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ABSTRACT

Marine heatwaves (MHWs) and marine cold spells (MCSs) are increasing in frequency and intensity, emerging
as major climate-driven stressors in coastal ecosystems. In northern Patagonia, these thermal extremes have
been associated with shifts in plankton communities and an increasing incidence of harmful algal blooms
(HABs), particularly those dominated by Alexandrium catenella, the main producer of paralytic shellfish
toxins (PSTs) in Chile. However, the physiological responses of HAB species to thermal extremes remain
poorly understood, limiting their use as ecological indicators of HAB risk under climate variability. We
experimentally evaluated the effects of simulated MHWs and MCSs on cell density, pigment concentration
and toxin production in a monoclonal A. catenella strain isolated from northern Patagonia. Extreme thermal
treatments were imposed using progressive temperature changes of +1 °C day~! to 16 °C for the MHW
treatment and —1°C day~! to 8 °C for MCSs treatment, followed by two exposure-recovery cycles, followed
by two exposure-recovery cycles. Responses were assessed by quantifying cell density, pigment content,
and PST composition (neoSTX, STX, GTX2/3, GTX4/1). MHW exposure promoted transient increases in cell
density and significantly enhanced cellular toxin quotas, particularly GTX2/3. In contrast, MCSs produced
contraction-recovery dynamics in population size with moderate effects on toxin profiles. Multivariate analyses
(PERMANOVA) revealed significant temporal variation, across exposure-recovery cycles. Overall, our results
demonstrate that simulated thermal extremes can modify cell density and toxin production in A. catenella, with
MHW-like conditions intensifying toxin production and altering toxic profiles.

1. Introduction

to several weeks), whereas MCSs represent sustained cold anomalies
below the 10th percentile (Hobday et al., 2016; Schlegel et al., 2017).

Marine heatwaves (MHWSs) and marine cold spells (MCSs) are cur-
rently the more visible manifestations of climate change in the ocean
(Pujol et al., 2022; Smale et al., 2019; Hobday et al., 2016). MHWs
are characterized by sea surface temperatures exceeding the 90th per-
centile of local climatology for prolonged periods (at least 5 days
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Situated at opposite ends of the thermal spectrum, MHWs and MCSs
are protracted pulse disturbances that can represent strong ecological
stressors (Smith et al., 2023) with severe impacts on marine ecosystems
(Holbrook et al., 2019). The intensity and duration of MHWs and MCSs
can alter local to regional patterns of planktonic community structure,
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including changes in the abundance and composition of harmful or
toxic phytoplankton species (Garrabou et al., 2022; Oliver et al., 2021;
Dias et al., 2025). In northern Patagonia, on the west coast of South
America (40-45°S), both MHWs and MCSs have recently increased in
intensity and duration, triggering changes in stratification, vertical mix-
ing, and nutrient availability along the region (Pujol et al., 2025). These
physical changes can alter phytoplankton community structure by shift-
ing the abundance and composition of dominant functional groups,
as well as their biomass dynamics (Cuevas et al., 2019; Poblete-Ulloa
et al., 2024).

Northern Patagonia has experienced an increasing number of harm-
ful algal blooms (HABs) during years of extreme thermal anomalies,
suggesting a direct link between climate variability and the prolifera-
tion of toxic species (Diaz and Figueroa, 2023; Marquet et al., 2024).
Thus, understanding how thermal extremes affect HABs—forming
species (e.g. changes in cell density or toxicity) may provide useful
insights into the potential responses of HAB dynamics under future
climate scenarios (Burgh-Day et al., 2022).

The ecosystem changes following extreme thermal events have been
linked to substantial impacts in communities reliant on coastal fisheries
and aquaculture (Smith et al., 2021). Similarly, HABs outbreaks gener-
ate significant economic and ecological impact that are often difficult to
quantify (Rodriguez et al., 2011; Avdelas et al., 2021; Diaz and Alvarez,
2023). In northern Patagonia, HABs outbreaks affecting humans and
other consumers of toxic shellfish have been repeatedly associated with
climatic and environmental anomalies (e.g., Lara et al., 2016; Garreaud,
2018; Leon-Munoz et al., 2018; Diaz et al., 2023, 2025). These coupled
anomalies have also coincided with marked declines in the availability
of wild mussel larvae and juvenile (seed), leading to cascading impacts
on mussel aquaculture production and regional economies (Molinet
et al., 2025). This social-ecological connection underscores the need to
integrate biophysical processes with human dimensions when assessing
ecosystem vulnerability (Van Dolah et al., 2016). Collectively, the
linkage between extreme environmental events and negative social-
ecological effects highlights the need for fundamental research to better
understand HAB-related risks under future environmental change and
to support the sustainable use of coastal marine resources (Pinillos and
Ruiz, 2024).

