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ARTICLE INFO ABSTRACT

Keywords:

Pile driving noise has emerged as a major anthropogenic stressor in marine ecosystems, yet its effects on
microalgae remain largely unexplored. This study investigated the morphological and physiological responses of
three marine microalgae species (Isochrysis galbana, Dunaliella tertiolecta, and Phaeodactylum tricornutum) to
simulated pile driving noise. The analysis included assessments of growth inhibition, changes in cell size,
granularity, esterase activity, membrane permeability, and photosynthetic activity, using flow cytometry and
pulse-amplitude modulated fluorometry. All species exhibited significant reductions in cell size and granularity
following noise exposure, with esterase activity being the most affected endpoint. Meanwhile, I. galbana
exhibited a selective survival strategy, while D. tertiolecta and P. tricornutum employed physiological adjustments
and structural adaptation. Among the species, P. tricornutum showed the highest sensitivity and slowest recovery
to noise exposure. These findings emphasize the importance of multiple indicators beyond cell density for
evaluating noise-induced stress in microalgae and provide insights into the ecological impact of underwater noise
pollution on primary producers.
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1. Introduction

The marine soundscape comprises a wide range of sounds originating
from abiotic sources, biological processes, and anthropogenic activities
(Duarte et al., 2021). Pile driving, one of the most intense anthropogenic
noise sources, occurs during the construction of fixed structures such as
offshore wind farms. With the increasing global demand for renewable
energy, offshore wind farm construction has expanded rapidly, leading
to a rise in pile driving noise in marine environments (Global Wind
Energy Council, 2023). This noise is characterized by repeated, impul-
sive, low-frequency sounds (<1 kHz) that can propagate over long dis-
tances, potentially affecting a wide range of marine organisms (van der
Knaap et al., 2022).

Marine organisms natural acoustic

rely on signals  for

communication, predator detection, locomotion, and reproductive
behavior (Slabbekoorn and Bouton, 2008; Slabbekoorn et al., 2010).
Anthropogenic noise can disrupt or distort these critical functions,
leading to behavioral alterations, physiological stress, and in severe
cases, injury or mortality, particularly in marine mammals, fish, and
invertebrates (Duarte et al., 2021). For instance, Kim et al. (2024)
demonstrated that exposure to recorded pile driving noise in a
controlled indoor mesocosm system negatively affected the behavior of
various fish species. As such, most research on the biological effects of
pile driving noise has focused primarily on larger organisms, leaving a
significant gap in understanding its impact on smaller, non-hearing or-
ganisms such as microalgae.

Microalgae, despite their fundamental role as primary producers in
marine ecosystems (Nestler et al., 2012), have received limited attention
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regarding their responses to underwater noise. Few studies have re-
ported that exposure to pile driving noise can reduce microalgal con-
centration in biofilms (Cervello et al., 2023) and decrease biomass at
specific noise frequencies within the pile driving noise range (Keramati
et al., 2021). Recent evidence suggests that non-hearing organisms,
including microalgae, may respond not only to sound pressure but also
to other components of underwater sound, including particle motion
and vibration (Popper and Hawkins, 2018; Frongia et al., 2020; Cervello
et al., 2023).

Microalgae are highly sensitive to various environmental stressors
(Bauer et al., 2012). Underwater sound can act as a mechanical stressor,
exerting physical forces such as shear stress, changes in cell membrane
tension, and hydrostatic pressure. These forces may disrupt normal
cellular functions (Frongia et al., 2020; Wang and Lan, 2018). Excessive
shear stress, in particular, can lead to decreased cell viability, impaired
photosynthetic activity, reduced growth rates, and even cell lysis (Wang
and Lan, 2018; Rodriguez et al., 2009). For example, exposure to ul-
trasound frequencies above 20 kHz has been reported to cause physio-
logical changes, including alterations in membrane permeability and
cell rupture (Liu et al., 2022). However, existing research on the effects
of pile driving noise on microalgae has primarily focused on biomass
changes, with little attention given to physiological and/or morpho-
logical responses. To address this gap, this study evaluates the physio-
logical and morphological effects of pile driving noise on microalgae by
analyzing multiple biological endpoints through flow cytometry (FCM)
and pulse-amplitude modulation (PAM) fluorometry.

The specific objectives of this study were to (1) evaluate the effects of

A. Mesocosm design
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pile driving noise on the growth of three microalgal species (Isochrysis
galbana, Dunadliella tertiolecta, and Phaeodactylum tricornutum); (2)
investigate its effects on morphological properties (cell size and granu-
larity) and cell viability parameters (esterase activity and membrane
permeability); (3) examine its influence on photosynthetic activity in
microalgae; and (4) compare species-specific effects across various
endpoints based on the characteristics of microalgae. This study pro-
vides a comprehensive evaluation of microalgal stress responses to pile
driving noise exposure and offers fundamental data for assessing the
biological impact of underwater noise on marine life.

