwave across experimental phases. Note: “Reference” represents the no-variability, non-MHW treatment, while “Treatment” represents the no-
variability MHW treatment. During the pre- and post-MHW phases, mean temperatures were identical across treatments. Data were analyzed using linear mixed-effects models with two-sided Type
III ANOVA.
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Lithophyllum sp. and Neogoniolithon sp. Electron transport was reduced
under MHW exposure in H. opuntia and Neogoniolithon sp., but was not
significantly affected in the other taxa. Ek was reduced only in H. opuntia,
while α was unaffected across species.

Raman-derived skeletal metrics were assessed exclusively during the
MHW phase and only in the two coralline taxa (Tables S20–S21). Mag-
nesium content (% Mg) did not differ between treatments. However, full-
width at half-maximum (FWHM) of the ν₁ carbonate peak increased in
Lithophyllum sp. due to MHW exposure.

Following thefive-weekMHWphase, all treatmentswere returned to a
common temperature for a two-weekpost-MHWrecovery period. Residual
effects of prior heat exposure were limited and confined to the coralline
algae. Calcification in Neogoniolithon sp. was reduced following MHW
exposure, despite no difference being detected in this species during the
heatwave itself. In addition, Fv/FminLithophyllum sp. remained suppressed
during recovery. No other species or response variables differed between
formerMHWandnon-MHWtreatments during recovery (Tables S22–27).

Physiological impacts driven by exposure to diurnal temperature
variability
All study organisms were exposed to one of three variability regimes (no
variability, daytime-peaking, or nighttime-peaking) across all experimental
phases, irrespective ofMHW exposure. Model 1 evaluated the overall effect
of diurnal variability by comparing the variable regimes against the stable
(no-variability) treatments. Overall, diurnal variability exerted limited
effects on physiology (Table 3 and Tables S10–S26). No significant
responses were detected during the pre-MHWphase, andmost effects were
confined to the MHW phase.

During theMHWphase, variability resulted in a complete cessation of
calcification in H. opuntia, while Neogoniolithon sp. exhibited higher cal-
cification under variable conditions than under stable temperatures. This
positive effect persisted into the recovery phase, representing the only sig-
nificant variability-driven response during that period. Photophysiological
responses during the MHW phase were predominantly negative. Fv/Fm
declined in Lithophyllum sp. under variable conditions, while Ek was
reduced in both Halimeda taxa.

Table 3 | Significant physiological responses and effect magnitudes of diurnal thermal variability

Driver Metric Species Phase Reference
(mean ± SE)

Treatment
(mean ± SE)

Effect F(df1,df2) p value

Diurnal
variability

Calcification H. opuntia MHW 0.027 ± 0.015 −0.011 ± 0.006 >100%
decrease

F(1, 25) = 9.6079 0.005

Neogoniolithon sp. −0.171 ± 0.014 −0.095 ± 0.017 44% increase F(1, 67) = 8.1509 0.01

Fv/Fm Lithophyllum sp. 0.64 ± 0.01 0.58 ± 0.01 9% decrease F(1,
13.995) = 6.5267

0.02

Ek H. opuntia 131.25 ± 25.55 75.17 ± 10.75 43%
decrease

F(1, 22) = 7.052 0.01

H. discoidea 76.28 ± 10.33 54.15 ± 6.02 32%
decrease

F(1, 26) = 16.4651 0.0004

Calcification Neogoniolithon sp. post-
MHW

−0.0687 ± 0.0134 −0.0154 ± 0.0227 78% increase F(1, 63) = 5.9559 0.02

Physiological responses associated with exposure to diurnal temperature variability across experimental phases. Note: “Reference” represents the stable (no-variability) treatment under non-MHW
conditions,while “Treatment” represents the combined variable treatments (day- and night-peaking) under the sameconditions. Datawere analyzedusing linearmixed-effectsmodelswith two-sidedType
III ANOVA.

Fig. 2 | Calcification responses to the simulated marine heatwave and diurnal
thermal variability.Calcification rates of the study species during the MHWphase,
depending on exposure to normal (white plot background) or anomalous (red plot
background) summer temperatures and thermal variability. Symbols above plots
indicate treatments with (wavy line) or without thermal variability (straight line).

