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Warming oceans are reshaping coastal ecosystems, yet the thermal sensitivity of
many foundation macroalgae remains poorly constrained. Under SSP2-4.5, sea
surface temperatures are expected to rise by ~2.7 °C by 2100, with unknown
consequences for the canopy-forming kelp Lessonia spicata. We exposed thalli
to control (15 °C) and warming (18 °C) conditions for 14 days to simulate near-
future thermal scenarios, assessing photophysiology, oxidative stress and
pigment composition. Warming caused marked declines in F,/F, and ETRax
and increased NPQ.x signaling reduced photochemical efficiency and
enhanced thermal energy dissipation. Simultaneously, pigment concentrations
decreased, ROS and MDA accumulated, and antioxidant capacity dropped,
indicating rapid disruption of cellular redox homeostasis. Our results
demonstrate that even modest warming consistent with mid-century
projections triggers immediate photophysiological impairment and oxidative
stress in L. spicata. These mechanistic insights highlight potential vulnerability
of kelp forests in central Chile as ocean temperatures continue to rise.
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PHYSIOLOGICAL AND BIOCHEMICAL RESPONSES
OF Lessonia spicata TO THERMAL STRESS
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GRAPHICAL ABSTRACT

Introduction

Canopy-forming brown macroalgae (kelp), such as L. spicata
(Suhr) (resilient Phaeophyceae, Ochrophyta), are foundational
species and among the most ecologically important primary
producers in temperate coastal habitats worldwide. They play a
critical role in structuring intertidal and subtidal habitats,
contributing substantially to nutrient cycling, primary production,
and providing essential habitat complexity (Buschmann et al., 2014;
Gomez et al., 2016; Rosenfeld et al., 2019). Climatic change (CC) is
one of the most urgent environmental threats of the 21*" century. Its
impacts are particularly severe in marine ecosystems, where rising
greenhouse gas emissions elevate sea surface temperatures (SST),
leading to widespread ecological disruption (Dubash, 2020; IPCC,
2023). In temperate coastal regions, increasing SST imposes
multiple stressors on kelp species, affecting key physiological
processes such as photosynthesis, respiration, nutrient uptake,
and life-cycle dynamics (Harley et al., 2006; Smale, 2020;
Gundersen et al., 2021; Tregarot et al., 2024). These physiological
disturbances can compromise not only individual performance but
also the persistence of entire populations of primary producers over
time. Moreover, warming is causing unprecedented shifts in species
distributions, triggering biodiversity loss, habitat degradation, and
reorganization of biological communities, and the emergence of
novel species assemblages, which may alter ecosystem services in
ways we are only beginning to understand (Wernberg et al., 2019;
Duarte et al,, 2022). Such distributional shifts have already been
predicted for canopy-forming macroalgae under climate warming
scenarios; similar patterns have been predicted for other canopy-
forming species using ecological niche models under warming
conditions (Carneiro et al., 2023).

Projections under SSP2-4.5 scenarios, estimate a rise of +2.7 °C
in SST by 2100 (IPCC, 2023). While moderate, this warming still
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poses critical risks to macroalgae, particularly foundational species
in temperate marine ecosystems, which may exceed their
physiological thermal limits. This is consistent with findings in
other cold-adapted macroalgae exhibiting reduced thermal
tolerance when exposed to increased irradiance and temperature
(Marambio and Bischof, 2021). When such thresholds are
surpassed, abrupt changes in abundance and geographical range
can occur, with cascading consequences for ecosystem structure and
function (Smale, 2020). The loss of kelp forests, for example, has
already been documented in several regions, including a 43%
decline in Western Australia between 2011 and 2015 because of
extreme marine heatwaves (Coleman and Wernberg, 2017).