2. Materials and methods
2.1. Experimental design

To assess the effects of pile driving noise on microalgae, we devel-
oped an indoor mesocosm system (80 x 110 x 30 cm) constructed with
1 cm-thick acrylic walls (Fig. 1A). An underwater speaker (UW-30,
100-10,000 Hz frequency response; University Sound, Columbus, OH,
USA) was suspended at mid-depth on one end of the tank using a cord.
This setup was designed to minimize internal sound reflections and
prevent structure-borne vibrations by avoiding direct contact between
the speaker and the tank wall (Crovo et al., 2022; Nichols et al., 2015).
Additionally, acoustic panels were attached to all internal tank walls to
further reduce sound reverberation within the tank (Olivier et al., 2023).
The tank was filled with enough fresh water to fully submerge the
speaker (water depth: 26 ¢cm) and was maintained at 23 + 1 °C. Fresh
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Fig. 1. (A) Mesocosm design. (B) Sound characteristics: (a) power spectral densities (PSD) and (b) spectrograms of ambient tank noise (Con) and pile driving noise
(T1-T4) emitted in our experimental conditions. (C) Test species (I. galbana, D. tertiolecta, and P. tricornutum). (D) Equipment and endpoints used in this study.
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water was used to prevent salt accumulation on equipment surfaces and
to facilitate experimental manipulation. Preliminary experiments
further confirmed that variations in salinity within the tank did not
significantly influence the acoustic exposure conditions or experimental
outcomes. This is because the microalgae were isolated within culture
flasks, thereby minimizing direct interaction with the surrounding tank
environment. Underwater photosynthetically active radiation (PAR)
was set at 38 pmol-m~2s~! using LED lighting, following a 12 h/12 h
light-dark cycle. PAR was measured at the depth of the microalgal flasks
using an LI-192 underwater quantum sensor connected to an LI-1500
data logger (LI-COR, Lincoln, NE, USA).

Microalgae in culture flasks were positioned at four fixed distances
from the speaker (10, 20, 70, and 80 cm), with five replicates arranged
horizontally at each distance. The control group was kept in the same
tank as the treatment group when no playback occurred. The back-
ground noise level in the tank where the control flasks were placed was
approximately 104 dB re 1 pPa (rms), comparable to typical ambient
noise levels in natural marine environments (Nedwell et al., 2003).
During noise playback periods, the control group was transferred to an
acoustically isolated tank, while all other conditions remained
consistent.

Pile driving noise was played for 3 h per day (9:00 AM-12:00 PM).
The time of noise exposure was set to reflect the typical time required to
install a single monopile in a real marine environment (1.5-4.5 h) (van
der Knaap et al., 2022). While indoor mesocosm systems have limita-
tions in fully replicating natural environments, they provide advantages
such as controlled experimental conditions, high repeatability, and
detailed observations (Kim et al., 2024).

2.2. Sound characteristics

The pile driving noise used in this study was originally recorded
during the construction of the North Hoyle Offshore Wind Farm at a
water depth of 5 m and a distance of 750 m from the piling site (Nedwell
et al., 2003). The recording was subsequently processed into a contin-
uous 3-h playback track using Audacity version 3.0.2 (Audacity Team;
https://www.audacityteam.org). Detailed sound characteristics of the
playback track are provided in Table S1 and Fig. 1B. The track was
played back using an underwater speaker connected to an amplifier (CA-
160, 60 W, 100-10,000 Hz, TOA Electronics, Kobe, Japan), powered by
a 12 V car battery and controlled via a laptop.

Ambient noise and pile driving noise were recorded by placing a
hydrophone (TC4013, 1-170,000 Hz frequency range, — 211 + 3 dB re
1V pPa! receiving sensitivity; Teledyne RESON, Slangerup, Denmark)
inside the flask, positioned in the same configuration as the experi-
mental conditions. The hydrophone was connected to a preamplifier
(EC6081 mk2; Teledyne RESON) and a data acquisition module (NI-
9234; National Instruments), following standard procedures for under-
water noise measurement (Merchant et al., 2015). The recordings were
band-pass filtered between 100 and 10,000 Hz. This range was selected
based on the technical specifications of the playback system and the
potential contamination by low-frequency noise (< 100 Hz), such as
electrical noise generated by power current (Akamatsu et al., 2002).
Moreover, previous studies have demonstrated that microalgae can
exhibit measurable physiological responses to sound within this fre-
quency range (Jiang et al., 2012; Keramati et al., 2021; Cai et al., 2016),
supporting the biological relevance of the selected band.

The SPL of ambient and pile driving noise were calculated as root
mean square (SPLy,s) and zero-to-peak (SPL, ) values over 10-s
recording periods using hydrophone signal analysis software (HD-300;
Rectuson, Changwon, South Korea). The average SPL;ys of ambient
noise in the flasks was 104 dB re 1 pPa, while the average SPL,, values
for pile driving noise treatments (T1-T4) were 138, 149, 161, and 170
dB re 1 pPa, respectively.

To further characterize the spectral properties of the noise exposure,
the power spectral density (PSD) analysis was conducted using the PAM
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Guide acoustic package in MATLAB (R2020b; MathWorks, Natick, MA,
USA) (Merchant et al.,, 2015). The PSD was calculated across a
100-10,000 Hz frequency range using Hann windows with 50 % overlap
and 0.1-s segment lengths (Fig. 1B). As shown in Fig. 1B, the underwater
noise reproduced in the tank generally reflected the typical spectral
characteristics of pile driving noise, with most of its energy concentrated
below 2000 Hz (Reinhall and Dahl, 2011; Nedwell et al., 2003).

