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Abstract. Marine phytoplankton are subjected to a wide
range of environmental heterogeneity, from mean climate
change to natural fluctuations under the climate change sce-
nario. These changes include changes in the frequency of
temperature fluctuations in the sea surface. Here we con-
ducted semi-continuous incubation experiments on two eco-
logically significant marine diatom species, Thalassiosira sp.
and Nitzschia closterium f. minutissima, to examine their
physiological responses to ocean warming and temperature
fluctuation (± 4 °C) under low (20 °C) and high (25 °C) av-
erage temperatures. Our results demonstrate that temperature
fluctuation alleviated the negative effects of elevated temper-
atures on the growth of both species. For Thalassiosira sp.,
warming under constant temperature significantly reduced
the growth rate but significantly increased the cellular el-
emental contents and sinking rate. However, warming sig-
nificantly reduced cellular particulate organic carbon (POC)
content, biogenic silica (BSi) content, and the sinking rate,
while increasing the protein content to cope with thermal
stress under temperature fluctuation. The effects of temper-

ature fluctuation were dependent on the average tempera-
ture: at low average temperatures, temperature fluctuation in-
creased cellular POC, BSi, POC productivity, and sinking
rates, whereas at high average temperatures, these param-
eters were decreased significantly. For Nitzschia closterium
f. minutissima, warming under both constant and fluctuated
temperatures significantly increased the POC, particulate or-
ganic nitrogen (PON), and POP quotas. The interaction be-
tween warming and temperature fluctuation had antagonis-
tic effects on most parameters examined for Thalassiosira
sp., whereas it had synergistic effects on the physiological
parameters of Nitzschia closterium f. minutissima. Overall,
Nitzschia closterium f. minutissima exhibited stronger tol-
erance to warming and temperature fluctuation, suggesting
species-specific responses of diatoms to warming and tem-
perature fluctuations. These findings highlight the important
yet often underestimated influence of temperature fluctuation
on the physiology of marine diatoms in the context of global
warming, thus having implications for a further understand-
ing of biogeochemical feedbacks.
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1 Introduction

The continuous anthropogenic emissions of carbon dioxide
(CO2) have led to a steady increase in atmospheric CO2 con-
centrations (IPCC, 2023). This will in turn induce global
warming, with an average increase in global temperature by
approximately 1 °C above 1850–1900 in 2011–2020 (IPCC,
2023). Under current high-emission scenarios, it is projected
that the global sea surface temperature will increase by at
least 2–4 °C by the end of the 21st century (Bindoff et al.,
2019). Temperature is a key factor affecting enzyme ac-
tivity and plays a crucial role in regulating the metabolic
rates of phytoplankton (Eisenthal et al., 2006; Eppley, 1972;
Falkowski and Oliver, 2007). According to model projec-
tions, the net primary productivity of marine phytoplankton
may decline by around 20 % during the 21st century as a
result of ocean warming (Steinacher et al., 2010). Within
a certain temperature range, the growth rate, photosynthe-
sis, respiration, and other key physiological processes of
phytoplankton increase with rising temperature (Barton et
al., 2020), which in turn affects the utilization of nutrients
within cells (Raven and Geider, 2006). Moreover, warm-
ing favors smaller-sized phytoplankton, as these cells can
more effectively acquire nutrients and utilize CO2 (Zaoli et
al., 2019; Morán et al., 2010). Therefore, small-sized phyto-
plankton typically demonstrate stronger responses to warm-
ing in terms of both growth rates and photosynthetic activity
(Wang et al., 2024), affecting the size fractionation of marine
primary producers and thus carbon sequestration (Anderson
et al., 2021).

In addition, marine phytoplankton are also subjected to
environmental heterogeneity in the ocean (Bernhardt et al.,
2020). As climate change accelerates, the frequency and am-
plitude of marine environmental fluctuations are also ex-
pected to change (Perkins-Kirkpatrick and Lewis, 2020).
Ocean warming not only increases the average ocean temper-
ature but also enhances the frequency and intensity of tem-
perature fluctuations, which may have more complex effects
on marine organisms than warming alone (Ketola and Saari-
nen, 2015). It has been reported that high-frequency temper-
ature fluctuation (2 d) reduced the mortality rate of Emiliania
huxleyi, a dominant species of the calcifying phytoplankton
group that plays a key role in calcium carbonate production
and marine carbon cycling (Wang et al., 2019). For the ma-
rine diazotroph Trichodesmium, temperature fluctuation was
found to reduce the growth rate under phosphorus-replete
conditions (Qu et al., 2019). Additionally, a study on green
algae has shown that temperature fluctuation slowed the
growth rate of Chlorella and Micromonas but did not affect
the growth of Microcystis aeruginosa (Zhang et al., 2015).
Furthermore, temperature fluctuation may enhance the abil-
ity of the diatom Thalassiosira pseudonana to better adapt
to high temperature (Schaum, 2018; Schaum et al., 2018).
Therefore, different phytoplankton groups exhibit species-
specific responses to temperature fluctuation, and tempera-