Their productivity and resilience strongly depend on efficient
photosynthetic and photoprotective mechanisms, which are
sensitive to temperature and irradiance. Photochemical indicators
such as the maximum quantum yield of Photosystem II (F,/F,,), the
maximum electron transport rate ETR ., and non-photochemical
quenching NPQ are widely used to quantify photosynthetic
performance and stress tolerance in kelps. F,/F,, is the primary
measure of photosynthetic efficiency and is highly sensitive to stress;
its decline indicates photoinhibition and cellular damage to the
photosystem II reaction centers. ETR,,,, represents the maximum
rate of light-driven electron flow through the thylakoid membranes,
serving as an indicator of maximum photosynthetic capacity.
Finally, NPQ quantifies the dissipation of excess light energy as
heat, acting as a crucial photoprotective mechanism under stress
conditions (Figueroa et al., 2019). Integrating these metrics provides
a robust understanding of the physiological status of macroalgae.

Multiple studies have documented strong physiological and
biochemical impacts of elevated temperature on brown
macroalgae. The decline in the maximum quantum yield of PSII
(F\/Fy) is a consistent indicator of thermal damage. For instance,
Cladosiphon okamuranus, Nemacystus decipiens, and Turbinaria
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ornata exhibited significant drops in F,/F,, when exposed to
elevated temperatures (Fukumoto et al., 2019; Narrain et al., 2023;
Bell et al., 2024). Observed seasonal variation in F,/F,, values has
been documented in L. spicata, highlighting its ecophysiological
plasticity and capacity for photoacclimation to predictable
environmental shifts (Zuniga et al., 2021; Celis-Pla et al., 2022).
However, this acclimation capacity is finite, and vulnerability
increases when physiological thresholds are exceeded by acute
events. Reductions in the maximum electron transport rate
(ETR,.x) have been observed in Fucus serratus under elevated
temperature, indicating impaired capacity for electron flow a
distribution ranges and energy production (Figueroa et al., 2019).
Similarly, elevated temperature exposure in other brown algae led to
lower ETR, signaling compromised photochemical efficiency
(Fukumoto et al., 2019). Additional impacts on photosynthetic
performance have been reported in Lessonia corrugata, which
exhibited reduced net productivity and increased erosion near its
upper thermal threshold (James et al., 2023). Meanwhile, non-
photochemical quenching (NPQ) often increases as a compensatory
response, as in Turbinaria ornata, which raised NPQ to dissipate
excess excitation energy under stress (Narrain et al., 2023).

Thermal stress also alters key biochemical traits in brown algae.
For instance, Sargassum horneri exhibited significant reductions in
chlorophylls above 30°C, indicating pigment degradation (Yong
et al, 2021), while Sargassum stenophyllum showed declines in
chlorophyll a after 5°C increase in temperature (Urrea-Victoria
et al,, 2020; Schmid et al., 2021) reported carotenoid adjustments
and reductions in total pigment content in temperate kelps
Laminaria digitata under heat stress, and Macrocystis pyrifera
experienced losses in chlorophyll ¢ and fucoxanthin under
elevated temperatures (Mabin et al., 2019). Furthermore, recent
work demonstrated that L. spicata exposed to thermal and light
stress accumulates hydrogen peroxide (H,0,) and
malondialdehyde (MDA), indicating oxidative damage and
membrane destabilization (Celis-Pla et al., 2025). L. spicata (Suhr)
(Laminariales, Phaeophyceae, Ochrophyta) is distributed along the
temperate coast of Chile (29° to 41°S) and is one of the most
ecologically important brown macroalgae in the Pacific Ocean
(Buschmann et al., 2014; Gomez et al., 2016). It plays a
foundational role in structuring intertidal and subtidal habitats,
contributing to nutrient cycling, primary production, and
habitat complexity.

In central Chile, where L. spicata is ecologically dominant, water
temperatures can vary throughout the year, peaking during the
summer months (December, January, and February) when
temperatures range between 15-22 °C. However, significant
increases in maximum temperatures have been recorded in recent
years, attributable to global warming (Pujol et al., 2022; IPCC, 2023;
Rojo-Garibaldi et al., 2023). These thermal anomalies such as the
negative impacts observed on kelp beds in northern Chile
(Tarapaca) during the recent El Nifio event (Aviles and Parker,
2024), are altering distribution patterns. Notably, while L. spicata
has historically dominated central Chile, recent findings document
its expansion poleward (southward), reporting the first record of the
species in the Sub-Antarctic Magellan Channels (Rosenfeld et al.,
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2019). This raises concerns about its long-term ecological viability
and the potential loss of ecosystem services it supports. In this
context, in vivo chlorophyll a fluorescence remains a valuable tool
for detecting physiological impairment, as reductions in F,/F,, and
ETRax are widely used as indicators of photoinhibition and stress
in kelps (Abdala-Diaz et al., 2006; Figueroa et al., 2016; Celis-Pla
et al., 2016). These measures offer rapid, non-invasive insights into
the photosynthetic status of macroalgae exposed to changing
environments. Integrating these photophysiological metrics with
biochemical traits such as pigment degradation, antioxidant
capacity, and oxidative markers provides a comprehensive
perspective on algal stress physiology.