2.3. Microalgal cultivation and noise exposure

We tested three species of marine microalgae representing different
taxonomic groups: Isochrysis galbana (Haptophyta), Dunaliella tertiolecta
(Green algae), and Phaeodactylum tricornutum (Diatoms) (Fig. 1C), as
described in Park et al. (2024). D. tertiolecta and P. tricornutum were
obtained from the UTEX Culture Collection (University of Texas, Austin,
TX, USA), and I. galbana was provided by the Korea Marine Microalgae
Culture Center (KMCC, KIOST, Geoje, Korea).

All experiments were conducted in 50 mL culture flasks with a
working volume of 20 mL, using five replicates per treatment (Table S2).
Microalgae were cultured according to DIN EN ISO (International Or-
ganization for Standardization) 10253 (2018), with minor modifica-
tions. The initial cell density was adjusted by diluting microalgal
suspensions cultured in f/2 medium (I galbana: 9 x 10* cells mL™%;
D. tertiolecta: 5 x 10* cells mL_l; P. tricornutum: 7 x 10%cells mL™1).
While the ISO 10253-2016 recommends an initial cell density below 10*
cells mL™), this study aimed to evaluate multiple endpoints, including
cell viability and photosynthetic activity, in addition to assessing growth
inhibition. To obtain reliable and reproducible data, a minimum cell
density above 10° cells mL~! and an initial fluorescence (Fo) > 0.075
were required for FCM and PAM fluorometry, respectively (Certnerova
and Galbraith, 2021; Stock et al., 2019). Accordingly, the minimum
initial cell density for each species was determined based on their
growth rates to ensure a sufficient number of cells for each analysis (Lee
et al., 2023; An et al., 2021; Ivosevi¢ DeNardis et al., 2023).

After 72 h of exposure, the growth rate of the control group was
significantly lower than that suggested by the standard protocol (ISO
10253, 2016). This was most likely due to reduced light penetration due
to the experimental setup, in which the microalgal culture flasks with
lids were submerged in a water tank. Using an open beaker-type vessel
for noise exposure would have allowed better light penetration. How-
ever, culture flasks were specifically chosen to prevent contamination,
ensure uniform noise exposure among replicates at the same distance,
and eliminate potential noise reduction effects caused by the container
itself. Thus, based on the observed growth rates of microalgae, the noise
exposure period was set to 12 days to allow the evaluation of its effects
during the exponential growth phase. After the noise exposure period,
the culture flasks were moved out of the tank to minimize light limita-
tion while maintaining all other conditions constant. Observations then
continued for six days to determine whether the cells had reached a
steady state. Cell counting was performed daily, while flow cytometry
and PAM fluorescence analysis, which require a sufficient number of
cells for reliable measurements, were conducted starting on day 4 and
subsequently on days 8, 12, 15, and 18 (Fig. 1D).

2.4. Assessment of growth inhibition

The cell number in replicate samples was estimated using an
Olympus CKX53 microscope (Olympus Corporation, Tokyo, Japan) and
a disposable hemocytometer (InCyto, South Korea). The resulting
measurements were used to calculate the intrinsic growth rate (p) and
growth inhibition (I,;). The intrinsic growth rate (u) was calculated
using Eq. 1, where Ny represents the initial cell density and Ny is the cell
density after t hours. The growth inhibition (I,;) was calculated ac-
cording to Eq. 2, where y; is the growth rate of the culture flask i and p¢is
the average growth rate of the control group (ISO10253, 2016).
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2.5. Flow cytometry analysis

Flow cytometry analysis was performed using a BD FACS Canto II
flow cytometer (BD Biosciences, San Jose, USA) equipped with three
lasers (405, 488, and 633 nm) and eight filters. For each sample, 10,000
cells were measured; if this number was not reached, samples were
analyzed for 1 min. The staining method and conditions for each
endpoint were adapted from Lee et al. (2015) with some modifications
(Table S3). Data were analyzed using FlowJo V10 software (FlowJo LLC,
Ashland, OR, USA).

The endpoints measured through FCM analysis represent microalgal
inherent properties and cell viability. Forward scatter (FSC) reflects cell
size, while side scatter (SSC) represents cell granularity. I. galbana and
D. tertiolecta were dual-stained with fluorescein diacetate (FDA) for
esterase activity and SYTOX Blue for membrane permeability to assess
cell viability under noise exposure conditions (Lee et al., 2020). This
dual-staining method allows for the simultaneous measurement and
interpretation of multiple cell characteristics. The distribution of dot
plots (Q1-Q4) resulting from dual-staining is described in Fig. S1. In
contrast, propidium iodide (PI) staining was more effective for assessing
the membrane permeability of P. tricornutum. However, PI staining may
cause potential emission overlap with FDA. To avoid this, single staining
was exclusively applied to P. tricornutum (Fig. S1) (Olsen et al., 2016).

