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Abstract

Marine heatwaves (MHWs) are becoming more intense and frequent due to climate change. However, MHWSs’ seasonal
effects on economically relevant seaweeds have been little addressed. Therefore, we analyzed the effects of MHWs simu-
lated for the rainy and dry seasons on the red seaweeds Gracilaria caudata and Gracilaria birdiae from Brazil. Seaweeds
were cultured for two weeks under the mean sea surface temperature (A) of the region: 25°C during the coldest months of
the rainy season and 28°C during the dry season. Subsequently, they were subjected to mean (A + 2°C), maximum (A +
4°C), and extreme (A + 6°C) intensity MHWs for two weeks. Finally, the temperature was decreased to A and the seaweeds
were left to recover for two weeks. Thermally stressed seaweeds showed decreased growth and effective quantum yield,
with a more pronounced decrease in seaweeds from the dry season, especially G. birdiae. Both species resisted the MHW
simulated for the rainy season, whereas G. birdiae from the dry season did not tolerate MHWs simulated for this climatic
season, and G. caudata from the dry season only failed to resist the extreme MHW. Effective and maximum quantum yield,
parameters of photosynthetic performance curves, and complementary energy dissipation pathways measured at the end
of the recovery time demonstrated that when seaweeds resist MHWs, they can recover. Our results suggest that seaweeds
can be more negatively affected by MHWSs during the dry season, and G. caudata is more interesting for aquaculture in the
context of climate change, as G. birdiae was less tolerant of the heat stress.
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Introduction

Continuous anthropogenic emissions of greenhouse gases
into the Earth’s atmosphere have resulted in global environ-
mental changes (IPCC 2023). An increase in atmospheric
and oceanic temperatures has been recorded worldwide
(Bindoff et al. 2019; IPCC 2023). Global surface temperature
increased by about 1.09°C (0.95 to 1.20°C) in 2011-2020
relative to 1850-1900, with higher increases over land
(1.59°C [1.34 to 1.83°C]) than over the ocean (0.88°C [0.68
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to 1.01°C]) (IPCC 2023). The expected mean global warm-
ing based on the SSP5-8.5 scenario by the end of the 21*
century (2081-2100) is around 4°C (IPCC 2023). Heatwaves
have become more intense and frequent with longer duration
over the past decades due to global warming (IPCC 2023).
They result in the transfer of heat from the atmosphere to
the ocean surface, triggering marine heatwaves (MHWs).
MHWs have been defined as anomalously warm events in
which sea surface temperatures within a specific area exceed
the 90™ percentile, based on 30 years of historical baseline
data, for at least five consecutive days (Hobday et al. 2016).

MHWSs’ negative impacts on seaweed communities have
been documented in the scientific literature (e.g., Smale and
Wernberg 2013). Indeed, MHWS’ effects on kelps have been
relatively well studied (e.g., Wernberg et al. 2018; Diehl
et al. 2021; McPherson et al. 2021; Bunting et al. 2024).
Such studies reported reduced growth rates and chlorophyll
fluorescence (Bunting et al. 2024), occurrence of tissue
necrosis and changes in pigmentation (Diehl et al. 2021),
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loss of genetic diversity (Wernberg et al. 2018), and more
broadly, large-scale shifts in the structure of kelp forest eco-
systems under thermal stress from MHWs (Smale and Wer-
nberg 2013; McPherson et al. 2021). However, reports on
MHWS5s’ effects on green and red seaweeds are still scarce in
the scientific literature (Nauer et al. 2022), especially in the
Southwestern Atlantic. In this sense, Gouvéa et al. (2017)
and Nauer et al. (2022) investigated the effects of simulated
MHWs on the red seaweeds Laurencia catarinensis Cord-
eiro-Marino & Fujii and Hypnea pseudomusciformis Nauer,
Cassano & M.C. Oliveira from Southwestern Atlantic. In
both studies, simulated MHW:s negatively affected the sea-
weeds’ physiological performance. Nevertheless, ecophysi-
ological studies on a broad range of species are needed to
better predict the impacts of extreme climatic events, such as
MHWs, on seaweeds, since seaweeds responses to climate
change-related stressors are largely species-specific (e.g.,
Porzio et al. 2011; Kram et al. 2016; van der Loos et al.
2019). Furthermore, MHWSs’ seasonal effects on seaweeds
have been little addressed, which is worrying, since season-
ality influences seaweeds responses to thermal stress (e.g.,
Diehl et al. 2021; Graiff et al. 2021; Franke et al. 2024).

The agar-producing red seaweeds, such as Gracilaria
species, are ecologically and economically important, but
their potential vulnerability to climate change and MHWs
is concerning (Segaran et al. 2023). As primary producers,
Gracilaria species are food for marine consumers, produce
oxygen and organic matter in photosynthesis, and participate
in nutrient cycling (Hurd et al. 2014; Fernandes et al. 2021).
Additionally, they can be a relevant microhabitat for marine
organisms (Fernandes et al. 2022). Agarophytes of the genus
Gracilaria Greville are important sources of agar (Fernandes
et al. 2017). Agar is a polysaccharide widely used by several
economic sectors, such as the food, pharmaceutical, and bio-
technology industries (Bezerra and Marinho-Soriano 2010).
For this reason, Gracilaria farming is one of the fastest-
growing sectors in aquaculture, and the Gracilaria genus
is the world’s third most produced seaweed in aquaculture
(FAO 2020). Global Gracilaria aquaculture is dominated
by China (3,480,850 tin 2019), followed by other countries
such as Indonesia (1,223,540 t in 2019), Chile (21,672 t in
2019), and Vietnam (11,330 tin 2019) (Mantri et al. 2023).
Currently, global production of agar has reached around
15,000 t per year (Porse and Rudolph 2017). In Brazil, the
demand for agar is also considerable, as seaweed imports
reached around 2000 t per year between 1999 and 2012
(Marinho-Soriano 2017). In addition to this economic rel-
evance, Gracilaria aquaculture provides several ecosystem
services of support, cultural, provision, and regulation (Fer-
reira et al. 2021). Regarding the latter, seaweed aquaculture
has received special attention due to its potential to seques-
ter carbon, contributing to the mitigation of global change
(Duarte et al. 2017; 2022).
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The agarophyte Gracilaria birdiae E.M. Plastino & E.C.
Oliveira is endemic to Brazil, with a distribution extend-
ing from Ceari state (3°S) to Espirito Santo state (20°S),
inhabiting intertidal or subtidal rocky substrata (Plastino
and Oliveira 2002). Since 2009, small-scale cultivation of
G. birdiae has been sporadically developed in Northeastern
Brazil. This seaweed cultivation has been a complementary
source of income for the coastal communities that develop
it, thus contributing to the improvement of their quality of
life (Marinho-Soriano 2017). Recently, a study based on
environmental suitability modeling (i.e., Barbosa-Silva
et al. 2023) demonstrated that G. birdiae farming could be
viable under future conditions (2100) of climate change.
However, G. birdiae’s tolerance of thermal stress has been
little investigated in experimental approaches, which could
confirm the trends projected by statistical modeling. Graci-
laria caudata J. Agardh is another interesting agarophyte
for aquaculture activities in Brazil (Faria and Plastino 2016;
Faria et al. 2017). It is widely distributed in the Western
Atlantic (North and South America and Caribbean islands)
and has a record of occurrence in French Polynesia (Guiry
and Guiry 2022), which reveals its broad thermal plasticity.
Furthermore, recent research demonstrated that G. caudata
from Northeastern Brazil tolerates a high temperature of
33°C (Chiaramonte et al. 2023), which suggests its poten-
tial to cope with thermal stress from MHWs. In addition to
small-scale cultivation of G. birdiae, both G. birdiae and G.
caudata have been exploited from natural beds in Northeast-
ern Brazil for commercial purposes since 1960 (Marinho-
Soriano 2017).