Alexandrium catenella is the main dinoflagellate producer of par-
alytic shellfish toxins (PSTs) in Chile (Barria et al., 2022; Diaz and
Figueroa, 2023; Diaz et al., 2024), which comprise a diverse group of
toxin analogues differing markedly in toxicity and whose composition
can vary under different environmental conditions (Shimizu, 1996;
Cembella, 1998; Wiese et al., 2010). The northern expansion of A.
catenella over the past five decades has resulted in human poisoning (>
500 people), prolonged fishery closures across extensive geographic ar-
eas (up to 500 km of coastline), and severe economic losses, particularly
for shellfish fishers and the mussel aquaculture industry (Herndndez
et al., 2016; Navarro et al., 2022; Diaz et al., 2024; Villalobos et al.,
2025). The physiology of A. catenella is regulated by multiple en-
vironmental factors, including temperature, salinity, light intensity,
nutrients, turbulence and stratification (Aguilera-Belmonte et al., 2013;
Avila et al., 2015; Navarro et al., 2006; Bill et al., 2016). Under stable
conditions, northern Patagonian strains of A. catenella exhibit growth
optima between 10-16°C (Navarro et al., 2006), with toxicity varying
according to nutritional status and cellular C:N balance (Han et al.,
2016). The temperature change associated with MHWs can strongly
affect phytoplankton photophysiology by reducing the maximum quan-
tum yield (Fv/Fm) and increasing the production of reactive oxygen
species (ROS), leading to oxidative damage and metabolic stress (De-
schaseaux et al., 2019; Zhu et al., 2023). Under these conditions, some
microalgae upregulate toxin synthesis as a stress-mitigation strategy,
whereas others reduce toxin production due to its high energetic cost
(Chakraborty et al., 2019; Bui et al., 2024). Phenological shifts repre-
sents another anticipated to warming (Wells et al., 2015). For instance,
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Moore et al. (2008) predicted an expansion of the developmental win-
dow of opportunity for A. catenella in Puget Sound, USA, under future
climate scenarios. These authors demonstrated that the period in which
A. catenella bloom occurs annually may also expand because of climate
change, specifically by an increase in water temperature. In contrast,
MCSs induce metabolic deceleration, reduced cell division rates, and
shifts in carbon allocation toward nitrogen-containing compounds, all
of which can modify toxin profiles (Kim et al., 2021). Despite this, the
effects of marine cold spells on toxic dinoflagellates remain far less
understood than those of warming.

Although hot and cold thermal extremes have been documented
in northern Patagonia, together with the large socioeconomic impacts
of HABs, no studies have simultaneously evaluated the responses of
A. catenella to both MHW and MCS conditions (Pujol et al., 2022;
Oliver et al., 2021; Pujol et al., 2025). Most experimental work to date
relies on static thermal gradients that do not capture the intensity,
rate of change, or transient nature of real extreme events (Thompson
et al.,, 2013; Ritger and Hofmann, 2025). This gap limits our ability
to anticipate how this toxic dinoflagellate will respond under future
climate scenarios in which seawater temperature anomalies of +4-5°C
and -4-5°C are projected to become increasingly common (Pujol et al.,
2025). In this study, we evaluated the effects of simulated MHW and
MCS temperature dynamics on cell density and toxin production in A.
catenella.

2. Methods
2.1. Culture conditions of A. catenella

A monoclonal culture of A. catenella originally isolated in 2011 from
Coldita Island, Chiloé, Los Lagos Region, Chile (Fig. 1), was used for ex-
perimental work. Cultures were maintained in 0.45 pm-filtered seawater
enriched with L1 medium (Guillard, 1995) under controlled tempera-
ture (12°C), salinity (32 PSU), photoperiod (14:10 h light:dark), and
light intensity (59.12 + 1.12 pmol m~2 s~1). Light and photoperiod
were controlled using LED tubes suspended above each culture bottle.
The dinoflagellate population was propagated in an exponential growth
phase and used directly for experimental treatments. Culture bottles
were rotated every three days. Each 5-L experimental bottle contained
4800 mL of fresh L1 medium and was inoculated with 200 mL of starter
culture at approximately 8000 cells mL~1. This inoculum contained
approximately 1.6 x 10° cells and resulted in an initial post-inoculation
density of approximately 320 cells mL~! in a final volume of 5 L

2.2. Experimental design

To assess the effects of temperature dynamics on Alexandrium
catenella, we employed a two-way factorial design with “condition”
(three levels: MHW, MCS, and control) and “exposure phase” (four
levels: first exposure, first recovery, second exposure, and second
recovery) as fixed and crossed factors. Three independent biological
replicates (5-L culture bottles used as experimental units) were used
for each treatment.