2.6. PAM fluorometry analysis

PAM fluorometry (IMAGING-PAM, Heinz Walz GmbH, Effeltrich,
Germany) in conjunction with the ImagingWin software (Heinz Walz
GmbH PAM, Effeltrich, Germany) was employed to assess the photo-
synthetic activity of microalgae exposed to pile driving noise, following
the method described by Almeida et al. (2019). On days 4, 8, 12, 15, and
18, 1 mL of each I galbana, D. tertiolecta, and P. tricornutum culture was
centrifuged at 4200 rpm for 20 min at room temperature. After centri-
fugation, 800 pL of the supernatant was removed, and the remaining
200 pL containing the pellet was transferred to a 96-well plate (Corning
Incorporated, Costar®, NY, USA). Additionally, measurements were
performed at the same time each day under the same settings
(measuring light intensity, frequency, and gain) across all species.

Seven parameters were measured, including the effective PS II
quantum yield (Y(II)), quantum yield of regulated energy dissipation (Y
(NPQ)), quantum yield of non-regulated energy dissipation (Y(NO)),
coefficient of photochemical quenching (gP and gL), coefficient of non-
photochemical quenching (gN), and electron transport rate (ETR). All
endpoints assessed through Imaging-PAM analysis were calculated using
the formulas presented in Table S4.

2.7. Statistics analysis

The normality of the data was assessed using the Shapiro-Wilk test
prior to subsequent analyses. To evaluate the effects of pile driving noise
on microalgal growth inhibition, cell size, granularity, esterase activity,
membrane permeability, and maximum electron transport rate (rET-
Rmax), @ one-way analysis of variance (ANOVA), followed by Tukey’s
HSD post hoc test, was conducted to compare group differences. If the
data did not meet the normality assumptions, a Kruskal-Wallis test was
applied as a non-parametric alternative. All statistical analyses were
performed using SPSS 25.0 (IBM Corporation, Chicago, IL, USA). A p-
value <0.05 was considered statistically significant.

To assess the correlation between the SPL of pile driving noise and
the measured endpoints, Pearson’s correlation analysis was performed
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in RStudio (Posit PBC, Boston, MA, USA), and the results were visualized
using the ‘corrplot’ package in R (Wei et al., 2017). Principal component
analysis (PCA) was conducted to interpret and visually represent the
microalgal endpoint results using PRIMER v6 (PRIMER-E Ltd., Ply-
mouth, UK). Missing values were imputed using the mean of the cor-
responding group.

3. Results and discussion
3.1. Growth inhibition of microalgae under noise exposure

During the 12-day noise exposure period, the average growth rates of
the control group ranged from 0.3 to 0.4 day !, indicating that the
experimental setup adequately supported normal microalgal growth
(Borg-Stoveland et al., 2024). Among the tested species, I. galbana
exhibited the highest cell density during this period (Fig. 2). This is
likely due to its smaller cell size compared to the other two species, as
smaller cells are generally associated with faster growth rates (Agusti
and Kalff, 1989; Schlesinger et al., 1981) (Fig. 1C).

On the final day of noise exposure (day 12), I. galbana showed
minimal growth inhibition (0.1-0.5 %) under T1-T3 (138-161 dB re 1
pPa) conditions. However, significant growth inhibition (7.5 %) was
observed at the highest noise level (T4, 170 dB re 1 pPa) (p < 0.05). In
contrast, D. tertiolecta and P. tricornutum exhibited substantial growth
inhibition (~11 %) even at the lowest noise level (T1, 138 dB re 1 pPa)
(both p < 0.05). Notably, D. tertiolecta showed a gradual increase in
growth inhibition, reaching 16.0 % under T4 (p < 0.05).

The playback noise generated in the experiment exhibited high en-
ergy within the low-frequency range (100-2000 Hz) (Fig. 1B), which
could have affected microalgal growth. Microalgae detect and respond
to specific sound frequencies via mechanosensitive ion channels in their
cell membranes, regulating cellular activities such as ion flow and signal
transduction (Frongia et al., 2020). Therefore, prolonged exposure to
noise at specific frequencies can interrupt signal transduction pathways,
impair metabolic functions, and ultimately lead to reduced cell growth
(Frongia et al., 2020; Tambunan et al., 2020). Moreover, increasing
sound intensity at a given frequency can amplify physical effects such as
pressure fluctuations, particle motion, and vibration (Campbell et al.,
2019), thereby intensifying the mechanical impact on cells. These
findings are consistent with previous studies reporting growth inhibition
in Dunaliella salina exposed to 1000 Hz sound waves (Keramati et al.,
2021; Cervello et al., 2023).

Although mesocosm-based experiments provide a controlled envi-
ronment to assess biological responses to acoustic stimuli, it is
acknowledged that such conditions may not fully replicate the natural
marine soundscapes. In particular, particle motion and vibration can be
highly localized near the speaker or tank boundaries, and these com-
ponents were not quantified in the present study, which may limit the
interpretation of the observed responses (Popper and Hawkins, 2016).
While efforts were made to minimize structural vibrations and acoustic
reflections by suspending the speaker and installing acoustic panels,
minor mechanical disturbances or electromagnetic influences associated
with the experimental setup could not be entirely ruled out. These po-
tential confounding factors may have partially affected the physiological
responses observed in microalgae and should be carefully considered in
the design and interpretation of future experiments.