Points show individual values. Solid line indicates the median, box shows the
interquartile range (IQR) and the whiskers are 1.5×IQR. Species-specific sample
sizes were: Lithophyllum sp. (n = 79),Neogoniolithon sp. (n = 71),Halimeda opuntia
(n = 29), and Halimeda discoidea (n = 48).
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Interactions between the simulated MHW and diurnal variability
Model 1 was used to assess interactions between the MHW and diurnal
variability across all experimental phases (Table 4 and Tables S10–S26).
Because mean temperatures were equal among treatments during the pre-
MHW and recovery phases, significant interactions were largely restricted
to the MHW phase. Where interactions were not additive, they were pre-
dominantly antagonistic, occurring with both positive and negative
directionality.

In H. opuntia, both the MHW and thermal variability independently
caused a complete cessation of calcification; however, their combined effect
wasweaker thanexpected fromthe sumof their individual effects, indicating
negative antagonism. In contrast, Neogoniolithon sp. exhibited positive
effects of both drivers on calcification, yet their interaction reduced the
expected combined positive response, representing positive antagonism.

Photophysiological metrics showed similar non-additive responses. In
Lithophyllum sp., both the MHW and variability reduced Fv/Fm, but a
negative antagonistic interaction diminished their combined impact. In H.
opuntia, Ek decreased under both stressors, yet their interaction reduced the
magnitude of the combined decline, again indicating negative antagonism.
Finally, in H. discoidea, Ek decreased under variability alone and was
unaffectedby theMHW;however, a positive synergistic interactionbetween
the twodrivers offset the expectednegative impact, resulting in anet positive
response under combined exposure.

Comparison of the two diurnal variability regimes
Model 2 was based on a reduced dataset that excluded the stable (no-
variability) treatments andwasused to explicitly compare the twovariability
regimes (day-peaking vs. night-peaking) and their respective interactions
with the MHW (Fig. 3, Table 5, and Tables S27–S43). Across all experi-
mental phases, only two significant differences between variability regimes
were detected, both reflecting less favorable performance under nighttime
temperature peaks.

In H. opuntia, pre-MHW calcification was significantly higher under
the day-peaking than under the night-peaking regime. Similarly, light-use
efficiency (α) in Lithophyllum sp. was significantly reduced when tem-
perature peaks occurred at night.

Interactions of the two variability regimes with the MHW
The two thermal regimesgenerally didnot interactwith theMHW,withone
exception (Table 6 and Tables S27–S43). In H. opuntia, pre-MHW calcifi-
cation was higher under day-peaking variability, whereas treatments
assigned to the futureMHWexhibited slightly lower calcification; however,
the combined effect of these drivers was weaker than expected under
additivity, indicating positive antagonism.

Deviations in heatwave impact between tested models
Due to the design ofModel 2, themodel also tested forMHWeffects, as well
as differences between the two variability regimes and their interaction with
the MHW. However, assessing overall heatwave impacts was not the pri-
mary aim of this model; therefore, interpretation of general MHW effects
relies on Model 1 and the full dataset. As expected, most MHW responses
identified inModel 1 were broadly confirmed, given the substantial overlap
in data. Where deviations occurred, these are summarized below.

With respect to calcification, the negative heatwave effect over the
MHW-phase in H. opuntia was no longer significant. Similarly, the
heatwave-associated declines during the MHW-phase in Fv/Fm in Litho-
phyllum sp. and in rETRₘₐₓ inH. opuntiawere not retained underModel 2.
Conversely, α in Lithophyllum sp. was now significantly reduced during the
MHW-phase under MHW conditions. Patterns regarding Ek also shifted
slightly. Previously detected negative MHW effects in Neogoniolithon sp.
andH. opuntiawere not significant inModel 2, whereas inH. discoidea the
MHW was associated with an increase in Ek during the MHW-phase.
Finally, the positive MHW effect on FWHM in Lithophyllum sp. observed
underModel 1 was not retained. In all remaining cases, Model 2 confirmed
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the direction and significance (or lack thereof) ofMHWeffects identified in
Model 1.