For the MHW treatment, temperature was increased from the con-
trol level (12°C) at a rate of 1°C day~! until reaching 16°C. This
temperature corresponds to the threshold commonly associated with
marine heatwave conditions in northern Patagonia (Pujol et al., 2022).
For the MCS treatment, temperature was decreased from the control
level at the same rate until reaching 8°C, representing a significant
negative thermal anomaly relative to the regional mean temperature
(Narvaez et al.,, 2019; Saldias et al., 2021). Control cultures were
maintained at a constant 12°C, corresponding to the regional mean sea
surface temperature of northern Patagonia. The temperature-change
rate of +1°C day~! was selected to impose a gradual thermal transition
and avoid an abrupt temperature shock. Because regional in situ infor-
mation on natural MHW and MCS ramping rates is limited, this rate
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Fig. 1. Coldita Island, Los Lagos, southern Chile. Monoclonal Alexandrium catenella cultures were collected from Coldita Island and isolated in 2011.
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Fig. 2. Growth dynamics of Alexandrium catenella under control conditions and simulated thermal extremes. Panels show (a) control treatment, (b) marine
heatwave (MHW) exposure, and (c) marine cold spells (MCS) exposure. Red shading indicates thermal exposure phases (warming or cooling), blue shading
denotes cold-spell exposure, and gray shading represents recovery periods between successive exposure cycles. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

represents an experimental setting rather than an exact reconstruction
of a specific regional event.

Once the target temperatures were reached, cultures were main-
tained under MHW or MCS conditions for an additional five days (first
exposure). Temperature was then gradually returned to the control
level (12°C) at the same ramping rate and maintained for five days (first
recovery). All cultures were supplemented with L1 nutrients before the

second exposure-recovery cycle, following the same procedure across
the control, MHW, and MCS treatments. The same thermal protocol was
subsequently repeated, consisting of a second exposure phase followed
by a second recovery phase. Each thermal treatment comprised a
complete exposure-recovery scenario, including progressive warming
or cooling, maintenance at the target temperature, and subsequent re-
covery to 12°C. The experiment was designed to evaluate the integrated
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Fig. 3. Pairwise comparisons between experimental treatment over time, after GAM fitted to cell number data. The solid line shows the predicted mean difference
of cell number, and the ribbon 95% the confidence interval. Values above (below) zero indicate significantly positive (negative) between-group differences.

response to these thermal scenarios rather than to separate the effects
of the ramping and target-temperature phases.

Toxin and chlorophyll samples were collected after five days un-
der each exposure and recovery phase, as well as from the control
treatment. The 5-L culture bottles constituted the experimental units
throughout the study. Temperature treatments were conducted using
climate-controlled chambers equipped with temperature-regulated wa-
ter baths. This setup allowed the maintenance of control conditions
as well as the implementation of the dynamic warming and cooling
scenarios described above.

2.3. Cell counts

For quantitative analyses of A. catenella cells, 5 mL of the uncon-
centrated 5% formalin-fixed samples (from each experimental unit)
were left to sediment for at least 4 h and analyzed under an inverted
microscope (Leica, model DMIL) using the method described by Uter-
mohl (1958). The detection level using this method was 200 cells L1
(i.e., one cell detected after examination of the entire surface of the
sedimentation chamber base-plate).

2.4. Chlorophyll-a concentration

For chlorophyll-a and pheopigments determination, 50 mL of cul-
ture from each experimental unit were filtered in triplicate using 25 mm
GF/F filters (0.7 pm nominal pore size). Filters were labeled, wrapped
in aluminum foil, and stored at —20°C until further analysis. Pigments
were extracted following the protocol of Parsons and Maita (1984).
Thus, each filter was placed in a glass tube with 8 mL of 90% ace-
tone (v/v) and kept in darkness at 5°C for 20 h. Samples were then
analyzed in a Turner Designs TD-700 fluorometer. After chlorophyll-a
determination, 100 pL of 2N HCI was added to each sample to quantify
the pheopigments.

2.5. Toxin analysis
2.5.1. Sample preparation

Toxin analyses were performed on 36 experimental samples corre-
sponding to the three conditions, four exposure-recovery stages, and

three biological replicates. In addition, three samples from the initial
culture were analyzed prior to the experimental treatments to char-
acterize the baseline toxin profile, resulting in a total of 39 analyzed
samples. Each sample was filtered through 25 mm GF/F filters and
stored in Eppendorf tubes with 0.8 mL of 0.05 M acetic acid added
to each tube. For cell lysis, we added Lysing Matrix D beads (MP
Biomedicals) and processed the samples for 45 s in a Mini-BeadBeater
at room temperature. Extracts were then filtered through 0.22 pm PVDF
syringe filters and used for analysis by UHPLC-MS/MS.

2.5.2. Reagents and chemicals

Certified reference standards for PSP toxins (C1, C2, GTX1, GTX4,
GTX2, GTX3, GTX5, GTX6, dcGTX2, dcGTX3, dcSTX, STX, dcNEO,
NEO) were obtained from the National Research Council of Canada
(NRCC, Halifax, Canada). LC-MS grade acetonitrile and methanol,
formic acid, and glacial acetic acid were obtained from Merck (Darm-
stadt, Germany). Ammonium formate LC/MS grade was obtained from
Fisher Scientific (Belgium). High-purity water was produced with a
Milli-Q system (Millipore).