ture fluctuation may alter the taxonomic composition of the
phytoplankton community. A mesoscale enclosure experi-
ment conducted in the coastal water of southern China found
that temperature fluctuation reduced the abundance of di-
atoms, while increasing the proportion of Synechococcus and
Prasinophytes, which may consequently influence the upper
trophic levels in the marine food web (Zhang et al., 2025).

Marine diatoms, a critical phytoplankton functional group,
contribute approximately 40 % of the ocean’s primary pro-
ductivity and play a key role in biogeochemical cycles as a
central element of the marine biological carbon pump (Qiao
et al., 2021; Sanders et al., 2014; Field et al., 1998). The
growth responses to temperature variations are delineated by
thermal tolerance curves (Thomas et al., 2012). An increase
in temperature promotes growth until the optimal tempera-
ture is reached, beyond which further elevation in tempera-
ture results in a decrease in growth rate and even cessation of
growth (Edullantes et al., 2023).

Different diatom species have distinct optimal growth tem-
peratures. For instance, Paralia suicata demonstrates opti-
mal growth at 6.25 °C (He et al., 2024), while Thalassiosira
weissflogii thrives at 19.1 °C (Rossi et al., 2023), and Thalas-
siosira pseudonana and Nitzschia frustulum exhibit optimal
growth at 20.9 °C (Kuefner et al., 2020) and 28.5 °C (Rossi
et al., 2023), respectively. As such, the response of diatoms
to warming may be species specific. For instance, 5 °C of
warming significantly reduced the biomass of Phaeodacty-
lum tricornutum, while having no significant effect on Tha-
lassiosira weissflogii (Zeng et al., 2020). Warming of 4 °C
significantly reduced the particulate organic carbon content
of Thalassiosira sp., whereas the rate of particulate organic
carbon production increased with temperature for Nitzschia
closterium f. minutissima (Cai et al., 2022). The effects of
warming also vary with the duration of exposure; short-term
warming has little effect on the growth rate of P. tricornutum,
while long-term exposure significantly inhibits its growth
(Hong et al., 2023).

Although the impacts of warming on marine diatoms have
been extensively investigated, our understanding of how tem-
perature fluctuations affect the physiological responses of
different diatom species remains limited. This knowledge
gap represents a critical constraint in developing a com-
prehensive understanding of marine diatoms’ adaptive re-
sponses to environmental changes under more ecologically
realistic scenarios. In this study, we investigated the individ-
ual and interactive effects of warming and temperature fluc-
tuations on the physiology of marine diatoms by conduct-
ing semi-continuous incubation experiments. Two represen-
tative diatom species were selected: the centric diatom Tha-
lassiosira sp. and the pennate diatom Nitzschia closterium
f. minutissima. Both species are model diatoms, represent-
ing the two major taxonomic classes of diatoms (centric vs.
pennate), allowing for comparison of responses to environ-
mental changes between two distinct diatom groups. To as-
sess their physiological responses and potential implications
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Table 1. Table of abbreviations for the temperature treatment group.

Abbreviation Full term Temperature
treatment

LTCT Low and constant temperature 20 °C
LTFT Low and fluctuating temperature 20± 4 °C
HTCT High and constant temperature 25 °C
HTFT High and fluctuating temperature 25± 4 °C

for the marine carbon cycle considering both warming and
temperature fluctuation, we systematically measured key pa-
rameters, including growth rate, macromolecular composi-
tion, elemental stoichiometry, and sinking rate.

2 Materials and methods

2.1 Algae culture

The marine diatoms Thalassiosira sp. and Nitzschia
closterium f. minutissima were originally isolated from
surface seawater (depth 3–12 m; salinity 34.78) at
118°58.055′ E, 38°39.111′ N (China) in August 2019.
At the time of sampling, the sea surface temperature was
approximately 15 °C. Stock cultures of the two diatoms
were maintained in sterilized f/2 medium natural seawater
in Nalgene polycarbonate bottles in a constant-temperature
and illumination incubator (GXZ-280D, NingBo, China) at
20 °C.