Discussion
Diurnal temperature variability exerted only aminor, inconsistent influence
on the response of four tropical calcifying reef algae to a simulated MHW.
We had posited that diel temperature fluctuations of 3 °C would bolster
heatwave tolerance, yet significantMHW×variability interactions occurred
in only five cases, withmixed effects onMHWimpact. Variabilitymitigated
MHW-driven reductions in calcification inH.opuntia,maximumquantum
yield (Fv/Fm) in Lithophyllum sp. and light-saturation irradiance (Ek) inH.
opuntia andH. discoidea, but it exacerbated the decrease in calcification in
Neogoniolithon sp. Variability alone had an equally equivocal and limited
influence, enhancing calcification in Neogoniolithon sp., but depressing
calcification inH. opuntia, Fv/Fm in Lithophyllum sp., and Ek inH. opuntia
andH.discoidea. The phase of the thermal cycle (day- versusnight-peaking)
produced few robust effects, although mean metabolic rates were generally
higher when peak temperatures occurred during daylight. Indeed, the only
significant diel-phase impacts, lower calcification inH.opuntia and reduced
light-use efficiency (α) in Lithophyllum sp., were linked to elevated night-
time temperatures, the opposite of our a priori expectation. Across all
treatments, the MHW itself was the dominant driver, suppressing calcifi-
cation and photophysiological performance in Neogoniolithon sp., Litho-
phyllum sp. and H. opuntia. The muted and mixed contribution of short-
term variability suggests that thermal limits in these algae are set primarily

by long-term adaptation and acclimation, rather than by recent exposure to
different variability regimes.

A limited capacity for our short-term exposure to differing variability
regimes to enhance heat tolerance can be expected when long-term envir-
onmental history dominates thermal acclimatisation27. Although unantici-
pated, this is also not entirely unexpected here. The period duringwhich the
organisms experienced differing variability regimes was relatively short
(14–24 d), and all samples originated from the same reefflat. Similar control
by long-term history has been reported for Phymatolithon lusitanicum19,
where a short temperature pulse prior to the MHW nonetheless improved
thermal resilience. In contrast, thermal priming had noor negative effects in
three temperate macroalgae (Sargassum linearifolium, Phyllospora comosa
and Ecklonia radiata)57, and prolonged acclimation to warming reduced
tolerance in Porolithon cf. onkodes58. In the temperate coralline alga Elliso-
landia elongata, long- and short-term histories contributed equally to heat
tolerance59. As is evident from these disparate study outcomes, environ-
mental history has a highly variable influence on heat tolerance in marine
macroalgae. But it should be noted that the aforementioned studies differ
methodologically from each other and from this study. Indeed, only the
present study examined the role of diurnal temperature variability. More
studies are clearly needed to reconcile the differing results and further
explore the role of environmental history and thermal variability in shaping
MHW tolerance in marine macroalgae.

The MHW depressed metabolism in Lithophyllum sp., Neogonio-
lithion sp. and H. opuntia, suppressing both calcification and multiple
photophysiological performance metrics. Calcification decreased in H.

Fig. 3 | Calcification responses to the simulated marine heatwave and the timing
of peak temperatures. Calcification rates of the study species during the MHW
phase, depending on exposure to normal (white plot background) or anomalous (red
plot background) summer temperatures, and across thermal variability regimeswith
different peak timing (day = yellow; night = blue). Symbols above the plots indicate

treatments with elevated daytime (sun) or nighttime (moon) temperatures. Points
show individual values. Solid line indicates the median, box shows the interquartile
range (IQR) and the whiskers are 1.5×IQR. Species-specific sample sizes were:
Lithophyllum sp. (n = 51), Neogoniolithon sp. (n = 47), Halimeda opuntia (n = 18),
and Halimeda discoidea (n = 32).

Table. 5 | Significant physiological responses and effect magnitudes of peak temperature timing

Driver Metric Species Phase Reference
(mean ± SE)

Treatment
(mean ± SE)