2.5.3. Analysis of toxin components

Acetic acid extracts were diluted 1:4 with acetonitrile and analyzed
by HILIC UHPLC-MS/MS using an Agilent Infinity II UHPLC system.
PSTs were separated with an Acquity UHPLC BEH amide column
(100 x 2.1 mm, 1.7 pm particle size). Chromatographic and MS/MS
conditions followed Rodriguez et al. (2018). Capillary voltage was set
to 3 kV in negative mode and 3.5 kV in positive mode, with a gas flow
of 10 L min~!, gas temperature of 300°C, and nebulizer pressure of
30 psi. The quantification of all paralytic toxins was performed using
an external calibration curve of at least 6 points that must meet an R?
greater than 0.98. Limits of Detection (LOD), Limits of Quantification
(LOQ) and calibration range of the toxins studied were shown in Table
1. The analytical procedure followed the validated method described
by Rodriguez et al. (2018). Independent quality assurance assessments,
including spike recovery, matrix-effect evaluation, procedural blanks,
and repeatability tests, were not performed for the present sample set.
Therefore, the reported limits of detection (LOD), limits of quantifi-
cation (LOQ), and calibration performance characterize the analytical
performance of the instrument used in this study but should not be
interpreted as a complete matrix-specific method validation.



P.A. Villanueva et al.

Table 1

LOD, LOQ and calibration range of the toxin calibration curve.
Toxins LOD LOQ Calibration range

nmol L1 nmol L! nmol L1

C1 7.7 25.6 25.6-1636.4
Cc2 2.3 7.6 7.6-489.2
dcGTX2 6.8 22.6 22.6-1446.0
dcGTX3 2.0 6.7 6.7-428.0
dcNEO 2.1 6.9 6.9-438.7
deSTX 4.5 14.9 14.9-955.0
GTX2 7.0 23.2 23.2-1484.1
GTX3 2.9 9.8 9.8-628.7
GTX1 3.9 12.9 12.9-828.4
GTX4 1.2 4.1 4.1-260.2
GTX5 3.8 12.6 12.6-804.8
GTX6 5.6 18.8 18.8-1200
NEO 4.5 14.9 14.9-956.1
STX 4.5 15.0 15.0-960.2

2.6. Statistical analyses

A general additive model (GAM) was used to compare the microal-
gal temporal dynamics between control, MHW, and MCS treatments.
A Tweedie distribution of errors with log link was assumed, based on
diagnostic plots such as QQ plots and residuals-vs.-fitted-values plots.
The model included microalgal cell count as response variable, and
treatment and the treatment-dependent smooth of time as explanatory
variables. Further diagnostic test indicated that the basis dimension
(k) of each experimental group was apropriate (p > 0.9). In addition,
the degree of autocorrelation in the model residuals was assessed by
means of Pearson product-moment correlations (). The autocorrelation
function detected significant correlations only at a lag of 3 d (r = —0.35)
and 6 d (r = 0.24).

Differences in A. catenella toxin profiles among MHW, MCS, and
control treatments were assessed using permutational multivariate
analysis of variance (PERMANOVA) based on Euclidean distance matri-
ces calculated from toxin concentrations (GTX2/3, GTX4/1, STX, and
neoSTX). PERMANOVA was performed using 999 permutations, testing
condition (MHW, MCS, or control), exposure phase (first exposure, first
recovery, second exposure, or second recovery), and their interaction
as fixed factors. Permutations were constrained within experimental
units to account for the repeated-measures structure of the design. Sim-
ilarity percentage (SIMPER) analysis was subsequently used to identify
the toxin analogues contributing most to the observed dissimilarities
among treatments.

Chlorophyll-a and pheopigment concentrations were analyzed sep-
arately using linear mixed-effects models (LMMs), with condition and
exposure phase included as fixed crossed factors and experimental unit
(5-L culture bottle) included as a random intercept. When random-
effect variance approached zero, the random-effect structure was re-
moved and the models were refitted as standard linear models (LMs) to
avoid over-parametrization and model singularity. Model assumptions
were evaluated using quantile-quantile plots and residual-versus-fitted
value diagnostics. For pheopigment concentrations, a square-root trans-
formation substantially improved model fit and residual distributions.

The statistical significance of fixed effects was evaluated using Type
III ANOVA tests. When significant effects were detected, post hoc
comparisons were performed using Tukey-adjusted estimated marginal
means to evaluate (i) temporal changes among exposure and recovery
phases within each treatment and (ii) differences among treatments
within each experimental phase. All statistical analyses were conducted
in R version 4.5.2, using the packages vegan, lme4, ImerTest, DHARMa,
and emmeans.
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3. Results
3.1. Cell growth and toxin component profile in Alexandrium catenella

Under control conditions (constant 12°C), cell cultures exhibited
typical growth dynamics through out the 41-day experimental period.
Cell density followed a characteristic sigmoidal trajectory, with the
lowest density observed on day five (mean + SEM = 4351 + 174 cells
mL~1) and the highest on day 36 (8441 + 84 cells mL~!). The growth
curve displayed four distinct phases: (i) a lag phase (days 1-5), during
which cell population densities remained relatively stable between
5234 + 366 and 4351 + 174 cells mL~!; (ii) an exponential phase (days
6-20), with densities increasing from 4577+229 to 6200+403 cells mL!;
(iii) a stationary phase (days 31-36), where peak values ranged from
73244769 to 8441+84 cells mL~1; and (iv) a decline phase (days 37-41),
marked by a reduction to 4615 + 277 cells mL~! (Fig. 2a).