In this study, we analyzed the effects of simulated MHWs
on the physiological responses of the agarophytes G. birdiae
and G. caudata from typical climatic seasons in Northeast-
ern Brazil, namely, the rainy and dry seasons. Based on the
literature previously cited, we hypothesized that (i) both spe-
cies could be resistant and resilient to the simulated MHWSs,
exhibiting recovery after heat stress; (ii) G. caudata has a
higher thermal tolerance than G. birdiae; and (iii) MHWs
simulated for the dry season have stronger negative effects
than those simulated for the rainy season, as more stressful
environmental conditions occur during the dry season.

Materials and methods
Seaweed collection and laboratory cultures

Gracilaria caudata and G. birdiae specimens were collected
during low tide from a natural bed in the intertidal zone of
Mae Luiza beach (5° 48’ 4.86°” S and 35° 10’ 45.11”” W),
Rio Grande do Norte state, Northeastern Brazil, in October
2023 (dry month) and March 2024 (rainy month). Based
on Koppen’s Climate Classification System, the climate of
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the seaweed collection site is tropical humid and hot (Alva-
res et al. 2013). At the seaweed collection region, only
two seasons occur: a rainy season from March to August
(autumn/winter) and a dry season from September to Febru-
ary (spring/summer) (Carneiro et al. 2011; Borburema et al.
2022a).

After field collection, seaweeds were transported to the
laboratory of marine macroalgae in the Department of
Oceanography and Limnology of the Federal University
of Rio Grande do Norte. In the laboratory the sediment on
the seaweeds was removed by washing with tap water fol-
lowed by washing with filtered seawater. Afterward, the
macrofauna was removed using tweezers and branches with
epiphytes were discarded. Seaweeds (biomass around 3 g
L!) were maintained in 10-L transparent glass aquaria con-
taining from 4 to 5 L of culture medium: filtered seawater
(salinity of 38) enriched with nutrient solution of von Stosch
(VSES/2 =4 mL L™). The von Stosch solution was prepared
as described by Edwards (1970) and modified with a 50%
reduction of vitamin concentration (Yokoya 2000). Sea-
weeds were maintained under ambient temperature from 23
to 25°C, photon flux density of 70—100 umol photons ms~!
provided by daylight fluorescent tubes, and a light:dark cycle
of 12:12 h (typical in tropical zones). The culture medium
was bubbled intermittently (30:30 min) with compressed
air sterilized by filtering and replaced weekly for nutrient
replenishment. Seaweeds remained in these conditions for
21 days as an acclimation period. During this period, the tet-
rasporophytic phase of seaweeds was identified under opti-
cal microscopy by observing tetrasporangia scattered over
the thallus surface (Plastino and Oliveira 2002) (Fig. S1)
and selected for the experiments. Tetrasporophytes were
selected for the marine heatwave experiments, as this life
history phase is predominant in natural beds of G. birdiae in
Northeastern Brazil (Carneiro et al. 2011) and of G. caudata
along the Brazilian coast (Faria and Plastino 2016).

Experimental design

Visibly healthy seaweeds were subjected to one marine
heatwave experiment for each climatic season (i.e., dry and
rainy seasons). Tetrasporophytic branches (3 cm in primary
axis length, Fig. S1) were cultured for 14 days under the
mean sea surface temperature (A) of the seaweed collec-
tion region: 28°C during the dry season and 25°C dur-
ing the coldest months (June—August) of the rainy season
(Borburema et al. 2020). Afterward, the water temperature
was increased (1°C every hour) to simulate MHW:s in three
independent treatments: mean-intensity heatwave (A + 2°C),
maximume-intensity heatwave (A + 4°C), and extreme-inten-
sity heatwave (A + 6°C) (Nauer et al. 2022). In a fourth
treatment, the water temperature was maintained at A as
a control. These treatments were carried out for 14 days.

Subsequently, the water temperature was decreased in the
simulated marine heatwave treatments to reach the control
temperature (A), and seaweeds were left to recover for 14
days. Thus, each experiment lasted 42 days. Each treatment
had four independent replicates (n = 4), and each replicate
was composed of four apical branches cultured in 500 mL
Erlenmeyer flasks containing 400 mL of culture medium
(as described in the previous section). Thus, each experi-
ment was composed of 32 Erlenmeyer flasks (two species X
four treatments X four replicates). The experimental design
established for each climatic season was succinctly schema-
tized in Figure S2. An initial biomass of 600 + 0.08 mg was
established for G. birdiae per replicate, while 158 + 0.04 mg
was established for G. caudata. This difference is explained
by the morphological differences between G. birdiae and G.
caudata, as the latter has less thick branches. Throughout the
experiments, the culture medium was bubbled intermittently
(30:30 min) with compressed air sterilized by filtering and
replaced weekly. The photoperiod and photon flux density
were the same as in the acclimation period, and the Erlen-
meyer flasks were repositioned daily to provide the same
light condition to all replicates. The treatments were estab-
lished in four independent water baths (50-L transparent
glass aquaria containing water warmed by a heating device
adjusted by a thermostat). The culture medium temperature
was monitored daily with a handheld thermometer in all rep-
licates of the treatments. The experiments were carried out
with seawater from Mae Luiza beach. Each experiment was
carried out with seawater from the same collection.

The mean sea surface temperature (A) of the seaweed col-
lection region was based on temperature data from a 16-year
temporal series (monthly averages, January 2007-Decem-
ber 2022). Temperature data were obtained by the MODIS
(Moderate Resolution Imaging Spectroradiometer) sensor
coupled to NASA’s AQUA satellite. Marine heatwave inten-
sity (i.e., mean, maximum, and extreme) was based on Nauer
et al. (2022), who characterized MHWs for the Brazilian
coast using the free software package “heatwaveR” (Schlegel
and Smit 2018) in the R program. Those authors used daily
mean sea surface temperatures of temporal series from 1982
to 2020 to estimate the duration, intensity, and frequency
of MHWs for localities of the coastline in Brazil. As in our
study, they also followed the definition of MHW given by
Hobday et al. (2016) (see introduction).

Growth rates

Throughout the experiments, seaweeds were weighed
weekly when the culture medium was replaced. Seaweeds
were weighed on an analytical balance, and before weighing,
they were gently blotted dry with paper towels to remove
excess water. Relative growth rates (RGR: % day~!) were
estimated using the equation recommended by Yong et al.
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(2013): RGR = [(W/W)" — 1] x 100, where W, and W, are
the initial and final wet weights, respectively, and 7 is the cul-
ture period. RGR data are shown for the conditions: before
heatwaves (BHW, on the 14%™ experimental day), under heat-
waves (UHW, on the 28" experimental day), and recovery
(R, on the 42" experimental day).

Photosynthetic performance

In vivo variable chlorophyll a fluorescence measurements
were obtained from the replicates (n = 4) using a sub-
mersible pulse-amplitude-modulated (PAM) fluorometer
(Diving-PAM-II, Walz, Germany) to calculate several of
the photosynthetic parameters. The effective quantum yield
(AF/F,") of photosystem II (PSII) was calculated weekly.
The formula AF/F = (F,' — F)/F,,’ was applied, where F,
is the current steady-state fluorescence of light-adapted pho-
tosynthetic organisms and F,,’ is the maximum fluorescence
under actinic light during a saturating pulse (Schreiber et al.
1995). F, was measured under a very low photon fluence
rate of red light (0.3 pmol photons m~2s7!), and F ., during
a saturating pulse (1500 pmol photons m=2 s~!) of 0.6 s.
During the fluorescence measurements, the branches were
placed in a glass Petri dish containing filtered seawater. The
fluorescence measurements were always performed from the
apical parts of the branches. Effective quantum yield data
are shown for the following conditions: BHW, UHW, and R.