Given regional warming trends and the increasing frequency of
marine heat anomalies along central Chile, we tested a +3°C
increment relative to 15°C to represent a realistic, short-term
thermal stressor. This short-term stress is relevant because the
degree of cellular damage and redox imbalance measured here is
the mechanistic foundation that determines longer-term
organismal fitness and demographic performance under chronic
or repeated stress, as physiological responses underpin individual
life-history traits and, consequently, population dynamics
(Coleman, 2024). Our objective was strictly mechanistic: to
quantify short-term photophysiological and biochemical
responses of L. spicata to moderate warming under
controlled conditions.

Materials and methods
Algae collection and experimental design

Thalli of L. spicata were collected in September 2023 from the
rocky intertidal zone (upper intertidal) at Cochoa Beach, located
north of Valparaiso Bay, Chile (32°57°19” S; 71°32’52” W). To avoid
pseudoreplication, each replicate corresponded to a distinct thallus
of Lessonia spicata collected from independent holdfasts at least 1 m
within the sampling site. From each thallus, only one healthy blade
segment was used per experimental unit, ensuring that all replicates
represented independent biological individuals rather than
subsamples from the same organism. A total of approximately 50
individuals were collected. The approximate sporophyte size ranged
from 20 to 50 cm in length. During the sampling the sea surface
temperature (SST) was 15 + 1°C under low tide.

The samples were transported in plastic containers under
cooled (13-15°C) conditions to the Laboratory of Environmental
Research (LACER) at the HUB Ambiental UPLA research center of
Universidad de Playa Ancha, Chile. Upon arrival, thalli were
maintained with constant aeration and periodic seawater
exchange to stabilize temperature to (15°C) until the experiment
began. Fronds from 10 to 11 different individuals were placed
in each experimental unit (tank). During the entire
experimental period, algae were exposed to a natural daily light
regime simulating local conditions (PAR: 953 k] m?, UVA: 763 k]
m2, UVB: 4.7 k] m™?), under a 12:12 h light: dark
photoperiod (Figure 1).
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FIGURE 1

Explanatory diagram of the steps to follow during the experiment, from the sampling site to the collection of material for analysis.

Two temperature treatments were applied: a control at (15°
C) and a warming treatment of (18°C), as projected by the IPCC,
2023 scenario SSP2-4.5. The experimental unit for the temperature
factor was the tank (n=3 per treatment), totaling 6 experimental
units (n = 2 x 3). The temperature was regulated using a
chiller system (Sunsun Chiller Mod. HYH 05D, Sensen, China).
The tanks were assigned randomly to the two temperature
treatments, and the temperature regulation was performed via an
external water bath, ensuring no water circulation or exchange
between the temperature treatments. Fronds were repositioned
regularly to prevent self-shading, and fresh filtered seawater was
changed every three days to avoid nutrient depletion and
microbial overgrowth.

Sampling was performed at 10:00 h (local time) on day-1, day-7,
and day-14. The selection of these time points was designed to
capture both the immediate, acute physiological response (day-1)
and the potential long-term response or compensatory acclimation
(day-7; day-14). Photosynthetic parameters were measured in situ,
on different adults’ fronds at each time point (days-1-7-14) to avoid
time-series pseudo-replication and the influence of the
measurement process. Algal tissue for biochemical and molecular
analyses was collected from adult fronds using sterile scissors and
immediately froze in liquid nitrogen to prevent degradation due
to manipulation.