Exposure to MHW conditions induced rapid but transient changes
in cell population dynamics. During the early phase (days 1-10), cell
densities ranged from 5101 + 357 and 8736 + 240 cells mL~!. The first
heat exposure (days 11-14) triggered a sharp increase in population
density, peaking at 11,405 + 285 cells mL~! on day 12; however, this
increase was short-lived, followed by a rapid decline to 6122 + 416
cells mL~! on day 14. The post-exposure recovery phase (days 15-27)
was characterized by oscillatory dynamics, with cell densities varying
between a minimum of 4115 + 88 cells mL~! on day 21 and maximum
of 7802 + 203 cells mL~! on day 27. Population responses during the
second heat exposure (days 28-31) were more subdued than during
initial event, with densities ranging from 5991 + 521 cells mL~! on day
30 to 7766 +714 cells mL~! on day 31. The experiment concluded with
a decline in cell densities (days 32-41), stabilizing at approximately
4300 + 43 cells mL~! (Fig. 2b).

Under MCS conditions, cell populations exhibited complex dynam-
ics characterized by alternating phases of decline and recovery. During
the initial growth period (days 1-10), cell densities fluctuated substan-
tially between 5901 + 389 and 8270 + 1241 cells mL~L. The first cold
exposure (days 11-14) resulted in a contraction of population size to
7730 + 2242 cells mL~! on day 12, followed by rapid recovery to
11,590 + 661 cells mL~! on day 14. A pronounced decline occurred
during the subsequent recovery period (days 15-27), with densities
decreasing from a peak of 12,809 + 474 to 4290 + 202 cells mL~!.
The second cold exposure (days 28-31) elicited a moderate response,
with densities decreasing to 4946 + 40 cells mL~! on day 29 and
recovering to 6155 + 320 cells mL~! by day 31. During the final phase
of the experiment (days 32-41), populations initially recovered from
5446 + 365 to 7027 + 105 cells mL~! by day 37, before declining again
to 5427 + 98 cells mL~! at the end of the experiment (Fig. 2c).

In line with these observations, GAM identified complex and sta-
tistically significant temporal trends (effective degrees of freedom for
control, MHW, and MCS: 7.2, 6.6, and 8.2, respectively). Across time,
mean cell number of MHW and MCS was ca. 16% and 11% greater than
control, respectively (p < 0.001). Pairwise comparisons showed that cell
number was significantly lower in control than MWH between day 5
and 15 approximately. Cell number was statistically lower in control
than MCS at day 5 approximately (Fig. 3). For both comparisons, we
observed oscillating differences starting at day 20 (Fig. 3). In addition,
cell number was greater MHW than MCS at day 5-9, but lower at day
15 (Fig. 3). The model accounted for 71% of the variation in cell count
(R% = 0.71) and 87.5% of the deviance.

Four toxic components were identified in the A. catenella strain,
with an average toxin content of 35.4 fmol cell"!. Among the identified
components, GTX2/3 was the dominant toxin, reaching 25.72 + 3.27
fmol cell~!, followed by GTX4/1 (7.98 + 1.87 fmol cell1), neoSTX
(1.24 + 0.40 fmol cell™1), and STX (0.50 + 0.06 fmol cell~!) (Fig. 4).
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3.1.1. Toxin profile of A. catenella in response to MHWs and MCSs
Across all treatments (MHWSs, MCSs, and control), A. catenella exhib-
ited a consistent toxin profile composed of GTX2/3, GTX4/1, neoSTX,
and STX. During the first exposure to MHWs, GTX2/3 reached the
highest concentration, meaning 81.98 + 4.69 fmol cells~!, followed by
GTX4/1 (34.60 + 5.83 fmol cell!), neoSTX (3.39 + 0.88 fmol cells™1),
and STX (0.66 + 0.08 fmol cells~!). During the subsequent recovery
phase, toxin concentrations decreased while maintaining the same rel-
ative composition, with GTX2/3 at 37.23 + 7.35 fmol cells~!, GTX4/1
at 21.08 + 3.30 fmol cells~!, neoSTX at 2.65 + 0.68 fmol cells~!, and
STX at 0.36 + 0.05 fmol cell"l. In the second MHW exposure, the

total toxin content further declined compared to the first exposure,
although GTX2/3 reassessed the dominant component (26.19 + 5.26
fmol cell™1), followed by GTX4/1 (21.41 + 3.50 fmol cell™1), neoSTX
(3.01 + 0.66 fmol cell™1) and STX (0.34 + 0.08 fmol cell1) During the
final recovery phase, toxin production increased slightly, with GTX2/3
reaching 36.03 + 5.48 fmol cell-!, GTX4/1 24.87 + 2.95 fmol cell!,
neoSTX 2.89 + 1.00 fmol cell~!, and STX 0.60 + 0.17 fmol cell~! (Fig.
5).