On the last experimental day, after measuring F, and F,,’
to calculate the effective quantum yield, the seaweeds were
dark-acclimated for 15 min. Then, light pulses (0, 25, 45,
65, 90, 125, 190, 258, 420, 628, 822, 1150, and 1500 pmol
photons m~2 s7!) were applied in 20 s intervals to construct
relative electron transport rate (rETR) X photon fluence
rate (PAR) curves. From the first light pulse, the maximum
quantum yield of PSII was calculated using the formula
F/F, = (F, — F)/F_, where F,, is the maximum fluores-
cence during a saturating pulse on dark-acclimated pho-
tosynthetic organisms, and F, is the basal fluorescence
(Schreiber et al. 1995; Enriquez and Borowitzka 2011). Rel-
ative electron transport rates were calculated by multiplying
the effective quantum yield by the appropriate PAR values
(rETR = AF/F_' X PAR) (Schreiber et al. 1995; Enriquez
and Borowitzka 2011). Relative electron transport rate vs.
photon fluence rate curves were fitted using the KaleidaG-
raph program, according to the mathematical model log-
normal. From each curve, the maximum relative electron
transport rate (rETR .. ), the light utilization coefficient (),
and the initial saturation irradiance for photosynthesis (I,)
were calculated.

For each treatment, complementary energy dissipation
pathways in PSII were investigated. The photochemical
pathway was calculated as Y(II) = (F,,' — F,)/F,,/, whereas
the non-regulated non-photochemical quenching of light
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energy (Y[NO]) was determined using the formula Y(NO)
= F/F,,, and the regulated non-photochemical quenching
of light energy (Y[NPQ]) was calculated using the formula
Y(NPQ) = F/F,' — Y(NO). Y(NO) reflects the fraction of
energy that is passively dissipated in the form of heat and
fluorescence, mainly due to closed PSII reaction centers,
while Y(NPQ) corresponds to the fraction of energy dis-
sipated in the form of heat via the regulated photoprotec-
tive non-photochemical quenching mechanisms (Scherner
et al. 2013). Overall, the total energy is conserved as Y (II)
+ Y(NPQ) + Y(NO) = 1.

Pigment content

At the end of the experiments, a biomass of 80 mg of
wet weight (WW) was powdered in liquid nitrogen for
each replicate (n = 4) of the treatments. Phycoerythrin
(PE), phycocyanin (PC), and allophycocyanin (APC) were
extracted in 1 mL of 50 mM sodium phosphate (Na,HPO,)
buffer (pH 5.5) overnight at 4°C and in darkness (Souza
and Yokoya 2016). Afterward, the samples were centri-
fuged at 14,000xg for 20 min at 4°C. Absorbances of the
supernatants were measured by spectrophotometry (Shi-
madzu UV-1800, A = 498.5, 614, and 651), and the phyco-
biliprotein concentrations in the seaweeds (pg g~' of WW)
were determined using the equations proposed by Kursar
et al. (1983). A biomass of 20 mg of WW for each repli-
cate (n = 4) was used to extract total carotenoids (Car) and
chlorophyll a (Chl a) in 1 mL of N,N-dimethylformamide
overnight at 4°C and in darkness (Borburema et al. 2022b).
After extraction, absorbances in N,N-dimethylformamide
were measured by spectrophotometry (A = 480, 647, and
664 nm), and the Car and Chl a concentrations in the sea-
weeds (ug g~! of WW) were determined by applying the
equations of Wellburn (1994).

Statistical analyses

Data normality and homoscedasticity were checked apply-
ing Shapiro—Wilk and Levene tests, respectively. Relative
growth rate and effective quantum yield data were com-
pared among species, seasons, and treatments over time
(i.e., BHW, UHW, and R) by applying three-way repeated-
measures ANOVAs (Table S1). The other photosynthetic
responses and pigment contents were compared among
species, seasons, and treatments by applying three-way
ANOVAs (Table S2). Tukey’s post-hoc tests were per-
formed when the ANOVAs revealed significant differ-
ences. All statistical analyses were carried out in the soft-
ware R (version 4.4.0), and the significance value adopted
was 0.05 (a = 5%).
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Results
Growth rates

Gracilaria caudata from the rainy season showed a mean
RGR between 5 and 7% day~' BHW. After 14 days under
simulated MHWs, its RGR decreased significantly under
maximum and extreme MHWs: control = A + 2°C > A +
4°C > A + 6°C (Fig. 1A). After 14 days for the seaweed’s
recovery, G. caudata exhibited a decrease of RGR in the
control, A + 2°C, and A + 4°C. The seaweed showed a
higher decrease of RGR under A + 4°C when compared
to A + 2°C (Fig. 1A). The RGR of G. caudata subjected
to A + 6°C did not differ significantly between UHW
and R (Fig. 1A). Meanwhile, G. caudata from the dry
season showed a similar RGR among treatments before
heatwaves (Fig. 1B). Under heatwaves, its RGR decreased
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Fig.1 Relative growth rate (RGR: % day™) of Gracilaria caudata
(A and B) and Gracilaria birdiae (C and D) from the rainy (A and
C) and dry (B and D) seasons cultured in experiments of simulated
marine heatwaves (MHWSs): A + 2°C, A + 4°C, and A + 6°C refer
to mean-, maximum-, and extreme-intensity MHWs, respectively.
BHW, UHW, and R represent “before heatwaves” (14th experimen-
tal day), “under heatwaves” (28" experimental day), and “recovery”
(42" experimental day), respectively. Seaweeds cultured in the con-

significantly at A 4+ 2°C and A + 4°C when compared to
the control (Fig. 1B). Gracilaria caudata from the dry
season subjected to an extreme-intensity heatwave (i.e.,
A + 6°C) had a null RGR after 14 days under thermal
stress (Fig. 1B). The specimens subjected to A + 2°C
exhibited a subtle recovery, whereas specimens sub-
jected to A 4+ 4°C had a null RGR after the recovery time
(Fig. 1B). The A + 6°C treatment was considered lethal to
G. caudata from the dry season, as its RGR was continu-
ously null (Fig. 1B) and the specimens did not show an
effective quantum yield in R (Fig. 2B).

Gracilaria birdiae from the rainy season exhibited a
similar RGR among treatments before heatwaves (Fig. 1C).
Under heatwaves, its RGR decreased significantly at A +
4°C and A + 6°C, with a more pronounced decrease under A
+ 6°C (Fig. 1C). After 14 days for recovery, specimens sub-
jected to A 4 2°C showed RGR similar to the UHW condi-
tion, while specimens subjected to A + 4°C had a significant
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trol were not subjected to simulated MHWs. A refers to the mean sea
surface temperatures during the dry season (28°C) and the coldest
months of the rainy season (25°C). Symbols are means and bars are
standard deviations based on four replicates (n = 4). Different letters
report statistical differences (p < 0.05) among treatments of the same
species from the same climatic season by Tukey’s tests after applying
three-way repeated-measures analyses of variance (ANOVAs)
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Fig.2 Effective quantum yield (AF/F.") of Gracilaria caudata
(A and B) and Gracilaria birdiae (C and D) from the rainy (A and
C) and dry (B and D) seasons cultured in experiments of simulated
marine heatwaves (MHWs): A + 2°C, A + 4°C, and A + 6°C refer
to mean-, maximum-, and extreme-intensity MHWs, respectively.
BHW, UHW, and R represent “before heatwaves” (14 experimen-
tal day), “under heatwaves” (28" experimental day), and “recovery”
(42" experimental day), respectively. Seaweeds cultured in the con-

recovery, and specimens subjected to A 4+ 6°C exhibited a
null RGR (Fig. 1C). Simulated MHWs for the dry season
had a strong negative effect on G. birdiae from this season.
Under heatwaves, all specimens subjected to MHWs showed
a null RGR (Fig. 1D). Their RGRs were continuously null
in R (Fig. 1D), and the specimens did not show an effective
quantum yield after the recovery time (Fig. 2D). For these
reasons, treatments of simulated MHWSs were considered
lethal to G. birdiae from the dry season. Between species,
G. caudata exhibited higher RGRs than G. birdiae in both
climatic seasons (Fig. 1 and Table S1).