Photosynthetic performance

In vivo chlorophyll a fluorescence was measured using a pulse
amplitude modulated fluorometer (Junior-PAM, Walz
GmbH, Germany).

The effective quantum yield (AF/F,,) Equation 1 was calculated
from initial and maximum fluorescence under illuminated
conditions, and maximum quantum yield (F,/F,,) was determined
after 15 minutes of dark adaptation (Figueroa et al., 2019; Celis-Pla
et al., 2018, 2022, 2025).

The maximal electron transport rate (ETR,.c) (Equation 1) was
estimated by exposing algal tissue to twelve different intensities of
actinic light for 20 seconds during the rapid light curve (Schreiber
et al., 2995).
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ETR (mmol electron m—2 s—1)
= AF/Fm'« EPAR x A x FII 1)

ETR parameters, including ETR,,,,, and the initial slope of the
ETR versus irradiance relationship (ctgrr), were determined using
the tangential model (Eilers and Peeters, 1988).

Non-photochemical quenching was calculated as follows (Celis-
Pla et al,, 2016) according to Equation 2:

NPQ = (Fm - Fm') | Fm' )

The maximum non-photochemical quenching (NPQ,,,,) was
obtained by the tangential model contained in (Eilers and
Peeters, 1988).

Biochemical variables

All spectrophotometric measurements, including pigments,
phenolics, antioxidant capacity, and malondialdehyde (MDA),
were conducted using a microplate reader (SPECTROstar Nano,
BMG Labtech, Offenburg, Germany), except for ROS fluorescence
quantification, which was performed with a Cytation 5 instrument
(Agilent BioTek, Santa Clara, USA).

Chlorophyll a and ¢ were extracted from 20 mg of fresh algal
tissue using 90% acetone, following (Ritchie, 2008). After 30
minutes of dark incubation at 4°C, samples were centrifuged at
16,200 g for 10 minutes. Absorbance was measured in microplates,
and concentrations were calculated using the following Equations 3
and 4:

Chl a = 1147 x (A664 — A750)

- 045 x (A630 — A750) (3)

Chl ¢ = 22.679 x (A630 — A750)
— 3.404 x (A664 — A750) (4)

Fucoxanthin concentration was determined from 25 mg of algal
tissue using an extract in dimethyl sulfoxide (DMSO), following the
modified protocol of (Seely et al., 1972) according to (Celis-Pla
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et al., 2918) (Equation 5). Absorbance was read at 480 nm and
fucoxanthin concentration calculated using:

Fx =[A480 — 0.722(A631 + A582 — 0.297 x AG65) (5)

- 0.049 x A665] / 130

Total phenolic compounds were extracted from 250 mg of
fresh-frozen algal tissue using 80% methanol and quantified using
the Folin-Ciocalteu method with phloroglucinol as a standard,
following (Celis-Pla et al., 2022). The antioxidant capacity was
assessed via the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical
scavenging assay using 150 pL aliquots of the extract prepared
from 250 mg of biomass, and results were expressed as umol TEAC
g DW using Trolox as a standard (Alvarez-Gomez et al., 2017).
Reactive oxygen species (ROS) production was measured from 30
mg of frozen algal tissue using a commercial detection kit (Sigma-
Aldrich), following the manufacturer’s instructions. The tissue was
extracted with HCL and reacted with the fluorophore probe.
Fluorescence was read at 540/570 nm, and values were expressed
as mmol g' DW. Lipid peroxidation was estimated from 50 mg of
algal biomass via the quantification of malondialdehyde (MDA)
using the thiobarbituric acid reactive substances (TBARS) method,
following protocols described in Celis-Pla et al., 2025 and (Zuiiga
et al., 2021), with absorbance measured at 532 nm. Results were
expressed as ng MDA g'' DW.

Statistical analysis

We analyzed temperature (2 levels) x time (3 levels) with two-
way ANOVA. For each response variable we report F, p, and partial
n® with 95% Cls. Where interactions were significant, we provide
simple effects with Hedges’ g and 95% Cls. Previously, the data were
assessed for homogeneity and homoscedasticity of variance using
Bartlett’s test, and student-Newman-Keuls post hoc tests were
applied. All diagnostics and code are in Supplementary
Information. The experimental unit and replication (n = ... per
treatment X time) are stated in each figure caption. Where
significant interactions were observed, the. All statistical analyses
were performed using R version 3.3.0 (R Cote Team).