In the case of MCS treatment, the first exposure showed GTX2/3
as the dominant toxin (17.46 + 2.89 fmol cell~1), followed by GTX4/1
(6.63 + 1.51 fmol cell™1), neoSTX (0.71 + 0.23 fmol cell~!), and STX
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Fig. 6. Toxics components of Alexandrium catenella under simulated marine cold spells. Cellular toxin concentrations (fmol * cell™') of neoSTX, STX, GTX2/3
and GTX4/1 during two exposure-recovery cycles are depicted. Bar heights indicate mean values and error bars denote the standard error (SE).

(0.17 + 0.04 fmol cell~1). In the first recovery, GTX2/3 increased to
42.81 + 4.92 fmol cells~1, while GTX4/1, neoSTX, and STX reached
11.70 + 3.35, 1.49 + 0.47, and 0.57 + 0.05 fmol cells~!, respectively.
The second MCSs exposure produced a slight increase in GTX2/3
(48.11 + 4.92 fmol cells™1), with GTX4/1 at 15.76 + 4.93, neoSTX at
1.65 + 0.87, and STX declining to 0.30 + 0.13 fmol cells~!. During
the second recovery, GTX2/3 remained predominant (44.23 + 3.96
fmol cells™1), while GTX4/1, neoSTX, and STX reached 13.29 + 0.82,
2.00 + 0.29, and 0.67 + 0.13 fmol cells~!, respectively (Fig. 6).

For the control treatment, GTX2/3 remained the dominant toxin
throughout the experiment. On day 9 (coinciding with the first ex-
posure of MHWs/MCSs), the concentrations reached 25.72 + 3.27
fmol cell-1, followed by GTX4/1 (7.98 + 1.87 fmol cell™1), neoSTX
(1.24 + 0.40 fmol cell™!) and STX (0.50 + 0.06 fmol cell!). By
day 18 (first recovery), GTX2/3 increased to 34.02 + 2.74, GTX4/1
to 25.36 + 3.15, neoSTX to 2.32 + 0.56, while STX decreased to
0.21 + 0.06 fmol cell"!. On day 31 (second exposure), similar values
were observed, with GTX2/3 (28.83 + 3.14), GTX4/1 (25.90 + 2.10),
neoSTX (3.93 + 0.56), and STX (0.38 + 0.11). Finally, on day 40
(second recovery), toxin production decreased slightly, but GTX2/3 re-
mained dominant (23.09 + 3.65), followed by GTX4/1 (22.13 + 1.37),
neoSTX (1.72 + 0.23) and STX (0.10 + 0.002 fmol cell™!) (Fig. 7).

PERMANOVA revealed a statistically significant interactive effect of
condition and exposure on toxin production (R? = 0.46; Fy,4 = 9.21;
p = 0.001). For the control group, the largest between-stage difference
that between the first exposure and first recovery (R*> = 0.76; F, =
12.9)—the decrease in the concentration of GTX4/1 accounted for most
of this difference (SIMPER contribution = 18%). Within the MHWSs
group, the largest difference was observed between the first and second
exposure (R* = 0.818; F;, = 18.0), mainly driven by the decrease
in GTX2/3 concentration (SIMPER contribution = 32.9%). Similarly,
under MCS conditions, the largest difference was also observed between
the first and second exposure phases (R* = 0.812; F,, = 17.37), but
primarily associated with the increase in GTX2/3 (SIMPER contribution
= 34.5%).

During the first exposure phase, the largest between-treatment dif-
ference occurred between MHW and control conditions (R? = 0.91;
F,, = 42.5), mainly due to increased GTX2/3 concentrations under
MHW conditions. The effect of MCS during the first recovery phase was

chiefly accounted for by the increase in GTX4/1 (12% contribution),
and the effects of MCS during the second exposure and recovery phases
were driven chiefly by increments in the concentrations of GTX2/3
(contributions to each contrast = 18.7% and 19.8%, respectively).

3.2. Chlorophyll-a and pheopigments

The LMM revealed a significant condition by exposure interactive
effect on chlorophyll-a concentration (Fg,, = 3.73, p = 0.009, R? =
0.665). Under MHW conditions, chlorophyll-a showed a marked in-
crease during the first exposure, which differed significantly from sub-
sequent exposure and recovery phases (Fig. 7, post-hoc test: p < 0.001
and p = 0.012, respectively). In the control treatment, chlorophyll-a
concentrations remained relatively stable over time, although a slight
and statistically non-significant (post-hoc test: p > 0.9) decrease was
observed on days 31 and 40, corresponding to the second exposure
and recovery phases. In the MCS group, exposure had no detectable
influence on chlorophyll-a concentration (post-hoc test: p > 0.8).
The between-condition comparison within each exposure stage indi-
cated that, during the first exposure, MHW generated a significant
increase in chlorophyll-a compared with the control (post-hoc test:
p < 0.001)—during this stage, MCS had no statistically significant effect
on chlorophyll-a relative to the control group (p = 0.53). During the
other three experimental stages, we detected no statistically significant
differences effect of MHW and MCS relative to the control (post-hoc
test: p > 0.2).