Photosynthetic performance

Gracilaria caudata from the rainy season showed a similar
effective quantum yield (AF/F,") between BHW and UHW
in all treatments (Fig. 2A). However, after 14 days for recov-
ery, the AF/F of G. caudata subjected to MHWs decreased
significantly (Fig. 2A). Regarding G. caudata from the dry
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trol were not subjected to simulated MHWs. A refers to the mean sea
surface temperatures during the dry season (28°C) and the coldest
months of the rainy season (25°C). Symbols are means and bars are
standard deviations based on four replicates (n = 4). Different letters
report statistical differences (p < 0.05) among treatments of the same
species from the same climatic season by Tukey’s tests after apply-
ing three-way repeated-measures analyses of variance (ANOVAs).
Lethality is reported by crosses (+)

season, a significant decrease in AF/F ' was registered in
the specimens subjected to A 4+ 4°C and A + 6°C (Fig. 2B).
The specimens subjected to A 4+ 4°C had a recovery of
AF/F, ', whereas those thermally stressed under A + 6°C
did not show a recovery, exhibiting a null AF/F_' in R
(Fig. 2B). Gracilaria birdiae from the rainy season only
exhibited a significant decrease in AF/F,," under A + 6°C,
recovering it in R (Fig. 2C). However, simulated MHW:s for
the dry season had a marked negative effect on AF/F,' of
G. birdiae from this climatic season. The specimens showed
a significant reduction of AF/F " under MHWs: control
> A+ 2°C > A +4°C > A + 6°C (Fig. 2D). After 14
days for the seaweed’s recovery, these specimens did not
show an effective quantum yield (Fig. 2D). Between species,
G. caudata exhibited higher AF/F, ' than G. birdiae in both
climatic seasons (Fig. 2 and Table S1).

In relation to the photosynthetic parameters measured at
the end of the experiments (i.e., after the recovery time),
the maximum quantum yield (F,/F,) of the seaweeds from
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both climatic seasons did not vary significantly among
treatments (Table 1, Table S2). A significant difference was
found between species (Table S2), with G. caudata exhibit-
ing a higher F/F, than G. birdiae in both climatic seasons
(Table 1). Regarding the rETR X PAR curves, G. caudata
from the rainy season showed similar photosynthetic per-
formance among treatments (Fig. 3A), as the light utiliza-
tion coefficient () and maximum relative electron transport
rate tETR,,) did not differ significantly among treatments
(Table 1). On the other hand, G. caudata from the dry sea-
son exhibited decreasing rETR X PAR curves according to
the treatments of simulated MHW:s (i.e., control > A + 2°C
> A 4 4°C, Fig. 3B). This pattern also was observed for o
and rETR_,, (Table 1). Gracilaria birdiae from the rainy
season decreased its photosynthetic performance under treat-
ments of simulated MHW s as well (Fig. 3C), as specimens
thermally stressed by two weeks showed a lower « after the
recovery time (control > A + 2°C = A +4°C = A + 6°C)
(Table 1). The initial saturation irradiance for photosyn-
thesis (I,) of both Gracilaria species varied from 1482 +
63 to 1847 + 92 umol photons m~ s™! (Table 1), reveal-
ing that both Gracilaria species are high-light plants. Con-
cerning the complementary energy dissipation pathways,

Table 1 Photosynthetic parameters of Gracilaria caudata and Graci-
laria birdiae subjected to seasonal experiments of simulated marine
heatwaves (MHWs). Control refers to the mean sea surface tempera-
ture (A) of the seaweed collection region: 28°C during the dry season
and 25°C during the coldest months of the rainy season. A + 2°C,
A + 4°C, and A + 6°C refer to the mean, maximum, and extreme
MHWs, respectively. F,/F,: maximum quantum yield; o: light utili-

the photochemical pathway (Y[II]), the non-regulated
non-photochemical quenching of light energy (Y[NO]),
and the regulated non-photochemical quenching of light
energy (Y[NPQ]) did not vary significantly among treat-
ments (Fig. 4, Table S2). Significant differences were found
between species for Y(II) and Y(NPQ) (Table S2). Graci-
laria caudata exhibited a higher Y(II), while G. birdiae
showed a higher Y(NPQ) in both climatic seasons (Fig. 4).

Pigment content

The most abundant pigment registered in G. caudata and
G. birdiae from both climatic seasons was phycoerythrin
(Table 2). The treatments of MHW s simulated for the rainy
season did not significantly affect the pigment content of G.
caudata (Table 2). On the other hand, G. caudata from the
dry season showed a decreased content of phycoerythrin,
chlorophyll a, and total carotenoids in the A + 4°C treatment
when compared to the control (Table 2). Similar to G. cau-
data from the rainy season, the pigment content of G. bir-
diae from this climatic season was not significantly affected
by the MHWs, except for the phycocyanin content, which
increased significantly in the A + 2°C treatment (Table 2).

zation coefficient; I;: initial saturation irradiance for photosynthesis;
rETR,,,,: maximum relative electron transport rate. Values are means
with standard deviations based on four replicates (n = 4). Different
superscript letters represent a significant difference (p < 0.05) among
treatments of the same species from the same climatic season by Tuk-
ey’s tests after applying three-way analyses of variance (ANOVAs).

Lethal treatments are reported by crosses (+)

Species Season Treatment F/F, o (electrons photons™) I (2pmlol photons  rETR .
m-s)
Gracilaria caudata Rainy Control 0.600 + 0.09* 0.053 + 0.005* 1653 + 60 88 + 6°
A+2°C 0.511 + 0.08* 0.048 + 0.003* 1754 + 87¢ 85 +5°
A +4°C 0.544 + 0.06* 0.051 + 0.004* 1847 + 92° 93 +7°
A +6°C 0.535 +0.02* 0.053 + 0.002* 1591 + 26* 85 +4°
Dry Control 0.553 +0.01* 0.105 + 0.006* 1498 + 36* 157 + 6*
A +2°C 0.536 + 0.03 0.089 + 0.003" 1511 + 14* 136 +7°
A +4°C 0.548 + 0.00* 0.059 + 0.001° 1636 + 72° 97 £ 4°
A +6°C + + + +
Gracilaria birdiae Rainy Control 0.470 + 0.04* 0.089 + 0.005* 1482 + 63* 133 +13°
A +2°C 0.488 + 0.04* 0.076 + 0.004° 1645 + 63° 126 + 11*
A +4°C 0.503 +0.11% 0.081 +0.002° 1740 + 34° 141 + 7%
A +6°C 0.506 + 0.02* 0.080 + 0.001° 1751 +71° 141 + 6*
Dry Control 0.538 + 0.05* 0.097 + 0.001 1652 + 33 160 + 5
A +2°C + + + +
A +4°C + + + +
A +6°C + + + +

@ Springer
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Fig.3 Relative electron transport rate (rETR) X photon fluence rate
(PAR) curves of Gracilaria caudata (A and B) and Gracilaria bir-
diae (C and D) from the rainy (A and C) and dry (B and D) seasons
cultured in experiments of simulated marine heatwaves (MHWs):
A + 2°C, A + 4°C, and A + 6°C refer to mean-, maximum-, and
extreme-intensity MHWs, respectively. Seaweeds cultured in the

Discussion

Agarophyte seaweeds exhibited differential responses to
simulated MHWs depending on the species and climatic
season. In our experiments, G. caudata showed better physi-
ological performance (growth and several photosynthesis-
related parameters) than G. birdiae, confirming our second
hypothesis. Furthermore, both seaweeds were more nega-
tively affected by the MHWSs simulated for the dry season,
which confirmed our third hypothesis. Our first hypothesis,
“both species could be resistant and resilient to the simulated
MHWs, exhibiting recovery after heat stress,” was partially
confirmed. Both seaweeds were resistant and resilient to
the MHWs simulated for the rainy season (Figs. 2, 3, and
4A and C, Tables 1 and 2). However, the extreme-intensity
MHW (34°C) simulated for the dry season was lethal to G.
caudata, and all MHWSs simulated for this climatic season
were lethal to G. birdiae (Figs. 2, 3, and 4B and D, Tables 1
and 2). The hypothesized resistance of G. birdiae was mainly
based on the predictive study performed by Barbosa-Silva
et al. (2023). Those authors projected an increase of environ-
mentally suitable areas for G. birdiae farming under climate
change in Brazil by applying statistical modeling. However,
in that study, other global change-related environmental