Principal Coordinates Ordination (PCO) was conducted to
integrate all photophysiological and biochemical variables and to
visualize multivariate similarities among treatments. This
complementary analysis allowed the identification of coordinated
response patterns of L. spicata under control (15°C) and warming
(+3°C) conditions. All variables—maximum quantum yield (F,/
F.,), maximum electron transport rate (ETR,,,,), photosynthetic
efficiency (ogrr), photosynthetic saturation irradiance (Ekgrg),
non-photochemical quenching (NPQ,,,y), chlorophyll a (Chl a),
chlorophyll ¢ (Chl ¢), fucoxanthin (FX), total phenolic compounds,
antioxidant capacity (DPPH), reactive oxygen species (ROS), and
malondialdehyde (MDA), Insoluble Phenolics compounds (PCI)
and Soluble Phenolics Compounds (PCS) —were standardized by
their maximum values to ensure comparability. The analysis was
executed using the PRIMER v7 software package, following
standard procedures for ecological datasets.
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Results
Multivariate analysis (PCO)

The multivariate Principal Coordinates Ordination (PCO)
analysis revealed a clear separation between treatments along the
primary axis (PCOL1), which explained 25.9% of the total variance
(Figure 2). Samples exposed to 18 °C clustered towards the negative
side of PCO1, associated with higher levels of non-photochemical
quenching (NPQ), reactive oxygen species (ROS), and
malondialdehyde (MDA). In contrast, control samples at 15 °C
grouped on the positive side, characterized by higher values of
maximum quantum yield (F,/F,,), maximum electron transport
rate (ETRy.y), photosynthetic efficiency (ogrr), and pigment
contents (Chl a, Chl ¢, fucoxanthin), as well as greater
antioxidant capacity (DPPH). The second axis (PCO2; 17.9% of
total variance) captured minor within-treatment variability.
Overall, this ordination underscores the consistent multivariate
distinction between control and warming conditions, indicating
that short-term exposure to +3 °C induces a coordinated decline in
photochemical performance and redox homeostasis in L. spicata.

Physiological responses

Thermal stress produced consistent and statistically significant
changes in the photophysiological performance of L. spicata
(Supplementary Table S1). F,/F,, decreased progressively under 18°C
treatment, with significant differences at days-7 and -14 relative to the
control (F ¢, 30y = 189, p < 0.05, > = 0.46). (Figure 3A). The
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FIGURE 2

Principal Coordinates Ordination (PCO) of all photophysiological
and biochemical variables. The ordination shows the separation
between the 15°C (green triangles) and 18 °C (blue inverted
triangles) treatments. Vectors indicate the contribution and direction
of each variable. PCO1 and PCO2 explain 25.9% and 17.9% of the
total variance, respectively
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FIGURE 3
Photophysiological responses: (A) Maximal quantum yield (F,/F.,). (B) maximal electron transport rate (ETRax). (C) Photosynthetic efficiency (oetr)
and (D) Maximal non-photochemical quenching (NPQ,.,). Lowercase letters denote significance after the SNK test

corresponding Hedges’ ¢ effect size for day-14 (-1.27, 95% CI = -1.98
to —0.56) confirms a strong impairment of PSII efficiency.

Similarly, ETR,,,,, was markedly lower at 18°C by day-14 (F ,,
30) = 0.07, p < 0.05, 1? = 0.39), whereas control individuals exhibited
a recovery trend (Figure 3B). The photosynthetic efficiency (0tgrr)
also declined at 18 °C, indicating reduced light-use capacity (F (5, 30
= 5.66, p < 0.05) (Figure 3C). Although the photosynthetic
saturation irradiance (Ekgrgr) has no significant differences (data
not shown). In contrast, maximum non-photochemical quenching
(NPQnay) increased significantly at 18 °C from day-14 onward (F 5,
30) = 25.8,p < 0.05, 1? = 0.51) (Figure 3D), consistent with enhanced
energy dissipation as a protective but transient mechanism.
Correlation analysis revealed strong negative relationships
between F,/F;, and NPQ.,,x (r = -0.78, p < 0.01) and between
ETRax and ROS (r = =0.71, p < 0.05), highlighting the functional
coupling between photochemical inhibition and oxidative
stress (Figure 2).