Species-specific differences sensitivity to pile driving noise may be
influenced by both cell size and structural features, such as the presence
or absence of a cell wall (Fig. 1C). P. tricornutum possesses a silicified cell
wall that provides structural stability, whereas D. tertiolecta and
I. galbana are enclosed only by a plasma membrane, potentially
rendering them more vulnerable to mechanical stress (Oren, 2005; Liu
and Lin, 2000; Le Costaouéc et al., 2017). Additionally, larger cells have
a greater surface area exposed to micro-eddies, making them more prone
to structural damage (Hadiyanto et al., 2013). Considering these factors,
the higher growth inhibition observed in D. tertiolecta can be partially
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attributed to its lack of a cell wall and its relatively larger cell size
compared to I galbana.

Following the noise exposure period (days 12-18), all experimental
groups showed an accelerated increase in cell density, likely due to the
relocation of culture flasks. However, this increase did not indicate a
return to the exponential growth phase. Rather, cells transitioned into
the senescence phase, cell density stabilized, and the gap between the
control and experimental groups gradually narrowed. To assess whether
the differences in growth rate during the exponential phase resulted
from morphological and physiological responses to noise exposure, we
conducted further analyses.

Noise exposure duration

3.2. Morphological responses of microalgae under noise exposure

Following noise exposure, the mean SSC (cell size) values of all
treatment groups were significantly lower than those of the control
group (p < 0.05) by day 8, and the mean FSC (cell granularity) values
also exhibited a general decreasing trend compared to the control
(Fig. 3). These results suggested that underwater noise exposure induced
morphological changes in the microalgae (Fig. 3). Among the three
tested species, P. tricornutum exhibited the greatest reductions, with
both mean FSC and SSC values decreasing by approximately 0.8-fold
(20 %) relative to the control. P. tricornutum possesses a facultatively
silicified cell wall that allows high morphological plasticity, enabling
transitions among fusiform, oval, and triradiate forms. Under
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Fig. 3. Changes in forward scatter (FSC, cell size) and side scatter (SSC, granularity) signals in the three species under ambient tank noise (Con) and pile driving noise
(T1-T4). The mean values of approximately 10,000 cell particles per replicate (N = 5) are represented by transparent dots, with dashed lines indicating the range of
the control and treatment groups. The overall mean values for the control and treatment groups are shown as blue and red stars, respectively. The asterisk (*)
indicates a significant difference (p < 0.05) compared to the control group. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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environmental stress, transitions toward the oval form have been re-
ported to initiate within approximately 3-5 days, with a notable in-
crease in oval cells observed between days 8 and 12 (De Martino et al.,
2011). Oval cells are characterized by smaller cell size compared to
fusiform or triradiate forms, thicker silica-based cell walls, accumulation
of lipid bodies, and disorganization of chloroplast structures (De Mar-
tino et al., 2011; Borowitzka and Volcani, 1978). Therefore, the
observed decreases in FSC and SSC in this study can be attributed to such
stress-induced morphological transitions.

Notably, the reductions in FSC and SSC values for P. tricornutum
persisted through day 12 consistent with the delayed growth pattern
described in Section 3.1. These species-specific differences likely reflect
the intrinsic biological characteristics of P. tricornutum, such as its
extended cell cycle, investment in facultative silicification, and adoption
of conservative stress responses under unfavorable conditions
(Matsumura et al., 2003). In I. galbana and D. tertiolecta, cell size and cell
granularity no longer showed significant differences from the control
group by day 12. Simultaneously, the alleviation of light limitation
following the relocation of culture flasks facilitated a rapid increase in
cell densities. In contrast, P. tricornutum reached its maximum cell
density only by day 16, further reflecting its delayed division associated
with stress adaptation mechanisms (Matsumura et al., 2003).

Interestingly, on day 15, D. tertiolecta in the treatment groups had a
mean SSC value that was 0.8-fold lower and a mean FSC value that was
1.1-fold higher than in the control group (both p < 0.05) (Table S5). This
pattern suggests that cell swelling may have been induced by stress. The
fact that this phenomenon was observed only in D. tertiolecta is likely
attributable to its thin, flexible, and cellulose-deficient cell membrane,
making it more susceptible to morphological alterations (Oren, 2005).
Prolonged cell swelling can expand the cell membrane beyond its
structural limits, leading to irreversible damage or complete cell lysis
(Liu et al., 2022).

3.3. Physiological responses of microalgae under noise exposure

The fluorescence analysis using FCM revealed two distinct patterns
in the noise-exposed treatment groups (Fig. 4). The first pattern (Pattern
1) was characterized by the emergence of two separate fluorescence
peaks: one similar to the control group and another exhibiting a sig-
nificant shift in fluorescence intensity. In contrast, the second pattern
(Pattern 2) exhibited a single peak that slightly overlapped with the
control but showed a uniform shift in fluorescence intensity across the
entire cell population. Pattern 1 reflects the phenomenon in which in-
dividual cell fluorescence signals split into two distinct groups, whereas
Pattern 2 represents a gradual shift in the overall population. Consid-
ering these differences, Pattern 1 was evaluated by analyzing the pro-
portion of cells corresponding to the second peak, while Pattern 2 was
quantified using the mean fluorescence intensity (MFI) value (Fig. 4A).
I. galbana exhibited Pattern 1, while D. tertiolecta and P. tricornutum
followed Pattern 2.