2.2 Experimental setup

Four temperature treatments were established (Fig. 1, Ta-
ble 1): (i) LTCT – constant 20 °C; (ii) HTCT – constant
25 °C; (iii) LTFT – fluctuated between 16 and 24 °Cd−1

(20± 4 °C); and (iv) HTFT – fluctuated based on warm-
ing, which cycled between 21 and 29 °Cd−1 (25± 4 °C).
The selection of 20 and 25 °C was based on both ecological
relevance and experimental design considerations. We have
previously obtained the thermal response curves of the two
species; the optimal growth temperature for Thalassiosira sp.
was∼ 19 °C and∼ 22 °C for Nitzschia closterium f. minutis-
sima (Cai et al., 2022). The temperature condition in each
treatment was maintained in a water tank, connected to a sea-
water temperature controller (HC150A, Hailea, China). Dur-
ing the course of incubation, temperature in the water tanks
was monitored continuously using a HOBO underwater tem-
perature logger (MX2201, USA). The measured temperature
was within a range of ±0.2 °C from the preset temperature.

For each temperature treatment, stock cultures in the log-
arithmic growth phase were inoculated into triplicate poly-
carbonate culture flasks (1 L, Nalgene, USA), with an ini-
tial cell abundance of 1× 104 cellsmL−1. The light intensity
was maintained at 170–200 µmol photonsm−2 s−1 with a
light : dark cycle of 12 h : 12 h. The culture medium was pre-

Figure 1. Temperature schematic diagram. LTCT, 20 °C; LTFT,
20± 4 °C; HTCT, 25 °C; and HTFT, 25± 4 °C.

pared with seawater collected from the Yellow Sea, China,
filtered using a 0.2 µm membrane (Whatman, USA) with nu-
trients added according to the f/2 recipe. A total of 2 mL of
sample from the incubation bottle was taken from the cul-
tures every 24 h to measure in vivo chlorophyll a (chl a) flu-
orescence using a Turner fluorometer (Trilogy, Turner De-
signs, USA). The cultures were diluted with a freshly pre-
pared medium to supply enough nutrients. Final sampling
was carried out once the cell growth rate had stabilized, with
variations of less than 10 % for over 5 consecutive days.

2.3 Physiological and biogeochemical analyses

2.3.1 Chlorophyll a content and growth rate

For chlorophyll a (chl a) measurement, 20 mL of sample was
filtered onto GF/F filters (Whatman, USA). After extraction
with 5 mL of 90 % acetone for 24 h (stored at −20 °C in the
dark), the chl a content was measured using a fluorometer
(Trilogy, Turner Designs, USA).

The 2 mL sample was kept in the dark for 20 min, followed
by measurement of the in vivo chl a fluorescence using a
fluorometer (Trilogy, Turner Designs, USA). For the in vivo
fluorescence measurements, the culture medium was always
used as the blank; therefore the potential interference from
the culture medium was eliminated. In addition, we con-
ducted a semi-continuous incubation with cells growing at
the exponential phase, and the cultures in the incubation bot-
tles were well mixed two to three times a day; as such, there
was no cell aggregation observed in the culture system. The
growth rate (µ, d−1) was then calculated using the following
equation:

µ= ln
N2/N1

T2− T1
,

whereN2 andN1 represent the chl a fluorescence at times T2
and T1, respectively.
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2.3.2 Cellular macromolecule content

The algal cultures were filtered through 0.4 µm polycarbon-
ate filters (PALL, USA) and stored at −80 °C until the deter-
mination of protein and carbohydrate contents.

Protein content was measured using a Coomassie Brilliant
Blue G-250 method (Bradford, 1976). The algal cells on the
filter were eluted with 1 mL of Milli-Q water, followed by the
addition of 4 mL of Coomassie Brilliant Blue solution. After
thorough mixing, the mixture was left for 5 min to develop
color. Absorbance was then measured at 595 nm using a UV–
visible spectrophotometer (UV-2550, Shimadzu, Japan).

Carbohydrate content was determined using the sulfuric
acid–phenol method (Dubois et al., 1956). The filter was
removed and placed in 5 mL of 0.05 molL−1 H2SO4, then
heated in a water bath at 60 °C for 10 min and cooled to room
temperature. A 2 mL sample was taken, to which 0.05 mL of
80 % phenol solution and 5 mL of concentrated sulfuric acid
reagent was added. After standing for 30 min for color devel-
opment, absorbance was measured at 485 nm using a UV–
visible spectrophotometer (UV-2550, Shimadzu, Japan).