Biochemical responses

Pigment content declined under elevated temperature
(Supplementary Table S2). Chlorophyll a decreased by 32% and
chlorophyll ¢ by 27% after 14 days at 18 °C (p < 0.05) (Figures 4A,
B), whereas fucoxanthin declined by 23%, confirming pigment
degradation (Figure 4C). In the same context, photoprotection as
phenolic compounds exhibited a biphasic response: a transient rise
at 24 h under 18 °C (early stress activation; F (5, 39y = 13.7, p < 0.05)
(Figures 5A, B), followed by a pronounced decrease on day-14.
Antioxidant capacity (DPPH assay) dropped by 40% relative to the
control (p < 0.05) (Figure 5C), while reactive oxygen species (ROS)
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(Figure 6A) and malondialdehyde (MDA) (Figure 6B) increased
~60% and 45%, respectively (p < 0.05) (Figure 6).

Discussion

This study provides new experimental evidence of how L.
spicata responds physiologically and biochemically to short-term
thermal stress. Although integrative analyses of photophysiological
and biochemical responses remain scarce for kelps from the
southeastern Pacific, we simulated a realistic +3 °C increase
relative to 15 °C - the mean summer temperature in central Chile
- to quantify the immediate physiological and biochemical
consequences of moderate warming under controlled laboratory
conditions. The objective was explicitly mechanistic and time-
bound, providing baseline data to interpret the cellular
vulnerability of this species to near-future ocean warming. The
multivariate analysis highlights the coordinated impairment of
photosynthetic efficiency and redox balance in response to
moderate warming. Here, the PCO analysis provides an
integrated view of the multivariate stress response in L. spicata
under moderate thermal stress. The clear separation of treatments
along the first ordination axis demonstrates that even a +3 °C
increment triggers a coherent shift in the species’ physiological
state. The association of F,/F,, ETR. Ogrr, and pigment
variables with the control treatment reflects efficient
photochemical functioning and stable redox balance under
ambient temperature. Conversely, the clustering of NPQ, ROS,
and MDA vectors with the 18 °C samples highlight the
convergence of photochemical down-regulation and oxidative
stress as dominant processes under warming. This multivariate

frontiersin.org


https://doi.org/10.3389/fpls.2025.1727961
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Navarrete et al. 10.3389/fpls.2025.1727961

A) Temperature []1s°c [[] 18' B) Temperature [] 15°c[[] 18°c C)
ab b b b b b b
ab ab b _ 03 b = a - b ab ab
g 075 a a E ; 15 a
- T w
W 5 £
; 050 z o %‘t.c
= : :
‘;‘; 0.25; g 0.1 ‘§' o5
S = E}
z 5 2
0.00: 0.0 00
24 hours 7 days 14 days 24 hours 7 days 14 days 24 hours 7 days 14 days
Time
FIGURE 4
Photosynthetic pigments: (A) Chlorophyll a and (B) Chlorophyll ¢ (c1+c2) and (C) Fucoxanthin pigment content. Lowercase letters denote
significance after the SNK test.

pattern supports the interpretation that short-term exposure to L. spicata across natural gradients (Zufiga et al., 2021). Altogether,
elevated temperature elicits a systemic response, coupling  these physiological responses indicate that L. spicata operates near its
photophysiological impairment with biochemical redox  upper thermal safety margin under moderate warm conditions. In its
disruption. Such integrative ordination evidence reinforces the  natural habitat, recurrent exposure to elevated temperatures and
notion that L. spicata exhibits limited short-term resilience to  marine heatwaves could therefore push this species beyond its
moderate thermal anomalies, aligning with experimental findings  photophysiological compensation range, leading to declines in