Patterns of esterase activity and membrane permeability varied in
timing and magnitude among the three species. I. galbana exhibited an
increase in both esterase inactivation and membrane permeability on
day 15, whereas D. tertiolecta and P. tricornutum showed only increased
esterase inactivation on days 12 and 8, respectively, without major
changes in membrane permeability (Fig. 4A; Table S6). In detail, on day
15, under the highest pile driving noise level (T4, 170 dB re 1 pPa),
L galbana exhibited a simultaneous decrease in esterase activity and
increased membrane permeability (Fig. 4B). Consequently, 16.9 % of the
total cell population localized in the Q4 region, indicative of severe
cellular damage (Hammes et al., 2011). Moreover, the cells displayed a
dichotomous distribution predominantly between Q1 (healthy cells) and
Q4 (cells undergoing apoptosis or necrosis), rather than occupying in-
termediate regions such as Q2 or Q3. This distinct pattern explains the
formation of two peaks observed in Pattern 1. These findings are
consistent with the growth inhibition results (Fig. 2), suggesting that
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although the cell numbers increased after day 12, the cells transitioned
into the senescence phase rather than resuming exponential growth.

For D. tertiolecta, approximately 98 % of the control group cells were
located in Q1, but as the SPL,_;, of pile driving noise increased, a gradual
shift toward Q3 was observed. By T4, the proportion of cells in Q3
increased to 62.1 %, surpassing the Q1 population (36.7 %). Similarly,
P. tricornutum showed a decrease in FDA fluorescence in the treatment
groups compared to the control, whereas no significant changes were
observed in PI fluorescence, which represents membrane permeability.
This suggests that the cell wall of P. tricornutum provides structural
stability, preventing membrane damage, while D. tertiolecta, with its
flexible cell membrane, undergoes morphological changes but does not
experience significant membrane damage (Oren, 2005). As a result,
D. tertiolecta exhibited reduced physiological activity and cell swelling
under noise exposure, but did not reach the stage of complete cell death.

These interspecies differences can be interpreted as variations in
survival strategies. I galbana appears to adopt a selective survival
strategy, where a portion of the population undergoes severe damage
and apoptosis, while the remaining cells maintain viability by preser-
ving esterase activity and membrane integrity. This suggests that
I. galbana may utilize programmed cell death (PCD) or stress-induced
apoptosis mechanisms as an adaptive response (Affenzeller et al.,
2009; Gallo et al., 2017). Considering its small cell size and rapid growth
rate, I. galbana likely achieves greater energy efficiency by eliminating
damaged cells and promoting rapid division rather than investing en-
ergy in the maintenance or repair of compromised cells. In contrast,
D. tertiolecta and P. tricornutum regulate metabolic rates rather than
undergoing immediate cell death, effectively optimizing energy utili-
zation under stress conditions (Behrenfeld et al., 2008). This strategy
allows them to minimize unnecessary energy expenditure and maintain
cellular integrity in response to noise exposure (Behrenfeld et al., 2008).
These species-specific survival strategies align with findings from pre-
vious studies investigating microalgal responses to suspended sediments
and polycyclic aromatic hydrocarbons (An et al., 2021, 2023; Park et al.,
2024). The consistency of response patterns across different types of
stressors suggests that the survival strategies observed in microalgae are
likely robust and stable, regardless of the specific nature of the envi-
ronmental disturbance. These distinct physiological responses may in-
fluence not only individual survival but also population-level dynamics
in natural marine ecosystems. For instance, selective survival and rapid
turnover in I galbana could allow for faster recovery following transient
stress events, potentially conferring a competitive advantage in fluctu-
ating environments. Meanwhile, the stress tolerance strategies of
D. tertiolecta and P. tricornutum may enable persistence under prolonged
or repeated stress, thereby contributing to community resilience.
Although a variety of environmental stressors are likely to exert stronger
pressures in the field, noise-induced physiological modulation, as
demonstrated in this study, could act as an additional factor influencing
species succession and phytoplankton assemblage structure in anthro-
pogenically disturbed waters (Wang et al., 2024).

Under natural environmental conditions, microalgal responses are
influenced by the combined effects of multiple, co-occurring stressors.
For example, offshore wind farm construction introduces micro-
environmental stressors such as wake effects, shading, increased sus-
pended sediments, and nutrient fluctuations, all of which can alter pri-
mary production and ecosystem dynamics (Daewel et al., 2021; Kordan
and Yakan, 2024). Within this complex framework, noise-induced
physiological responses, as demonstrated in this study, noise-induced
stress may act synergistically with other anthropogenic disturbances,
further reshaping phytoplankton community structure and ecosystem
functioning.

3.4. Photosynthetic responses of microalgae under noise exposure

Each microalgal species exhibited distinct rapid light curves (RLCs),
with varying rETR values and light saturation points (Jesus et al., 2023).
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Fig. 4. Species-specific changes in FDA (esterase activity) and SYTOX or PI fluorescence (membrane permeability) under pile driving noise exposure. Cells were
classified in a four-quadrant plot based on FDA fluorescence and SYTOX Blue fluorescence. In P. tricornutum, PI was used instead of SYTOX Blue, and the results are
presented as histograms. (A) Results for I. galbana are expressed as the percentage of control variation for FDA and SYTOX Blue fluorescence. For D. tertiolecta and
P. tricornutum, results are represented as mean fluorescence intensity (MFI) of FDA and SYTOX Blue or PI. Since FDA fluorescence is inversely proportional to esterase
activity, MFI"! values were used for FDA fluorescence. All values are expressed as fold changes relative to the control group. (B) Flow cytometry dot plots for
L galbana (day 15) and D. tertiolecta (day 12) with FDA and SYTOX Blue and histograms for P. tricornutum (day 8) with FDA and PI. Each dot represents one cell
particle and colors denote relative particle density in each population. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