Effect F(df1,df2) p value

Variability
phase

Calcification H. opuntia pre-MHW −0.2107 ± 0.0608 −0.4722 ± 0.0198 100%
decrease

F(1, 6.0994) = 8.4195 0.03

α Lithophyllum sp. MHW 0.39 ± 0.09 0.26 ± 0.02 33%
decrease

F(1, 17) = 4.5120 0.049

Physiological responses associated with the timing of diurnal variability (day-peaking vs night-peaking) across experimental phases. Note: “Reference” represents the day-peaking variability treatment,
while “Treatment” represents the night-peaking variability treatment. Effects are derived from comparisons under non-MHW conditions and presented for each experimental phase. Data were analyzed
using linear mixed-effects models with two-sided Type III ANOVA.
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opuntia and Lithophyllum sp.; Fv/Fm declined in Lithophyllum sp. and
Neogoniolithon sp.; and rETRmax and Ek were lowered in H. opuntia and
Lithophyllum sp. By contrast, FWHM (i.e., proxy for calcifying fluid
saturation state) increased in Lithophyllum sp., which is counterintuitive,
particularly given the reduction in calcification in this species. However, an
elevation in FWHM can result from reduced calcification17,55 and likewise
signal physiological impairment. The results thus contrast with several
recent studies that reported limited heatwave effects on calcified
macroalgae17–19,43. However, most previous studies have focused on extra-
tropical species, which typically do not live near their thermal maxima20. In
this light, thehigherMHWsensitivity of our study species is both logical and
concerning. Calcifying reef algae, particularly coralline taxa, are often
viewed as key buffers of reef carbonate production under climate change
because they can rapidly colonize open substrate following coralmortality60.
This putative role assumes that these algae possess high thermal tolerance,
an inference drawn from field observations in which coral loss is accom-
panied by a compensatory rise in coralline algal cover that sustains carbo-
nate production6,61. Our data challenge that assumption. The study species
proved heat-wave sensitive, although they also demonstrated substantial
post-stress recovery. Calcifying reef algae may therefore be vulnerable to
short-term thermal extremes, yet also capable of rapid rebound. Further
laboratory and field studies are essential for defining the bounds of this
resilience, testing the transferability of our findings to complex natural
settings, and quantifying community-level consequences, particularly
whether opportunistic taxa not only replace corals but also other algae, with
corresponding effects on reef diversity and functioning62.

Physiological responses to diurnal temperature variation were gen-
erallyweak and inconsistent.Only four significant effectswere detected: one
positive, higher calcification inNeogoniolithon sp., and threenegative, lower
calcification in H. opuntia, lower saturation irradiance (Ek) in H. discoidea
and a reduced maximum quantum yield (Fv/Fm) in Lithophyllum sp. The
limited impact may reflect the naturally variable thermal regime at the
collection site, where daily amplitudes can range from 0.4 to 6.4 °C (mean
1.73 °C). Consequently, individuals are likely able to buffer both the absence
of variability (≤0.3 °C amplitude in “constant” treatments) and the above-
average amplitude imposed here (3 °C in “variable” treatments). A negative
response to constant temperature might nonetheless have been expected as
the organisms originate froma thermally variable environment, but shifts in
mean temperature usually exert strongerphysiological control than changes
in variance63,64. Notably, all variability-related trends emerged only during
and after the MHW phase. The additional 1.5 °C overlaid on the MHW
probably pushed temperatures towards critical thresholds: lethal-
temperature estimates (LT50) for another Halimeda species (H. tuna) and
another coralline alga (Lithothamnion sp.) from the collection site are 37.13
and 36.31 °C, respectively65, whereas the MHW+variability treatments
briefly reached 36.2 °C. Such excursions could explain the observednegative
effects. The positive response, however, is more plausibly attributed to the
synergy of high irradiance and temperature during daylight, which can
stimulate metabolic activity66.

Physiological responses differed little between the two diurnal-
variability regimes; nevertheless, high daytime temperatures generally
supported superior metabolic performance. To isolate the effect of the diel
timing of peak temperature, we analyzed a reduced data set that included
only the variability treatments. The analysis largely reproduced MHW
effects and revealed few additional responses attributable to diel timing: just
two significant effects were detected, both negative and both linked to high
night-time temperatures (see below). We initially hypothesized that varia-
bility regimes peaking during daylight would bemost deleterious during the
MHWphase because heat stress can reduce carbonfixation, increasingnon-
utilized photon energy and production of reactive oxygen species (ROS)37,38.
Consistent with this expectation, the combination of high daytime tem-
perature and MHW yielded the lowest mean values of maximum relative
electron transport rate (rETRmax), saturation irradiance (Ek) and light-use
efficiency (α). The pattern was unequivocal in the two coralline algal taxa,
but less consistent in H. opuntia and absent in H. discoidea. Given thatT
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Halimeda specimens were mainly collected from shaded parts of the reef
and the coralline algae from the sun-lit reef flat (Fig. and Table S8), the
reverse outcome might have been expected. Regardless, trends in the data
were not significant, likely due to low midday tank irradiance
(100–135 μmol photons m⁻² s⁻¹), which limited the buildup of harmful
excitation pressure and may even have buffered overall MHW impacts
across treatments. Because Fv/Fm was unaffected across all species, any
decline in performance should be interpreted as transient down-regulation
rather than permanent photodamage67. Moreover, modest photosynthetic
depression did not translate into reduced calcification, indicating that the
high-light/high-temperature combination still conferred a net benefit66.
Indeed, across all species, response variables and experimental phases,
performance was higher under high daytime than high nighttime tem-
peratures in 58% of comparisons.