Square root-transformed pheopigment concentrations also showed
a significant interaction between condition and exposure (R?> = 0.91;
Fgry = 5.87, p < 0.001). Under control conditions, pheopigments
increased significantly during the second exposure and recovery phases
relative to the first exposure and recovery phases (post-hoc test: p <
0.001; Fig. 8). MHW treatments produced moderate temporal variation,
whereas MCS conditions showed significantly higher pheopigment con-
centrations during the second recovery phase relative to all previous
stages (post-hoc test: p < 0.003). Between-treatment comparisons indi-
cated lower pheopigment concentrations under MCS relative to controls
during the first and second exposure phases, whereas MHW differed
from the control only during the second recovery stage.
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4. Discussion

Our study provides experimental evidence that transient thermal
extremes, simulating both marine heatwaves (MHWSs) and marine cold
spells (MCSs), can modify physiological responses in the monoclonal
Alexandrium catenella strain examined here, particularly cell-density
dynamics and cellular toxin production. Warming treatments were
associated with increased GTX2/3 concentrations, whereas compar-
atively smaller changes were observed for GTX4/1. These findings
indicate that transient thermal variability can influence the physiology
and toxin profile of this strain under controlled laboratory condi-
tions. Previous studies have suggested that MHWs and MCSs may also
alter environmental and ecological processes, including mixed layer
depth, nutrient availability, water column stratification, and grazing

pressure, thereby modifying phytoplankton successional dynamics and
potentially favoring communities dominated by harmful taxa. Simi-
larly, proposed that climate driven environmental change may produce
both “winners” and “losers” among HAB species, with Alexandrium
catenella identified as one of the taxa potentially favored under several
environmental scenarios relevant to Patagonian fjords. Nevertheless,
because the present study was conducted using a single monoclonal
culture under controlled laboratory conditions, the observed responses
should not be directly extrapolated to natural populations, multispecies
phytoplankton communities, or regional HAB dynamics. Future studies
integrating multiple strains, field observations, and interacting environ-
mental drivers will be necessary to evaluate the ecological relevance
and generality of these responses.

Interannual environmental variability along the NW Patagonian
coast is strongly modulated by large-scale climate modes, primarily
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the El Nifio-Southern Oscillation (ENSO) and the Southern Annular
Mode (SAM) (Garreaud et al., 2009; Garreaud, 2018; Boisier et al.,
2018). Periods of intense thermal variability have been linked to at-
mospheric and oceanic anomalies arising from interactions and at times
synchrony between ENSO and SAM phases (Garreaud, 2018; Diaz et al.,
2023). The regional climate is characterized by strong seasonality, with
atmospheric temperatures ranging from 4-5°C in winter to 13-15°C
in summer (Garreaud, 2018). Sea surface temperature (SST) follows
a similar seasonal cycle, varying from 8-12°C in winter to 14-16°C
in summer, superimposed on strong mesoscale variability driven by
circulation and bathymetry (Narvéez et al., 2019; Saldias et al., 2021).
Additionally, satellite observations indicate a regional warming trend of
0.25°C per decade and a poleward displacement of upwelling-favorable
winds during late summer (Narvaez et al., 2019). Although northern
Patagonia is classically described as hyper-humid, recent decades have
seen precipitation deficits exceeding 50%, accompanied by enhanced
solar radiation, particularly during synchronous ENSO-SAM phases
(Garreaud, 2018; Pujol et al., 2022; Marquet et al., 2024). These condi-
tions likely enhance thermohaline stratification and nutrient retention,
creating favorable settings for atypical HAB development (Leén-Mufioz
et al., 2018; Diaz et al., 2021). Indeed, our results suggest that warming
conditions associated with MHWs stimulate toxin (GTX2/3) production
and increase chlorophyll-a specifically during the first exposure phase
in A. catenella, indicating that elevated temperatures may enhance both
the toxicity and short-term physiological activity of this species.

Previous studies have shown that Alexandrium catenella reaches
maximum growth rates within a relatively narrow thermal window of
approximately 15-16°C (Navarro et al., 2006; Aguilera-Belmonte et al.,
2013; Avila et al., 2015), whereas toxin content generally decreases
with increasing temperature under steady-state laboratory conditions
(Granéli and Flynn, 2006; Navarro et al., 2006). In contrast, our results
demonstrate that transient exposure to elevated temperatures charac-
teristic of marine heatwaves (MHWSs) was associated with increased
toxin content, particularly GTX2/3. This discrepancy suggests that toxin
production may respond not only to temperature magnitude but also to
the temporal dynamics of thermal stress, highlighting the importance of
exposure-recovery cycles rather than static thermal thresholds alone.