2.3.3 Elemental composition

Biogenic silica (BSi) was analyzed using a spectrophotome-
ter (Nelson et al., 1995). Samples were filtered onto 0.4 µm
polycarbonate filters (Millipore, USA), dried in an oven at
60 °C (DPG-9420A, Shanghai), and stored in a desiccator
until analysis.

Samples for particulate organic phosphorus (POP) mea-
surement were filtered onto pre-combusted GF/F filters
(450 °C for 4 h). The filters were then rinsed with 2 mL
of 0.17 M Na2SO4 solution and transferred to 20 mL pre-
combusted (8 h at 450 °C) glass vials, with addition of 2 mL
of 0.017 molL−1 MgSO4 to each vial.

Particulate organic carbon (POC) and particulate organic
nitrogen (PON) were analyzed using a CHN elemental ana-
lyzer (Costech, Italy). A 100 mL sample of algal culture was
filtered onto a pre-combusted GF/F filter. The filter was then
fumed with concentrated HCI for 3 h to remove inorganic
carbon and subsequently dried in a 60 °C oven. The organic
carbon fixation rate (CR, pgCcell−1 d−1) was calculated as

CR = POCcell×µ,

in which POCcell is the cellular content of POC (pgCcell−1)
obtained from the measurement of elemental content, and µ
is the growth rate on the last day of the culture.

2.3.4 Cell size and sinking rate

Cell size was measured using a laser particle size analyzer
(LS 13320, Beckman, USA). Measurements were taken after
the laser particle size analyzer had completed its preheating
process. Each sample was measured three times.

The sinking rate was determined using the SETCOL
method (Bienfang, 1981). The samples were filled into the

column and stood in the dark for 3 h. Subsequently, samples
were collected from the upper, middle, and lower sections of
the column. Each sample was filtered through GF/F filters,
and the chl a content was measured. The sinking rates were
calculated using the following equation:

ψ =

(
BS

Bt

)
×
l

t
,

where Bt is the total biomass in the column (µgL−1), Bs is
the biomass in the bottom layer of the column (µgL−1), l is
the height of the column (cm), and t is the sinking time (h).

3 Statistical analysis

Significance analysis and interaction effects were assessed
by two-way ANOVA using Origin 2021 software (OriginLab
Corporation, USA). Differences between treatments were
considered significant at the level of p < 0.05. The pair-
wise tests between treatments were conducted using Tukey’s
multiple-comparison post hoc analysis. Three independent
replicates (n= 3) were performed for each experiment, and
differences between treatments were considered significant
at the level of p < 0.05. The interaction effects for warming
and temperature fluctuations were calculated as follows:

ME1+2 = (1+OE1)× (1+OE2)− 1,

where ME1+2 is the interaction effect of warming and tem-
perature fluctuation, and OE1 and OE2 are the apparent ef-
fects of warming and temperature fluctuation on phytoplank-
ton physiological parameters, respectively. When |OE1+2|>

|ME1+2|, the interaction between the two environmental fac-
tors is synergistic, whereas when |OE1+2|< |ME1+2|, the in-
teraction becomes antagonistic (Folt et al., 1999).

4 Results

4.1 Growth rate

Warming significantly decreased the growth rate of both
species at constant temperature. At HTCT, the growth rates
of Thalassiosira sp. and N. closterium f. minutissima were
1.67± 0.09 and 1.06± 0.14 and significantly decreased by
31.33 % and 12.46 % compared to LTCT, respectively (p <
0.05, Fig. 2). In contrast, temperature fluctuation alleviated
the negative effects of warming. At HTFT, the growth rates
of Thalassiosira sp. and N. closterium f. minutissima ex-
hibited a significant increase to 1.42± 0.07 and 1.18± 0.04
(p < 0.05, Fig. 2).

4.2 Chlorophyll a, protein, and carbohydrate contents

The chl a contents of Thalassiosira sp. and N. closterium
f. minutissima were significantly increased by 124.12 % and
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Figure 2. Growth rate of Thalassiosira sp. (a) and N. closterium f. minutissima (b) under LTCT (20 °C), LTFT (20± 4 °C), HTCT (25 °C),
and HTFT (25± 4 °C). The error bars represent the standard deviations (n= 3), and the letters above the bars denote the statistically signifi-
cant differences (p < 0.05).