Exposure to elevated nighttime temperatures appeared to induce
physiological stress, yet statistically significant effects were confined to two
cases: reduced pre-MHW calcification in H. opuntia and lower light-
utilization efficiency during the MHW phase in Lithophyllum sp. Several
mechanisms may underlie these responses. In terrestrial plants, high night
temperatures restrict photosynthate export, triggering end-product feed-
back that down-regulates daytime photosynthesis68. The electron-transport
ratesmeasured here did not show such down-regulation, perhaps because a
concomitant rise in dark respiration may have prevented carbohydrate
accumulation. While respiration was not measured and responses to ther-
mal stress can be variable, including potential metabolic depression,
nighttime respiration frequently increases with temperature69. If such an
increase in respiration occurred, it likely posed additional challenges to the
study taxa. In calcifying photoautotrophs, greater nocturnal CO₂ release can
lower net night-time calcification by enhancing dissolution and may even
drive net decalcification70. Across taxa, mean calcification was lower under
high nighttime than high daytime temperatures in 68% of pairwise com-
parisons during the pre-MHW and MHW phases, but this difference
vanished during recovery, suggesting physiological adjustment (e.g.,
reduced dark respiration) once the algae acclimated to the inverted diurnal
regime (Fig. S10). Because calcification was integrated over 24 h, day- and
night-time contributions cannot be distinguished, and both may have been
influenced by elevated nocturnal metabolism. Energy depletion overnight
could constrain daytime calcification, a process that is energetically costly71,
and high night temperatures might disrupt nocturnal repair of the photo-
synthetic apparatus72, although the photophysiologicalmetrics showed little
evidence of such damage. Overall, however, elevated night-time tempera-
tures triggered only weak, inconsistent stress. Although the day–night
warmingasymmetry73 ismoremuted in theocean, the strongnocturnal heat
sensitivity seen in terrestrial plants suggests that marine photoautotrophs
still warrant further study.

Conclusion
Diurnal temperature variability exerted only aminor influence on tolerance
to MHWs in four tropical calcifying macroalgae. Thermal limits are thus
assumed to be governed chiefly by long-term acclimatization or adaptation
rather than by the short-term variability regimes applied here. MHW
exposure suppressed calcification and photosynthetic performance in
Lithophyllum sp.,Neogoniolithon sp., andH. opuntia, whereasH. discoidea
was unaffected. Most impairments resolved during the post-heatwave
recovery phase, indicating the potential for resilience following MHW
exposure. Diurnal variability itself elicited only weak and inconsistent
physiological responses, suggesting that these algae can cope with the range
of temperature fluctuations experienced in situ. Elevated night-time tem-
peratures tended to impose greater stress than daytime warming, yet effects
were inconsistent and largely non-significant. Several priorities for future
research emerge from this study. Given the pronounced sensitivity of ter-
restrial plants to nocturnal heat stress, impacts on aquatic photoautotrophs
merit urgent investigation. Future studies should also aim to disentangle the
relative contributions of recent thermal exposure, longer-term environ-
mental history, and thermal variability to thermal limits in reef-associated

macroalgae and to quantify MHW effects across a broader suite of taxa.
Such knowledge is essential for predicting the ecological trajectories of
tropical reef systems in the rapidly warming ocean.

Reporting Summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The datasets generated and analyzed during the current study are available
in the Dryad Digital Repository (https://doi.org/10.5061/dryad.
2v6wwq053). The data underlying the main figures are included within
this repository.
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