Our findings are broadly consistent with observations from the
extreme 2016 harmful algal bloom event in northern Patagonia, during
which anomalous climatic conditions generated a prolonged MHW that,
together with favorable local hydrodynamic conditions, supported ex-
ceptionally high A. catenella abundances (Pujol et al., 2022; Diaz et al.,
2024). Likewise, Pujol et al. (2025) reported a positive association be-
tween MHW occurrence and A. catenella blooms in northern Patagonia,
suggesting that elevated temperatures may enhance bloom develop-
ment under suitable environmental conditions. Although our exper-
imental results emphasize the role of thermal extremes, A. catenella
dynamics are likely influenced by multiple interacting components
of climate change. In particular, ocean warming, altered stratifica-
tion, changes in freshwater discharge, and ocean acidification may act
synergistically to modify bloom intensity and toxicity. For example,
Tatters et al. (2013) demonstrated that elevated CO, concentrations
can induce physiological responses in toxic dinoflagellates irrespective
of nutrient status or temperature, indicating that ocean acidification
may directly affect cellular metabolism and toxin production. Together,
these findings suggest that future ocean conditions characterized by in-
creasing thermal variability and elevated CO, levels may alter both the
abundance and toxicity of A. catenella, potentially increasing the eco-
logical and socioeconomic risks associated with harmful algal blooms
in Patagonia and other temperate coastal ecosystems.

The toxin profile of A. catenella can vary among geographic regions
and strains (Anderson et al., 2012). This species produces a diverse
group of paralytic shellfish toxins (PSTs), including saxitoxin (STX),
neosaxitoxin (neoSTX), and gonyautoxins (GTXs), whose relative pro-
portions can substantially influence overall toxicity. Previous studies
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have shown that toxin profiles in A. catenella populations from Patago-
nia are commonly dominated by GTX and N-sulfocarbamoyl analogues,
although substantial intra-specific variability exists among strains and
geographic regions (Krock et al., 2007; Rodriguez-Villegas et al., 2021).
Consistent with these observations, the toxin profile remained rela-
tively stable across the experimental treatments and was consistently
dominated by GTX analogues, particularly GTX2/3. Because GTX2/3
and GTX4/1 were quantified as combined epimeric pairs, and the
individual analogues within each pair possess different toxicity equiva-
lency factors (TEFs), conversion to saxitoxin equivalents (STX-eq) was
not considered analytically appropriate. Consequently, the results are
presented as molar cellular toxin profiles and should not be interpreted
as direct estimates of neurotoxic potency or environmental toxic risk.

Despite the numerous studies describing toxin content and profiles
in Alexandrium catenella, relatively few have examined how transient
environmental stressors influence toxin production and composition.
For example, Laabir et al. (2013) investigated the effects of environ-
mental conditions on PST content and composition in a Mediterranean
strain of A. catenella and found no significant changes in cellular toxin
content under steady-state conditions. In contrast, our results indicate
that short-term thermal anomalies can alter toxin dynamics. Simulated
marine heatwave (MHW) conditions were associated with elevated
GTX2/3 concentrations during the first exposure phase, whereas marine
cold spell (MCS) conditions produced a delayed response, with peak
GTX2/3 concentrations occurring during the second exposure-recovery
cycle. In both treatments, GTX2/3 concentrations consistently exceeded
those observed under control conditions.

Although the overall toxin profile remained relatively stable and
continued to be dominated by GTX analogues, particularly GTX2/3,
toxin content varied substantially among exposure and recovery phases.
This pattern suggest that toxin production is influenced not only by
temperature itself but also by the temporal dynamics of exposure and
recovery. Such responses contrast with previous studies conducted
under constant temperature conditions, which often reported an inverse
relationship between temperature and toxin production (Navarro et al.,
2006; Kim et al., 2021). Our findings therefore highlight the importance
of transient thermal variability as a key regulator of toxicity, suggesting
that short-term warming and cooling events may alter toxicity in
ways that cannot be predicted from steady-state experiments alone.
As marine heatwaves and other climatic extremes become increasingly
frequent and intense, understanding how recurrent thermal fluctua-
tions affect toxin production will be critical for improving HAB risk
assessments and forecasting toxicity under future climate scenarios.

5. Conclusions

This study provides experimental evidence that transient thermal
extremes, simulating marine heatwaves (MHWSs) and marine cold spells
(MCSs), can modify cell-density dynamics and cellular toxin produc-
tion in a monoclonal strain of Alexandrium catenella. Warming treat-
ments were associated with short-term increases in cell density and
GTX2/3 concentrations, whereas comparatively smaller changes were
observed under simulated cold-spell conditions. Despite these quantita-
tive responses, the overall toxin profile remained relatively stable and
continued to be dominated by GTX analogues.

These findings indicate that short-term thermal variability can in-
fluence the physiological performance of A. catenella under controlled
laboratory conditions. However, because this study was conducted
using a single monoclonal strain under simplified experimental con-
ditions, the observed responses should not be directly extrapolated
to natural populations, multispecies phytoplankton communities, or
regional harmful algal bloom dynamics. Future studies incorporating
multiple strains, natural populations, and interacting environmental
drivers will be necessary to determine the generality and ecological
significance of these responses under changing climate conditions.
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