@ Springer

control were not subjected to simulated MHWSs. A refers to the mean
sea surface temperatures during the dry season (28°C) and the cold-
est months of the rainy season (25°C). Symbols are means and bars
are standard deviations based on four replicates (n = 4). rETR X PAR
curves were fitted using the KaleidaGraph program according to the
mathematical model lognormal

variables were considered, namely, maximum nitrate and
minimum and maximum salinity. Studies have demonstrated
the importance of global change-related research to inves-
tigate how multiple stressors can interact and affect marine
species, since several synchronous or asynchronous environ-
mental drivers influence each other (e.g., Rich et al. 2018;
Borburema et al. 2022c, 2024). Thereby, G. birdiae’s higher
thermal tolerance (around 33°C) projected by Barbosa-Silva
et al. (2023) may be related to the interaction of environmen-
tal drivers. Thus, our study reveals the need for future multi-
factorial ecophysiological approaches, including salinity and
nutrient variation, to better elucidate the effects of thermal
stress on G. birdiae. Concerning seaweed resilience, our
results demonstrated that when G. caudata and G. birdiae
resist heat stress, they can recover. Multiple photosynthesis-
related parameters (i.e., AF/F, ', F,/F,, and complementary
energy dissipation pathways) support this finding.

Our research highlighted the relevance of a climate
change-related experimental approach to consider sea-
sonal effects, as seaweeds from the dry season were less
tolerant of heat stress than seaweeds from the rainy season,
especially G. birdiae. This seaweed did not tolerate mean-,
maximum-, and extreme-intensity MHWSs simulated for the
dry season (temperatures of 30, 32, and 34°C, respectively).
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Fig.4 Complementary energy dissipation pathways in PSII of Graci-
laria caudata (A and B) and Gracilaria birdiae (C and D) from the
rainy (A and C) and dry (B and D) seasons cultured in experiments
of simulated marine heatwaves (MHWs): A + 2°C, A + 4°C, and
A + 6°C refer to mean-, maximum-, and extreme-intensity MHWs,
respectively. Seaweeds cultured in the control were not subjected to
simulated MHWs. A refers to the mean sea surface temperatures dur-

Nevertheless, it tolerated MHWs simulated for the rainy sea-
son (temperatures of 27, 29, and 31°C). This decoupling,
that is, tolerance of G. birdiae specimens from the rainy
season under 31°C and lethality in specimens from the dry
season between 30°C and 32°C, may be explained by envi-
ronmental effects. As stated in the “Materials and Meth-
ods” section, seaweeds were collected in the dry and rainy
seasons for the respective experiments (i.e., one for each
climatic season). This experimental approach includes eco-
logical realism, as environmental effects were considered to
test the temporal hypothesis. The environmental conditions
are more favorable for seaweeds during the rainy season in
Northeastern Brazil. They are subjected to lower tempera-
tures and salinities and to enrichment with nutrients, such
as nitrate, ammonium, and orthophosphate (Carneiro et al.
2011). The nutrient enrichment and reduced salinity are
caused by increased rainfall, which rises from approximately
27 mm month™! over the dry season to 427 mm month™!
over the rainy season (Carneiro et al. 2011). Seaweeds

B
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ing the dry season (28°C) and the coldest months of the rainy season
(25°C). Columns represent the proportion of energy dissipation based
on four replicates (n = 4). Y(II) is the photochemical pathway, Y(NO)
is the non-regulated non-photochemical quenching of light energy,
and Y(NPQ) is the regulated non-photochemical quenching of light
energy. Lethal treatments are reported by crosses (4)

increase their growth, produce reproductive structures, and
store metabolites under more favorable conditions (Carneiro
et al. 2011; Hurd et al. 2014; Bezerra et al. 2024; Borbu-
rema et al. 2024). The stored metabolites can be used by
seaweeds as energy and antioxidant compounds to tolerate
stressors when subjected to detrimental conditions (Lobban
and Harrison 1997). Thereby, very likely, G. birdiae speci-
mens from the rainy season could better cope with the ther-
mal stress derived from MHWs due to metabolic reserves.
Growth data confirm these observations, as G. caudata and
G. birdiae from the rainy season showed higher RGRs than
those from the dry season before heatwaves (Fig. 1). The
tolerance of G. birdiae to a temperature of 31°C is consistent
with that reported by Fernandes et al. (2017), who cultivated
G. birdiae under temperatures from 26.25°C to 31.93°C in
an outdoor experiment. The tolerance of G. caudata up to
32°C is also consistent with results reported by Chiaramonte
et al. (2023), who registered a tolerance of G. caudata from
Northeastern Brazil of up to 33°C. So, our study documents
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Table 2 Pigment content (ug g~! of wet weight) of Gracilaria cau-
data and Gracilaria birdiae subjected to seasonal experiments of
simulated marine heatwaves (MHWSs). Control refers to the mean
sea surface temperature (A) of the seaweed collection region: 28°C
during the dry season and 25°C during the coldest months of the
rainy season. A + 2°C, A + 4°C, and A + 6°C refer to the mean,
maximum, and extreme MHWs, respectively. PE: phycoerythrin; PC:

phycocyanin; APC: allophycocyanin; Chl a: chlorophyll a; Car: total
carotenoids. Values are means with standard deviations based on four
replicates (n = 4). Different superscript letters represent a significant
difference (p < 0.05) among treatments of the same species from the
same climatic season by Tukey’s tests after applying three-way analy-
ses of variance (ANOVAs). Lethal treatments are reported by crosses
+)

Species Season Treatment PE PC APC Chla Car
Gracilaria caudata Rainy Control 298 + 65° 37+ 11° 20 = 16* 182 + 33% 21 +5°
A +2°C 359 +90* 34 + 6% 14 £ 2¢ 234 + 65° 22 +5°
A +4°C 461 + 70* 55 + 8 27 +23° 221 +41° 25+ 5%
A +6°C 390 +97¢ 37+ 19° 14 + 10° 199 + 322 19 + 4%
Dry Control 540 + 97¢ 16 + 3° 29 + 8° 46 £ 5° 19 + 3%
A +2°C 467 £ 76" 19 +2¢ 20 +2° 83+ 8" 21 +3°
A +4°C 362+ 17° 16 + 1* 22 +3° 29 +2¢ 4+04°
A +6°C + + + + +
Gracilaria birdiae Rainy Control 304 + 69* 79 = 21° 47 + 36* 183 + 53* 24 + 6*
A+2°C 442 + 47° 132 + 33° 87 203 + 36 26 + 8*
A +4°C 324 + 90° 124 +21*° 41 + 25° 188 + 42° 24 +5°
A +6°C 427 + 104* 79 + 12% 54 +33% 165 + 36° 15 +2°
Dry Control 317+ 42 63+7 110 + 33 46 £7 19+2
A+2°C + + + + +
A+ 4°C + + + + +
A +6°C + + + + +

the upper thermal tolerance limit of G. caudata from North-
eastern Brazil at 34°C. This result is also congruent with
Miranda et al. (2012), who recorded lethality in G. caudata
(as Hydropuntia caudata) from Northeastern Brazil at 35°C.