66.44 % in HTCT compared to LTCT, respectively (p <
0.05, Fig. 3a and b). Compared to LTFT, the chl a content of
N. closterium f. minutissima was significantly increased to
0.16± 0.00 under HTFT (p < 0.05, Fig. 3b), while no sig-
nificant effect was observed on the chl a content of Thalas-
siosira sp. (p > 0.05, Fig. 3a).

At LTFT, the chl a contents of Thalassiosira sp. and N.
closterium f. minutissima were significantly increased by
68.71 % and 65.78 % compared to LTCT, respectively (p <
0.05, Fig. 3a and b). At HTFT, the chl a content of Tha-
lassiosira sp. was 0.33± 0.03, significantly decreased by
35.23 % compared to HTCT (p < 0.05, Fig. 3a), while that
of N. closterium f. minutissima was significantly increased
by 144.87 % (p < 0.05, Fig. 3b).

At HTFT, the cellular protein contents of Thalassiosira
sp. and N. closterium f. minutissima were 1.90± 0.37
and 1.03± 0.07, significantly increased by 64.53 % and
115.40 % compared to LTFT, respectively (p < 0.05, Fig. 3c
and d). The cellular protein content of Thalassiosira sp. was
significantly increased by 123.48 % at HTFT compared to
HTCT (p < 0.05, Fig. 3c), but no significant effect was ob-
served at LTFT compared to LTCT (p > 0.05, Fig. 3c). For
N. closterium f. minutissima, temperature fluctuation signifi-
cantly increased the cellular protein content by 65.78 % and
144.87 % compared to constant temperature at low and high
temperatures, respectively (p < 0.05, Fig. 3d).

HTCT significantly increased the cellular carbohydrate
content of Thalassiosira sp. by 103.09 % compared to LTCT,
but HTFT markedly reduced it by 25.36 % compared to
LTFT (p < 0.05, Fig. 3e). Warming had no significant ef-
fect on the cellular carbohydrate content of N. closterium f.
minutissima under either constant temperature or tempera-
ture fluctuation (p > 0.05, Fig. 3f). At LTFT, the cellular car-
bohydrate content of Thalassiosira sp. was 8.31± 0.32, sig-
nificantly increased by 80.25 % compared to LTCT, but the
carbohydrate content of Thalassiosira sp. was 1.82± 0.28,

decreased by 33.76 % at HTFT compared to HTCT (p <
0.05, Fig. 3e).

4.3 Elemental composition

Compared to LTCT, the POC, POP, and BSi contents of Tha-
lassiosira sp. increased by 79.08 %, 119.27 %, and 76.68 %
at HTCT, respectively (p < 0.05, Fig. 4a, e, and g). The PON
content increased by 238.34 % at HTFT compared to LTFT
(p < 0.05, Fig. 4c). However, the POC and BSi contents de-
creased by 52.62 % and 43.69 % at HTFT compared to LTFT,
respectively (p < 0.05, Fig. 4a, e, and g). For N. closterium
f. minutissima, HTCT significantly increased PON and POP
contents with 68.99 % and 53.70 %, respectively, compared
to LTCT (Fig. 4d and f). At HTFT, the PON and POP con-
tents significantly increased by 544.91 % and 110.45 % com-
pared to LTFT, respectively (p < 0.05, Fig. 4d and f).

The POC and BSi contents of Thalassiosira sp. were
both significantly higher at LTFT compared to LTCT, with
an increase by 77.2 % and 67.1 %, respectively (p < 0.05,
Fig. 4a and g). However, HTFT significantly decreased the
POC and BSi contents of Thalassiosira sp. with 53.12 % and
46.74 % compared to HTCT, respectively (p < 0.05, Fig. 4a
and g). For N. closterium f. minutissima, the POC, PON, and
POP contents significantly increased by 59.09 %, 76.85 %,
and 50.3 % at LTFT compared to LTCT, respectively (p <
0.05, Fig. 4b, d, and f). At HTFT, the PON and POP con-
tents of N. closterium f. minutissima increased by 574.88 %
and 105.81 % compared to HTCT, respectively (p < 0.05,
Fig. 4d and f).