A comparison of the mean rETRy,x values between the control and T4
revealed a reduction of 4.5 in I galbana on day 4 of noise exposure
(Fig. 5). The decrease in rETRp.x indicates a decline in the photo-
chemical efficiency of photosystem II, suggesting an overall negative
impact on photosynthesis-related responses (Ralph and Gademann,
2005). This reduction is consistent with phenomena commonly observed
under stress conditions such as chemical pollution, nutrient limitation,
and high temperatures (Figueroa et al., 2019; Abbew et al., 2022; White
et al., 2011). D. tertiolecta and P. tricornutum exhibited weak or
undectable fluorescence signals, likely due to low cell density and
insufficient chlorophyll a (Sjollema et al., 2014).

On day 8 of noise exposure, I. galbana still exhibited a reduction in
rETRpnax between the control and T4 group, but the magnitude of this
decrease was reduced to 2.2, compared to day 4. The decline in rETR
followed a trend similar to the growth inhibition observed in the treat-
ment groups (Fig. 2), which aligns with previous studies reporting a
correlation between rETR values and growth rate (Wang et al., 2023a).
On day 12, this pattern was reversed, with the mean rETRp,x of the
treatment groups exceeding that of the control, particularly in the T4,
where the mean rETR,,x difference between the control and T4 was
significantly higher by approximately 4.7 (p < 0.05). This reversal is
likely attributed to early depletion of nutrients such as nitrogen and
phosphorus in the control group, where higher growth rates led to faster
nutrient consumption (Fig. 2). Previous studies have also shown that as
nutrients in the culture medium become depleted, chlorophyll and other
photosynthetic pigments are synthesized at lower rates, leading to
reduced light absorption and consequently a decrease in rETR (Figueroa
et al., 2014; Cheng et al., 2019; Wang et al., 2023b).

Meanwhile, D. tertiolecta exhibited a sharp decline in rETR in the
T4group at 287 pmol photons m~2 s~} (PAR) on day 8, but the mean
rETRpax values showed no significant difference from the control group

until day 12. A reversal in mean rETR,x was observed on day 15, when
the highest cell density was reached, although the magnitude of the
reversal was not as pronounced as that observed in I. galbana on day 12.
These results suggest that D. tertiolecta employs a survival strategy that
involves regulating its overall metabolic rate to optimize energy use.
P. tricornutum exhibited a significant reduction in mean rETRpax
under pile driving noise conditions of 161 dB re 1 pPa (T3) or higher,
with significant differences observed in both treatments (p < 0.05), on
day 8. These decreases coincided with the period when cell size and
granularity showed the greatest reduction, suggesting a strong link be-
tween morphological changes and photosynthetic efficiency. As previ-
ously discussed, this phenomenon may be attributed to the species-
specific characteristics of P. tricornutum, which involves a morpholog-
ical transition to the oval form under environmental stress. In these
stressed cells, the disorganization of chloroplast thylakoid membranes
has been reported, leading to suppressed photosynthetic activity and a
likely metabolic shift from active growth to a survival mode (Borowitzka
and Volcani, 1978; De Martino et al., 2011; Flori et al., 2017).
Notably, unlike the other two species, P. tricornutum did not exhibit a
reversal in rETR,x within the treatment groups, although the difference
between the control and treatment groups gradually diminished until
convergence. This finding suggests that P. tricornutum may have a
relatively low capacity to recover from noise-induced stress, potentially
due to either persistent damage to the photosynthetic machinery or the
delayed recovery of metabolic activity. These physiological limitations
are consistent with the delayed cell division and growth suppression
previously observed in P. tricornutum following noise exposure.

3.5. Relationship between pile driving noise and endpoints

To further investigate the relationship between pile driving noise and
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Fig. 5. Rapid light curves for I. galbana, D. tertiolecta, and P. tricornutum days under ambient tank noise (Con) and pile driving noise (T1-T4). Data are presented as

mean + standard deviation (N = 5).
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microalgal responses, correlation analysis and PCA were conducted
(Fig. 6; Table S7). Pearson’s correlation analysis revealed a general
negative correlation between SPL,;, of pile driving noise and cell density
across all measurement days, indicating that an increase in pile driving
noise led to a decrease in cell density (Fig. 6A). In particular,
D. tertiolecta and P. tricornutum exhibited significant negative correla-
tions, whereas I galbana did not show a significant correlation. This
suggests that the rapid division rate and selective survival strategy of
I. galbana allow it to maintain cell numbers well under noise exposure.
After noise exposure ended, cell density increased in I. galbana and
D. tertiolecta, whereas P. tricornutum continued to show a negative cor-
relation, suggesting that P. tricornutum has a relatively lower recovery
capacity from noise-induced stress.