In our study, before heatwaves, G. birdiae exhibited mean
growth values (0.5-2.2% day™!, Fig. 1C and D) similar to
those documented by Fernandes et al. (2017). Regarding
G. caudata, the higher mean growth varied from 5.07 to
6.69% day~! (rainy season and before heatwaves [25°C],
Fig. 1A). This range is within that reported by Chiaramonte
et al. (2023) for G. caudata from Bahia and Ceara states
(both in Northeastern Brazil) cultured at 25°C. Both spe-
cies decreased their growth under increasing temperatures
of MHWs, with a more pronounced effect on G. birdiae.
This pattern of decreased growth under increasing tem-
peratures was consistent with results found by Ursi et al.
(2013) for G. birdiae experimentally cultivated under natural
conditions in the sea of Southeastern Brazil. In that study,
red strains of G. birdiae from Northeastern Brazil showed
decreasing growth between October 2002 and March 2003,
when mean seawater temperatures increased from 26°C to
approximately 30°C. However, when mean seawater tem-
peratures decreased from 30°C to approximately 22°C
(between March 2003 and September 2003), the red strains
of G. birdiae recovered, showing increasing growth. Over-
all, all seaweeds decreased growth over time (i.e., from the
14" experimental day [BHW] to the 42" experimental day
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[R], Fig. 1), except for G. caudata and G. birdiae from the
dry season cultured in the control, which maintained stable
growth (Tukey’s test: p > 0.05, Fig. 1B and D). This pat-
tern of decreasing growth over experimental time is known
for Gracilaria species, as reported by Faria et al. (2017)
for G. caudata cultured under two irradiances for 28 days,
Fernandes et al. (2017) for G. birdiae cultivated in the sea
and shrimp farming ponds for 60 days, and Trigueiro et al.
(2017) for Gracilaria domingensis (Kiitzing) Sonder ex
Dickie cultivated in a shrimp pond at two depths for 21 days.
Nevertheless, in general, the growth of thermally stressed
seaweeds was more reduced over time than that of seaweeds
cultured in the control, which highlights the negative inter-
active effect between treatments and experimental time on
seaweeds (Table S1).

Regarding photosynthetic performance before heatwaves,
G. caudata and G. birdiae showed effective quantum yield
(AF/F ") values similar to those already documented in the
scientific literature for the Gracilaria genus (e.g., Faria et al.
2017; Trigueiro et al. 2017; Marchi and Plastino 2020). All
seaweeds decreased AF/F ' under simulated heatwaves,
except G. caudata from the rainy season, and heatwaves
simulated for the dry season had a higher negative effect
on the seaweeds (Fig. 2). Other red seaweeds exhibited a
decrease in photosynthetic performance under heat stress,
such as the closely related seaweed Gracilariopsis lema-
neiformis (Bory) E.Y. Dawson, Acleto & Foldvik (also
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Gracilariaceae) (Jiang et al. 2022; Gao et al. 2024) and
H. pseudomusciformis (Gigartinales) (Nauer et al. 2022).
Gracilaria caudata from the rainy season did not decrease
its photosynthetic performance under simulated MHWs
(Fig. 2A), as stated above, although it had decreased growth
under heat stress (Fig. 1A). Seaweeds produce reactive oxy-
gen species (ROS) under stressful conditions (Lesser 2006;
Hurd et al. 2014). ROS trigger damage to the cell’s macro-
molecular structures, including DNA, proteins, and phos-
pholipids, which can induce cell apoptosis (Lesser 2006;
Borburema et al. 2022c). Thus, seaweeds need to produce
antioxidant compounds to protect their cellular structures
from ROS (Lesser 2006; Borburema et al. 2022c¢). Graci-
laria species produce several antioxidant compounds, which
was already demonstrated by different assays (e.g., Martins
et al. 2013; Torres et al. 2019). Therefore, G. caudata from
the rainy season may have maintained high photosynthetic
performance under simulated MHWSs to provide energy
for the metabolic processes of antioxidant defenses at the
expense of growth. Photosynthetic responses measured at
the end of the experiments demonstrated a recovery in the
photosynthesis of seaweeds that resisted the heat stress, such
as AF/F ' (Fig. 2), F /F (Table 1), and complementary
energy dissipation pathways (Fig. 4). However, G. caudata
from the dry season showed decreasing rfETR X PAR curves
according to the intensity of MHWs (Fig. 3B). This result
is certainly related to the decreasing Chl a content in G.
caudata from the dry season subjected to the mean- and
maximum-intensity MHW s (Table 2), as rTETR measures are
derived from Chl a fluorescence. The only consistent effect
of simulated MHWSs on seaweed pigment content was the
decrease in Chl a and phycoerythrin of G. caudata from the
dry season (Table 2). Similar results were reported by Gao
et al. (2024) for Gp. lemaneiformis experimentally subjected
to a marine heatwave.

In conclusion, our data demonstrated that both G. caudata
and G. birdiae from the rainy season resisted the mean-,
maximum-, and extreme-intensity marine heatwaves sim-
ulated for this climatic season. Regarding seaweeds from
the dry season, G. caudata only failed to resist the thermal
stress of the extreme marine heatwave simulated for the dry
season (34°C), while all marine heatwaves simulated for
this climatic season were lethal to G. birdiae, very likely
due to the environmental history/effect, as discussed above.
Several photosynthesis-related results revealed the recovery
(i.e., resilience) of seaweeds when they resisted the marine
heatwaves. In our study, G. caudata exhibited better physi-
ological performance than G. birdiae, especially under heat
stress, as G. caudata thermally stressed by simulated marine
heatwaves exhibited higher growth and photosynthetic per-
formance (i.e., AF/F_ ', F,/F,, and Y[II]) compared to G.
birdiae. Thereby, G. caudata has proven to be a more inter-
esting species for aquaculture activities in the context of

climate change. The higher recorded tolerance of G. caudata
to heat stress is consistent with field observations, where
G. caudata inhabits mainly the upper and middle intertidal,
while G. birdiae occurs mainly in the lower intertidal. Sea-
weeds that occupy upper intertidal zones are subjected to
more stressful conditions than those that occupy lower inter-
tidal zones. Thus, G. caudata can better cope with thermal
stress derived from marine heatwaves.
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tary material available at https://doi.org/10.1007/s10811-025-03460-w.

Acknowledgements We thank Dr. Guilherme Ortigara Longo for let-
ting us use the Diving-PAM. H.D.S. Borburema thanks the National
Council for Scientific and Technological Development for the post-
doctoral fellowship. E. Marinho-Soriano thanks the National Council
for Scientific and Technological Development for the undergraduate
research scholarships designated for G. Almeida-Faria and S.L.C.
Silveira.

Author’s contributions H.D.S. Borburema: Conceptualization;
Design of the work; Acquisition; Analysis; and Interpretation of data;
Writing—original draft. G. Almeida-Faria: Acquisition; Analysis;
and Interpretation of data. S.L.C. Silveira: Acquisition of data. V.S.
Gomes: Acquisition of data. F. Nauer: Acquisition; Analysis; and
Interpretation of data; Writing—review and editing. E. Marinho-Sori-
ano: Funding acquisition; Resources; Supervision; Writing—review and
editing. All authors approved the version to be published and agreed to
be accountable for all aspects of the work.

Funding This study was financed by the National Council for Scientific
and Technological Development (CNPq) and FAPERN (Rio Grande
do Norte State Research Support Foundation).

Availability of data and material The datasets used and/or analyzed
during the current study are available from the corresponding author
on reasonable request.

Declarations

Competing interests The authors declare no conflict of interest.