in other kelps subjected to comparable stress conditions (Li et al.,  photosynthetic efficiency, carbon assimilation, and canopy recovery
2020; Graiff and Karsten, 2021; Narrain et al., 2023). during summer peaks.
Our results show a significant impairment of photosynthetic At the biochemical level, this study revealed consistent pigment

performance in L. spicata under moderate thermal stress. The  degradation under warming. Chlorophyll a and ¢ concentrations
reduction of maximum quantum yield (F,/F,) and maximal decreased significantly in 18°C treatment, particularly by day-14.
electron transport rate (ETR..x) at 18°C on days-7 and -14, These reductions indicate compromised photosynthetic structures,
confirm sustained photoinhibition and damage to photosystem II.  consistent with those observed in S. horneri at >30°C (Yong et al.,
Such declines in photochemical efficiency have been widely observed ~ 2021) and S. stenophyllum following a 5°C increase (Urrea-Victoria
in other brown macroalgae exposed to warming, including Fucus et al,, 2020). The reduction of fucoxanthin - key for light harvesting
serratus (Figueroa et al, 2019), Saccharina spp. during summer  and photoprotection - may further weaken the algae’s capacity to
anomalies (Li et al., 2020), and Turbinaria ornata under combined ~ manage high light under warming (Mabin et al., 2019; Schmid et al,,
light-temperature stress (Narrain et al., 2023). The parallel reduction ~ 2021). In the same context, phenolic compounds, which act as non-
in ogrg further indicates a decline in light-use efficiency, while the = enzymatic antioxidants, displayed a biphasic response, a transient
downward trend in Ekgrr suggests constrained capacity to utilize  early increase at 24 h, indicative of rapid activation of defense
high irradiance under heat exposure (Zuniga et al., 2021). The  pathways, followed by a steep decline over time This depletion
marked increase in non-photochemical quenching (NPQ,.y) after  coupled with the 40% reduction in overall antioxidant capacity
14 days reflects an enhanced dissipation of excess excitation energy, =~ (DPPH), suggests exhaustion of redox buffering mechanisms and
which acts as a short-term photoprotective mechanism. Nevertheless, ~ the onset of oxidative stress (Cruces et al., 2013; Graiff and
sustained NPQ upregulation typically signals stress compensation — Karsten, 2021).

rather than successful acclimation (Fukumoto et al., 2019), a pattern Comparable field patterns have been observed in L. spicata,
consistent with the seasonal NPQ behavior previously described for =~ where phenolic and antioxidant levels rise under moderate stress
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FIGURE 5

Phenolic compounds: (A) Insoluble phenolic content, (B) Soluble phenolic content, and (C) Total antioxidant capacity, measured by the DPPH assay
and expressed as Trolox equivalents. Lowercase letters denote significance after the SNK test.

Frontiers in Plant Science 07 frontiersin.org


https://doi.org/10.3389/fpls.2025.1727961
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Navarrete et al.

10.3389/fpls.2025.1727961

A) Temperature [ J1sec [[] 18°c B) Temperature [Jis'c [[]18°c
b b 5 b
_ aTb a T a ab ab ab ab T
= T ab 1 4 E
< 600 1 J_ T 3
L) a a T 2
g T T oo 3
E 400 1 1 g
@ £ 2
B g
B 200 s
2
0 0
24 hours 7 days 14 days 24 hours 7 days 14 days
Time
FIGURE 6
Oxidative stress markers: (A) Total Reactive Oxygen Species (ROS) and (B) lipid peroxidation (TBARS). Lowercase letters denote significance after the
SNK test.