A negative correlation between SPL,, of pile driving noise and
esterase activity was observed in all species and at all measurement
points, but the magnitude and timing of the response varied among
species. In I. galbana, a significant negative correlation was observed on
day 4 (r = —0.61, p < 0.05), while in D. tertiolecta, the correlation
became significant on day 12 (r = —0.75, p < 0.05). The rapid increase
in D. tertiolecta cell numbers between days 12 and 14 may explain this
pattern, as dividing cells tend to be larger with weaker cell walls, making
them more vulnerable to shear stress (Michels et al., 2016; Camacho
et al., 2007).

Membrane permeability, which is generally considered an indicator
of cell damage, did not show a consistent trend. This may be because
membrane permeability is influenced not only by cellular damage but
also by an increased proportion of newly generated young cells with
underdeveloped membranes (Yan et al., 2021). As a result, measuring
esterase activity may provide a more effective indicator of physiological
stress caused by noise exposure than membrane permeability.

Among the three species, P. tricornutum exhibited the highest number
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of significant correlations between SPL,., of pile driving noise and
various endpoints, indicating greater sensitivity to noise exposure.
Interestingly, the conversion of P. tricornutum to the oval form, charac-
terized by a thicker cell wall, may mitigate internal damage, as no sig-
nificant correlation was observed between noise exposure and esterase
activity. This suggests that evaluating cell size and granularity may be
more appropriate for assessing P. tricornutum’s response to noise expo-
sure than esterase activity.

PCA results showed distinct grouping patterns among species in
response to noise exposure (Fig. 6). Chl-a, measured via FCM, and
rETRpax, measured using PAM fluorometry, were positioned closely
together in the PCA plot, indicating their interdependence in deter-
mining photosynthetic efficiency. This supports previous findings that
higher Chl-a content enhances light absorption, leading to increased
rETR. In L galbana, Y(II) (effective PSII quantum yield) was closely
aligned with ETR and Chl-a, suggesting a strong correlation among these
key photosynthetic variables. Thus, Chl-a content in I galbana,
measured via FCM, may serve as an indirect indicator of photosynthetic
activity.

I. galbana maintained higher photosynthetic activity despite noise
exposure, likely due to its selective survival strategy, which ensures that
surviving cells continue to function efficiently. These findings suggest
that evaluating only growth inhibition may not fully capture the impact
of pile driving noise on microalgae, and incorporating physiological
indicators provides a more comprehensive assessment. Conversely,
D. tertiolecta and P. tricornutum more effectively reflected the impact of
noise exposure through cell density changes. In addition, Y(NO)
(quantum yield of non-regulated energy dissipation) increased with
higher noise levels, indicating that non-regulated energy dissipation
played a more significant role in these species under noise exposure.
Since Y(NO) is associated with PSII damage under stress conditions, this
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Fig. 6. (A) Pearson’s correlation coefficient (r) between sound pressure level,_; of pile driving noise (Con: 117 dB; T1: 138 dB; T2: 149 dB; T3: 161 dB; T4: 170 dB)
and responses of each endpoints. (B) Principal Component Analysis (PCA) results for the three species under pile driving noise treatments (Con, T1-T4). Some
variables are abbreviated as follows: CD = cell density, CS = cell size, G = granularity, EA = esterase activity, MP = membrane permeability, Chl-a = chlorophyll-a,

ETR = maximal electron transfer rate.
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finding suggests that pile driving noise may have increased PSII pho-
todamage in D. tertiolecta and P. tricornutum. The observed changes in
various physiological indicators and species-specific traits suggest that
noise exposure could exert complex impacts on marine ecosystem
functioning. Reductions in cell size, cytoplasmic complexity, and
photosynthetic efficiency may lead to declines in primary production,
while differences in species-specific recovery rates could alter commu-
nity composition, thereby weakening functional diversity and ecosystem
stability. Moreover, stress-induced morphological transitions, such as
increased prevalence of oval forms, may reduce the efficiency of energy
flow and nutrient cycling, ultimately impacting higher trophic levels
and disrupting food web dynamics. These cascading effects could, in the
long term, diminish the resilience of marine ecosystems to environ-
mental disturbances.

4. Conclusions

This study emphasizes the species-specific morphological and phys-
iological responses of marine microalgae to pile driving noise, revealing
distinct survival strategies and adaptive responses. While I galbana
maintained esterase activity, membrane integrity, and photosynthetic
efficiency in most surviving cells through a selective survival strategy,
D. tertiolecta, and P. tricornutum exhibited suppressed physiological ac-
tivity, potentially reflecting an adaptive approach to limit energy
expenditure and sustain survival under stress conditions. These inter-
species differences are closely associated with inherent biological traits,
including cell size, growth rate, cell wall structure, and morphological
plasticity. Notably, P. tricornutum displayed greater sensitivity and
delayed recovery following noise exposure, suggesting that certain taxa
may experience more pronounced and long-lasting impacts from un-
derwater noise pollution. Moreover, the observed correlations between
noise exposure, esterase activity, and photosynthetic activity highlight
the importance of physiological indicators in assessing noise-induced
stress beyond conventional growth inhibition. These findings highlight
that microalgal responses to anthropogenic noise could have cascading
ecological consequences, emphasizing the need for more comprehensive
biological assessments. Future research should focus on long-term
adaptation mechanisms, as well as the broader ecological implications
of noise-induced stress on marine microbial community structure and
function.
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