The elemental ratios of Thalassiosira sp. and N. closterium
f. minutissima responded similarly to warming and temper-
ature fluctuation. Compared to LTCT, under HTCT, there
were no significant changes in the C : N, N : P, C : P, C : BSi,
and C : chl a ratios of Thalassiosira sp. and N. closterium
f. minutissima. In contrast, compared to LTFT, HTFT sig-
nificantly reduced the C : N, C : P, C : BSi, and C : chl a ra-
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Figure 3. The cellular contents of chl a (a, b), protein (c, d), and carbohydrate (e, f) of Thalassiosira sp. (a, c, e) and N. closterium f.
minutissima (b, d, f) under LTCT (20 °C), LTFT (20± 4 °C), HTCT (25 °C), and HTFT (25± 4 °C). The error bars represent the standard
deviations (n= 3), and the letters above the bars denote the statistically significant differences (p < 0.05).

tios of Thalassiosira sp. and N. closterium f. minutissima,
while it significantly increased the N : P ratio. No significant
changes in the C : N, N : P, C : P, C : BSi, and C : chl a ratios
of Thalassiosira sp. and N. closterium f. minutissima were
observed under LTFT compared to LTCT. However, HTFT
significantly reduced the C : N, C : P, C : BSi, and C : chl a
ratios of Thalassiosira sp. and N. closterium f. minutissima
and significantly raised the N : P ratio relative to HTCT.

4.4 Particulate organic carbon productivity and
sinking rate

No significant changes in the POC productivities of Thalas-
siosira sp. and N. closterium f. minutissima were observed
under HTCT compared to LTCT (Fig. 5a and b). In contrast,

the POC productivity of Thalassiosira sp. decreased signifi-
cantly by 42.44 % from 27.41± 6.09 to 15.78± 2.02 under
HTFT compared to HTCT, while the POC productivity of
N. closterium f. minutissima exhibited a non-significant in-
crease (Fig. 5a and b).

The POC productivities of Thalassiosira sp. and N.
closterium f. minutissima responded to temperature fluctu-
ation under low temperature (20 °C) but showed opposite
responses to temperature fluctuation under elevated temper-
ature of 25 °C (Fig. 5a). At LTFT, the POC productivities
of Thalassiosira sp. and N. closterium f. minutissima were
35.88± 4.27 and 5.73± 0.57, increased by 60.98 % and
59.49 % compared to LTCT, respectively (p < 0.05, Fig. 5a
and b). However, at HTFT, the POC productivity of Thalas-
siosira sp. significantly decreased by 42.44 %, and the POC
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Figure 4. Cellular contents (pgcell−1) of particulate organic carbon (POC; a, b), particulate organic nitrogen (PON; c, d), particulate organic
phosphorus (POP; e, f), and biogenic silica (BSi; g, h) for Thalassiosira sp. (a, c, e, g) and N. closterium f. minutissima (b, d, f, h) grown
under LTCT (20 °C), LTFT (20± 4 °C), HTCT (25 °C), and HTFT (25± 4 °C). The error bars show the standard deviations (n= 3), and the
letters above the bars denote the statistically significant differences (p < 0.05).
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Figure 5. The POC productivity (a, b) and sinking rate (c, d) of Thalassiosira sp. (a, c) and N. closterium f. minutissima (b, d) grown under
LTCT (20 °C), LTFT (20± 4 °C), HTCT (25 °C), and HTFT (25± 4 °C). The error bars show the standard deviations (n= 3), and the letters
above the bars denote the statistically significant differences.

productivity of N. closterium f. minutissima significantly in-
creased by 43.08 % (p < 0.05, Fig. 5a and b).

Compared to LTCT, HTCT resulted in a significant in-
crease of 582.44 % from 0.07± 0.04 to 0.47± 0.02 in the
sinking rate of Thalassiosira sp., whereas the sinking rate of
N. closterium f. minutissima showed a non-significant rise
(p < 0.05, Fig. 5c and d). At HTFT, the sinking rate of Tha-
lassiosira sp. showed a significant decline of 70.63 % rel-
ative to LTFT, whereas the sinking rate of N. closterium
f. minutissima remained significantly unchanged (p < 0.05,
Fig. 5c and d). The sinking rates of Thalassiosira sp.
and N. closterium f. minutissima increased significantly
by 359.77 % and 655.22 %, respectively, at LTFT relative
to LTCT (p < 0.05, Fig. 5c and d). However, at HTFT,
the sinking rate of Thalassiosira sp. was 0.09± 0.03, de-
creased significantly by 80.20 %, while the sinking rate of
N. closterium f. minutissima exhibited no significant change
from 0.02± 0.01 to 0.03± 0.01 compared to HTCT (p <
0.05, Fig. 5c and d).