but collapse under extreme irradiance or warming (Celis-Pla et al,
2022). The increase in oxidative stress was evidenced by
significantly elevated ROS and MDA levels in 18 °C treatment
after 14 days, indicating lipid peroxidation and progressive
membrane destabilization. These biochemical markers are reliable
indicators of thermal damage in macroalgae, reflecting the
breakdown of antioxidant defenses when stress thresholds are
exceeded (Narrain et al., 2023; Celis-Pla et al., 2025). Similar
oxidative impairments have been documented in S. latissima
under thermal and nutrient stress (Li et al., 2020), and
comparable redox imbalances have been reported in S. horneri, S.
stenophyllum, and L. digitata under elevated temperatures, where
disruptions in redox balance led to protein degradation, metabolic
reallocation and compromised cellular integrity (Urrea-Victoria
et al, 2020; Yong et al,, 2021). In S. mcclurei and F. vesiculosus,
even moderate warming has been shown to reduce antioxidant
capacity and exacerbate ROS accumulation, particularly during
prolonged exposures (Mabin et al., 2019; Graiff and Karsten,
2021). Together, these patterns indicate that the antioxidant
system of L. spicata can transiently buffer stress but becomes
depleted under sustained warming, reducing its capacity to
mitigate oxidative injury. The convergence of pigment loss,
oxidative stress, and increased NPQ reveals a shift from transient
photoprotection toward persistent oxidative strain, a process likely
to define the upper thermal limits of L. spicata under projected
warming scenarios (Teagle and Smale, 2018; Schmid et al., 2021; Ji
and Gao, 2021). Overall, the convergent photophysiological (lower
Fy/Fm, ETRpay Ogrr; higher NPQ,.c) and biochemical signals
(lower chlorophylls/fucoxanthin, reduced phenolics/antioxidant
capacity, higher ROS and MDA) indicate that L. spicata
experienced short-term redox and photochemical stress under a
+3 °C increment in controlled treatment. In natural populations,
similar physiological disruption could reduce productivity, tissue
renewal, and overall canopy persistence during recurrent heat
anomalies. These findings align with projections of increased
frequency and duration of marine heatwaves in the southeastern
Pacific, often exceeding +1 °C for > 40 days (Carrasco et al., 2023;
Pujol et al.,, 2023), which may expose L. spicata to cumulative
physiological damage.

Frontiers in Plant Science

The sustained decline in photochemical performance (F,/Fp,
ETRpna.x) and antioxidant capacity, alongside increased oxidative
stress markers (ROS, MDA), suggest that the mechanisms
normally used by this species to tolerate environmental
variability are insufficient under prolonged moderate thermal
stress. Future work should determine whether the short-term
photophysiological and biochemical responses documented here
persist over longer exposures and whether they co-vary with
performance metrics measured independently (e.g., growth,
survival, reproduction). Given that L. spicata spans ~29°S-48°S
along the Chilean coast (Gonzalez et al., 2016; Ramirez et al., 2023),
future studies comparing northern and southern populations could
reveal differential thermal tolerance and local adaptation. Such
latitudinal contrasts may also help predict range retractions or
shifts under progressive ocean warming. Considering ongoing
reports of intensified marine heatwaves and regional warming
trends (Carrasco et al., 2023; Pujol et al., 2023), both short- and
long-term in situ experiments are warranted to evaluate acclimation
and adaptive capacity under natural environmental fluctuations.
Related work on seasonal variability in photosynthetic quotients
under warming scenarios suggests useful methodological avenues
for future assessments of primary production, bridging mechanistic
physiology with ecosystem-scale consequences (Piticar, 2018;
Demortier et al., 2022; Franke et al., 2024).

Overall, our endpoints reveal rapid and coordinated cellular
responses to moderate warming, establishing a mechanistic
foundation for future long-term studies that integrate
physiological, demographic, and ecological dimensions of thermal
tolerance in L. spicata, and by extension, the resilience of kelp
forests along the Chilean coast.

Conclusions

This study provides the mechanistic and integrated evidence
that a +3 °C thermal increment—consistent with the IPCC SSP2-4.5
scenario—induces rapid declines in photochemical efficiency,
pigment content, and antioxidant capacity in L. spicata, leading to
oxidative stress within two weeks. By combining effect-size metrics
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and multivariate analyses, the present revision enhances the
mechanistic interpretation of these short-term responses.
Although the experiment was limited to a controlled day-14
exposure, the results establish a quantitative physiological baseline
from which future long-term and omics-level investigations can be
designed. These findings reinforce the ecological concern that
projected ocean warming may threaten the persistence and
ecosystem functions of this foundational kelp species along the
southeastern Pacific coast.
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