References

Alvares CA, Stape JL, Sentelhas PC, Moraes Gongalves JL, Sparovek
G (2013) Koppen’s climate classification map for Brazil. Meteorol
Zeitschrift 22:711-728

Barbosa-Silva MS, Borburema HDS, Fernandes FO, Noébrega MF,
Marinho-Soriano E (2023) Projecting environmental suitability
areas for the seaweed Gracilaria birdiae (Rhodophyta) in Brazil:
implications for the aquaculture pertaining to five environmentally
crucial parameters. J Appl Phycol 35:773-784

Bezerra AF, Marinho-Soriano E (2010) Cultivation of the red seaweed
Gracilaria birdiae (Gracilariales, Rhodophyta) in tropical waters
of northeast Brazil. Biomass Bioenergy 34:1813-1817

Bezerra JNS, Borburema HDS, Carneiro MAA, Marinho-Soriano
E (2024) Biomass, growth and nutritional composition of the
seaweed Gracilaria domingensis ( Kiitzing ) Sonder ex Dickie
(Rhodophyta) under different nitrogen and phosphorus availabil-
ity. Acta Bot Bras 38:€20230224

@ Springer


https://doi.org/10.1007/s10811-025-03460-w

1490

Journal of Applied Phycology (2025) 37:1479-1491

Bindoff NL, Cheung WWL, Kairo JG, Aristegui J, Guinder VA, Hall-
berg R, Hilmi N, Jiao N, Karim MS, Levin L, Donoghue SO, Pur-
caCuicapusa SR, Rinkevich B, Suga T, Tagliabue A, Williamson
P (2019) Changing Oean, Marine Ecosystems, and Dependent
Communities. In: Portner H-O, Roberts DC, Masson-Delmotte
V, Zhai P, Tignor M, Poloczanska E, Mintenbeck K, Alegria A,
Nicolai M, Okem A, Petzold J, Rama B, Weyer NM (eds) IPCC
Special Report: The Ocean and Cryosphere in a Changing Cli-
mate. Cambridge University Press, Cambridge, pp 447-587

Borburema HDS, Lima RP, Miranda GEC (2020) Effects of ocean
warming, eutrophication and salinity variations on the growth of
habitat-forming macroalgae in estuarine environments. Acta Bot
Brasilica 34:662-672

Borburema HDS, Graiff A, Karsten U, Marinho-Soriano E (2022) Pho-
tobiological and biochemical responses of mangrove-associated
red macroalgae Bostrychia calliptera and Bostrychia montagnei to
short-term salinity stress related to climate change. Hydrobiologia
850:4515-4530

Borburema HDS, Yokoya NS, Soares LP, Souza JMC, Nauer F, Fujii
MT, Pasqualetti CB, Miranda GEC, Marinho-Soriano E (2022)
Mangrove macroalgae increase their growth under ocean acidifica-
tion : a study with Bostrychia ( Rhodophyta ) haplotypes from dif-
ferent biogeographic provinces. ] Exp Mar Biol Ecol 552:151740

Borburema HDS, Yokoya NS, Souza JMC, Nauer F, Barbosa-Silva MS,
Marinho-Soriano E (2022) Ocean warming and increased salinity
threaten Bostrychia (Rhodophyta) species from genetically diver-
gent populations. Mar Environ Res 178:105662

Borburema HDS, Karsten U, Plag N, Yokoya NS, Marinho-Soriano E
(2024) Low molecular weight carbohydrate patterns of mangrove
macroalgae from different climatic niches under ocean acidifica-
tion, warming and salinity variation. Mar Environ Res 194:106316

Bunting I, Kok YY, Krieger EC, Bury SJ, D’Archino R, Cornwall CE
(2024) Marine heatwave intensity and duration negatively affect
growth in young sporophytes of the giant kelp Macrocystis pyrif-
era. Front Mar Sci 11:1423595

Carneiro MAA, Marinho-Soriano E, Plastino EM (2011) Phenology
of an agarophyte Gracilaria birdiae Plastino and E.C. Oliveira
(Gracilariales, Rhodophyta) in Northeastern Brazil. Rev Bras
Farmacogn 21:317-322

Chiaramonte AR, Faria AVF, Plastino EM (2023) Thermal tolerance of
the red alga Gracilaria caudata reveals ecotypes for the Brazilian
coast. J Appl Phycol 36:1009-1022

Diehl N, Roleda MY, Bartsch I, Karsten U, Bischof K (2021) Sum-
mer heatwave impacts on the European kelp Saccharina latissima
across its latitudinal distribution gradient. Front Mar Sci 8:695821

Duarte CM, Wu J, Xiao X, Bruhn A, Krause-Jensen D (2017) Can
seaweed farming play a role in climate change mitigation and
adaptation? Front Mar Sci 4:100

Duarte CM, Gattuso JP, Hancke K, Gundersen H, Filbee-Dexter K,
Pedersen MF, Middelburg JJ, Burrows MT, Krumhansl KA, Wer-
nberg T, Moore P, Pessarrodona A, @rberg SB, Pinto IS, Assis J,
Queirés AM, Smale DA, Bekkby T, Serrdao EA, Krause-Jensen D
(2022) Global estimates of the extent and production of macroal-
gal forests. Glob Ecol Biogeogr 31:1422-1439

Edwards P (1970) Illustrated guide to the seaweeds and seagrass in
the vicinity of Porto Aransas. Contributions to Marine Science.
University of Texas, Austin

Enriquez S, Borowitzka MA (2011) The use of the fluorescence signal
in studies of seagrasses and macroalgae. In: Suggett DJ, Présil
O, Borowitzka MA (eds) Chlorophyll a Fluorescence in Aquatic
Sciences: Methods and Applications. Springer, Dordrecht, pp
187-208

FAO (2020) The state of world fisheries and aquaculture 2020. Sustain-
ability in action. FAO, Rome

@ Springer

Faria AVF, Bonomi-Barufi J, Plastino EM (2017) Ecotypes of Graci-
laria caudata (Gracilariales, Rhodophyta): physiological and
morphological approaches considering life history phases. J Appl
Phycol 29:707-719

Faria AVF, Plastino EM (2016) Physiological assessment of the mari-
culture potential of a Gracilaria caudata (Gracilariales, Rhodo-
phyta) variant. J] Appl Phycol 28:2445-2452

Fernandes FO, Oliveira SR, Klein V, Carneiro MAA, Colepicolo P,
Marinho-Soriano E (2017) Effect of fertilization pulses on the
production of Gracilaria birdiae seedlings under laboratory and
field conditions. J Appl Phycol 29:695-705

Fernandes FO, Barbosa-Silva MS, Resende JFJ, Longo GO, Marinho-
Soriano E (2021) Food source or refuge: what is behind amphipod
choices for seaweeds? Mar Ecol 42:¢12652

Fernandes FO, Barbosa-Silva MS, Resende JFJ, Carneiro MAA, Longo
GO, Marinho-Soriano E (2022) Amphipod choice for seaweeds
under predator cues: interactions on decision-making behavior.
Mar Ecol Prog Ser 698:85-94

Ferreira ABG, Carneiro MAA, Fernandes FO, Marinho-Soriano E
(2021) Evaluation of ecosystem services provided by farmed and
wild seaweeds. Rev Ibero-Am Ciéncias Ambient 12:499-511

Franke K, Bartsch I, Karsten U, Graiff A (2024) Seasonality influences
the effect of warming on kelp photosynthesis. Mar Ecol Prog Ser
739:15-29

Gao L, Xiong Y, Fu FX, Hutchins DA, Gao K, Gao G (2024) Marine
heatwaves alter competition between the cultured macroalga
Gracilariopsis lemaneiformis and the harmful bloom alga Skel-
etonema costatum. Sci Total Environ 947:174345

Gouvéa LP, Schubert N, Martins CDL, Sissini M, Ramlov F, Rodrigues
ERO, Bastos EO, Freire VC, Maraschin M, Simonassi JC, Var-
ela DA, Franco D, Cassano V, Fonseca AL, Barufi JB, Horta PA
(2017) Interactive effects of marine heatwaves and eutrophication
on the ecophysiology of a widespread and ecologically important
macroalga. Limnol Oceanogr 62:2056-2075

Graiff A, Bartsch I, Glaser K, Karsten U (2021) Seasonal photophysi-
ological performance of adult Western Baltic Fucus vesiculosus
(Phaeophyceae) under ocean warming and acidification. Front
Mar Sci 8:666493

Guiry MD, Guiry GM (2022) AlgaeBase. World-wide electronic publi-
cation. National University of Ireland, Galway. https://www.algae
base.org. Accessed 2 Sept 2024