4.5 Interactive effects of warming and temperature
fluctuations

Two-way ANOVA revealed that warming had significant ef-
fects on most physiological parameters of Thalassiosira sp.,
including growth rate; chl a content; protein; carbohydrate

content; PON; POC productivity; sinking rate; and C : N,
C : P, N : P, and C : chl a ratios (Table 3). Temperature fluc-
tuation had significant effects on the content of protein and
PON; the sinking rate; and C : N, N : P, and C : chl a ratios
(Table 3). Significant interactive effects between warming
and temperature fluctuation were observed for all the ex-
amined physiological parameters of Thalassiosira sp., ex-
cept for cellular BSi content (Table 3). For N. closterium f.
minutissima, both warming and temperature fluctuations had
significant effects on all physiological parameters, except for
the C : BSi ratio (Table 3). Warming and temperature fluctu-
ations produced significant interactive effects on the growth
rate; cellular chl a, protein, PON, and POP contents; and
C : N, C : P, N : P, and C : chl a ratios of N. closterium f.
minutissima (Table 3).

Warming and temperature fluctuations had significant an-
tagonistic interactive effects on the growth rates of Tha-
lassiosira sp. and N. closterium f. minutissima but showed
significant synergistic interactions on cellular protein and
PON content, as well as C : N, C : P, N : P, and C : chl a
ratios (Table 3). For Thalassiosira sp., warming and tem-
perature fluctuation had significant antagonistic interactions
on carbohydrate, BSi content, POC productivity, and sinking
rate, whereas no significant interactive effects were found on
these parameters in N. closterium f. minutissima (Table 3).
For elemental ratios, significant synergistic interactions be-
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Figure 6. Schematic diagram of the responses of Thalassiosira sp.
and N. closterium f. minutissima to warming under constant tem-
perature and fluctuating temperature. Arrow thickness represents
the magnitude of change, with red arrows indicating significant in-
creases, blue arrows indicating significant decreases, and horizontal
lines denoting no significant changes.

tween warming and temperature fluctuation were found in
both Thalassiosira sp. and N. closterium f. minutissima, with
no significant interactive effects on the C : BSi ratio in ei-
ther species (Table 3). In addition, warming and temperature
fluctuation produced significant antagonistic interactive ef-
fects on the POP content of Thalassiosira sp., while in N.
closterium f. minutissima, significant synergistic interactions
were observed on POP content (Table 3).

5 Discussion

Our experimental results demonstrate that both Thalassiosira
sp. and N. closterium f. minutissima exhibit enhanced ther-
mal tolerance under fluctuating-temperature regimes com-
pared to constant-temperature conditions (Fig. 6). Our find-
ings also reveal significant species-specific variability in
physiological responses to warming and temperature fluc-
tuations, with the pennate diatom N. closterium f. minutis-
sima demonstrating greater resilience to elevated tempera-
tures than Thalassiosira sp (Fig. 6). Particularly noteworthy
are the differential responses observed in POC productiv-
ity and sinking rates between the two species under varying
thermal regimes, which may alter their respective contribu-
tions to carbon export (Fig. 6). These results not only empha-
size the critical importance of incorporating natural tempera-
ture variability but also highlight the necessity of considering
species-specific physiological responses when modeling and
predicting the ecological impacts of climate change on ma-
rine ecosystems.

5.1 Temperature fluctuation alleviated the negative
effects of warming on growth

When the temperature was raised from 20 to 25 °C in our
investigation, the growth rates of Thalassiosira sp. and N.
closterium f. minutissima both dropped dramatically (Fig. 1,
constant-temperature treatments). Similarly, a previous study
on the marine diatom Thalassiosira weissflogii suggests an
optimal temperature of 20 °C for the growth of T. weissflogii
(Taucher et al., 2015). The optimal temperature of the ma-
rine diatom N. closterium f. minutissima is 22 °C. Therefore,
here we assume that the 25 °C of our high-temperature treat-
ments has exceeded the optimal temperature of both species.
In general, below the optimal temperature, rising tempera-
ture enhances enzyme activity, which in turn stimulates cel-
lular metabolism and promotes growth (Arrhenius, 1889). At
temperatures higher than the optimum, the inhibition of the
growth occurs due to cellular stress (Cai et al., 2022; Edul-
lantes et al., 2023).

However, in our investigation, temperature variation had
distinct effects on growth at low and high temperatures. Tem-
perature variation had no discernible effect on either species’
development rate at 20 °C (Fig. 2, Table 2). This tolerance
may reflect their coastal habitat, where phytoplankton cells
are subjected to frequent temperature fluctuations (annual
temperature range between 15 and 30 °C, where daily tem-
perature increases can reach up to 5 °C). Phytoplankton in
these dynamic environments may have developed mecha-
nisms to cope with environmental heterogeneity, maintain-
ing stable growth even under fluctuating conditions. Our re-
sults are consistent with models that predict enhanced growth
under non-optimal temperature fluctuations, especially in
species adapted to variable coastal environments (Bernhardt
et al., 2018).