Hobday AJ, Alexander LV, Perkins SE, Smale DA, Straub SC, Oliver
ECJ, Benthuysen JA, Burrows MT, Donat MG, Feng M, Holbrook
NIJ, Moore PJ, Scannell HA, Gupta AS, Wernberg T (2016) A
hierarchical approach to defining marine heatwaves. Prog Ocean-
ogr 141:227-238

Hurd CL, Harrison PJ, Bischof K, Lobban CS (2014) Seaweed Ecology
and Physiology, 2nd edn. Cambridge University Press, Cambridge

IPCC (2023) Climate Change 2023: Synthesis Report. Contribution of
Working Groups I, II and III to the Sixth Assessment Report of
the Intergovernmental Panel on Climate Change. IPCC, Geneva

Jiang M, Gao L, Huang R, Lin X, Gao G (2022) Differential responses
of bloom-forming Ulva intestinalis and economically important
Gracilariopsis lemaneiformis to marine heatwaves under changing
nitrate conditions. Sci Total Environ 840:156591

Kram SL, Price NN, Donham EM, Johnson MD, Kelly ELA, Hamilton
SL, Smith JE (2016) Variable responses of temperate calcified
and fleshy macroalgae to elevated pCO, and warming. ICES J
Mar Sci 73:693-703

Kursar TA, van der Meer J, Alberte RS (1983) Light-harvesting system
of the red alga Gracilaria tikvahiae. Plant Physiol 73:353-360

Lesser MP (2006) Oxidative stress in marine environments: Biochem-
istry and physiological ecology. Annu Rev Physiol 68:253-278

Lobban CS, Harrison PJ (1997) Seaweed Ecology and Physiology.
Cambridge University Press, New York


https://www.algaebase.org
https://www.algaebase.org

Journal of Applied Phycology (2025) 37:1479-1491

1491

Mantri VA, Kambey CSB, Cottier-Cook EJ, Usandizaga S, Buschmann
A, Chung IK, Liu T, Sondak CFA, Qi Z, Lim PE, Nguyen VN
(2023) Overview of global Gracilaria production, the role of bios-
ecurity policies and regulations in the sustainable development of
this industry. Rev Aquac 15:801-819

Marchi F, Plastino EM (2020) Codominant inheritance of polymor-
phic color mutant and characterization of a bisexual mutant of
Gracilaria caudata (Gracilariales, Rhodophyta). J Appl Phycol
32:4385-4398

Marinho-Soriano E (2017) Historical context of commercial exploita-
tion of seaweeds in Brazil. ] Appl Phycol 29:665-671

Martins CDL, Ramlov F, Carneiro NPN, Gestinari LM, Santos BF,
Bento LM, Lhullier C, Gouvéa L, Bastos E, Horta PA, Soares
AR (2013) Antioxidant properties and total phenolic contents
of some tropical seaweeds of the Brazilian coast. ] Appl Phycol
25:1179-1187

McPherson ML, Finger DJI, Houskeeper HF, Bell TW, Carr MH, Rog-
ers-Benett L, Kudela RM (2021) Large-scale shift in the structure
of a kelp forest ecosystem co-occurs with an epizootic and marine
heatwave. Commun Biol 4:298

Miranda GEC, Yokoya NS, Fujii MT (2012) Effects of temperature,
salinity and irradiance on carposporeling development of Hidro-
puntia caudata (Gracilariales, Rhodophyta). Braz J Pharmacogn
22:818-824

Nauer F, Oliveira MC, Plastino EM, Yokoya NS, Fujii MT (2022)
Coping with heatwaves: How a key species of seaweed responds
to heat stress along its latitudinal gradient. Mar Environ Res
177:105620

Plastino EM, Oliveira EC (2002) Gracilaria birdiae (Gracilariales,
Rhodophyta), a new species from the tropical South American
Atlantic with a terete frond and deep spermatangial conceptacles.
Phycologia 41:389-396

Porse H, Rudolph B (2017) The seaweed hydrocolloid industry: 2016
updates, requirements, and outlook. J Appl Phycol 29:2187-2200

Porzio L, Buia MC, Hall-Spencer JM (2011) Effects of ocean acidi-
fication on macroalgal communities. J Exp Mar Biol Ecol
400:278-287

Rich WA, Schubert N, Schlédpfer N, Carvalho VF, Horta ACL, Horta
PA (2018) Physiological and biochemical responses of a coralline
alga and a sea urchin to climate change: Implications for her-
bivory. Mar Environ Res 142:100-107

Scherner F, Ventura R, Barufi JB, Horta PA (2013) Salinity critical
threshold values for photosynthesis of two cosmopolitan seaweed
species: providing baselines for potential shifts on seaweed assem-
blages. Mar Environ Res 91:14-25

Schlegel RW, Smit AJ (2018) heatwaveR: a central algorithm for the
detection of heatwaves and cold-spells. J] Open Source Softw
3:821

Schreiber U, Bilger W, Neubauer C (1995) Chlorophyll fluores-
cence as a nonintrusive indicator for rapid assessment of in vivo

photosynthesis. In: Schulze E-D, Caldwell MM (eds) Ecophysiol-
ogy of Photosynthesis. Springer, Berlin, pp 49-70

Segaran TC, Azra MN, Handayani KS, Lananan F, Xu J (2023) Sea-
weed and climate change: a mapping review. Mar Environ Res
192:106216

Smale DA, Wernberg T (2013) Extreme climatic event drives
range contraction of a habitat-forming species. Proc R Soc B
280:20122829

Souza JMC, Yokoya NS (2016) Effects of cytokinins on physiologi-
cal and biochemical responses of the agar-producing red alga
Gracilaria caudata (Gracilariales, Rhodophyta). J Appl Phycol
28:3491-3499

Torres P, Nagai A, Teixeira DIA, Marinho-Soriano E, Chow F, San-
tos DYAC (2019) Brazilian native species of Gracilaria (Graci-
lariales, Rhodophyta) as a source of valuable compounds and as
nutritional supplements. ] Appl Phycol 31:3163-3173

Trigueiro TG, Pereira DC, Martins AP, Colepicolo P, Marinho-Soriano
E (2017) Cultivation of three color strains of Gracilaria domin-
gensis in an integrated organic system. Int Aquat Res 9:225-233

Ursi S, Costa VL, Hayashi L, Pereira RTL, Paula EJ, Plastino EM
(2013) Intraspecific variation in Gracilaria birdiae (Gracilariales,
Rhodophyta): Growth, and agar yield and quality of color strains
under aquaculture. Bot Mar 56:241-248

van der Loos LM, Schmid M, Leal PP, McGraw CM, Britton D, Revill
AT, Virtue P, Nichols PD, Hurd CL (2019) Responses of mac-
roalgae to CO, enrichment cannot be inferred solely from their
inorganic carbon uptake strategy. Ecol Evol 9:125-140

Wellburn AR (1994) The spectral determination of chlorophylls a and
b, as well as total carotenoids, using various solvents with spectro-
photometers of different resolution. J Plant Physiol 144:307-313

Wernberg T, Coleman MA, Bennett S, Thomsen MS, Tuya F, Kelaher
BP (2018) Genetic diversity and kelp forest vulnerability to cli-
matic stress. Sci Rep 8:1851

Yokoya NS (2000) Apical callus formation and plant regeneration
controlled by plant growth regulators on axenic culture of the
red alga Gracilariopsis tenuifrons (Gracilariales, Rhodophyta).
Phycol Res 48:133-142

Yong YS, Yong WTL, Anton A (2013) Analysis of formulae for deter-
mination of seaweed growth rate. J] Appl Phycol 25:1831-1834

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer



	Agarophyte seaweeds exhibit differential responses to marine heatwaves depending on the species and climatic season
	Abstract
	Introduction
	Materials and methods
	Seaweed collection and laboratory cultures
	Experimental design
	Growth rates
	Photosynthetic performance
	Pigment content
	Statistical analyses

	Results
	Growth rates
	Photosynthetic performance
	Pigment content

	Discussion
	Acknowledgements 
	References