Interestingly, our study observed that temperature fluctu-
ation increased the resilience of the growth of both diatom
species to warming. At high temperature (25 °C), tempera-
ture fluctuation mitigated the negative effects on growth by
warming. Especially for N. closterium f. minutissima, the
growth rate under HTFT treatment showed no significant
difference from that at low temperature (Fig. 2). This in-
dicates that temperature fluctuations may intermittently ex-
pose cells to more favorable conditions during the cooling
phase (Wolf et al., 2024; Schaum et al., 2018), facilitating
recovery from stress. Similarly, a previous study on Thalas-
siosira pseudonana demonstrated that temperature fluctua-
tion (cycling between 22 and 32 °C) facilitated rapid cellular
adaptation by modulating transcription and oxidative stress
responses (Schaum et al., 2018). Therefore, temperature fluc-
tuation in natural environments plays a critical role in driv-
ing adaptation processes. The significant antagonistic inter-
actions of warming and temperature fluctuation on growth
rates of both diatom species (Table 2) have suggested that
temperature fluctuations might alleviate the stress caused by
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Table 2. The elemental molar ratios of C : N, N : P, C : P, and C : BSi (mol : mol) and the quality ratio of C : chl a (g : g) in the four experi-
mental treatments of Thalassiosira sp. and N. closterium f. minutissima. Superscript letters represent significant differences (p < 0.05).

20 °C 25 °C

±0 °C ±4 °C ±0 °C ±4 °C

(LTCT) (LTFT) (HTCT) (HTFT)

Thalassiosira sp.

C : N 5.73± 0.83a 7.50± 0.66a 6.17± 0.93a 1.03± 0.00b

N : P 9.62± 1.96a 7.71± 0.27a 6.20± 2.03a 31.86± 0.88b

C : P 54.08± 4.31a 57.92± 6.99a 43.79± 1.33a 32.97± 0.90b

C : BSi 4.20± 0.15a 4.46± 0.14a 4.23± 0.32a 3.74± 0.65a

C : chl a 57.53± 2.75a 60.22± 0.56a 51.22± 4.34a 33.01± 2.62b

N. closterium f. minutissima

C : N 5.92± 0.53a 5.41± 1.12a 5.72± 0.78a 1.08± 0.00b

N : P 13.07± 0.94a 15.53± 3.32a 14.56± 2.92a 47.07± 1.56b

C : P 77.11± 3.37a 81.53± 1.92a 81.76± 5.07a 50.68± 1.79b

C : BSi 19.11± 0.25a 20.82± 1.72a 21.69± 0.43a 20.01± 3.62a

C : chl a 73.57± 1.13a 70.70± 1.62a 71.47± 2.21a 37.44± 1.36b

Table 3. Interactive effects of warming and temperature fluctuations on the physiological parameters of Thalassiosira sp. and N. closterium
f. minutissima. “–” represents antagonistic effects, and “+” represents synergistic effects. “*” represents significance, and “ns” represents
non-significance (two-way ANOVA, p = 0.05).

Thalassiosira sp. Nitzschia closterium f. minutissima

Two-way ANOVA Type of interaction Two-way ANOVA Type of interaction

Warming FT Interaction Warming FT Interaction

Growth rate * ns * – * * * –
Chl a * ns * – * * * +

Protein * * * + * * * +

Carbohydrate * ns * – * * ns –
POC ns ns * – * * ns –
PON * * * + * * * +

POP ns ns * – * * * +

BSi ns ns * – * * ns +

POC productivity * ns * – * * ns –
Sinking rate * * * – * * ns –
C : N * * * + * * * +

C : P * ns * + * * * +

N : P * * * + * * * +

C : BSi ns ns ns + ns ns ns –
C : chl a * * * + * * * +

extreme temperatures, enhancing the resilience of marine di-
atoms under warming scenarios.

5.2 Elemental composition and resource allocation

Temperature significantly affects phytoplankton metabolism
and the utilization of nutrients within cells, which in turn
affects the elemental composition of phytoplankton (Tose-
land et al., 2013; Spilling et al., 2015). In our study, warming

(from 20 to 25 °C) at constant temperature led to a signifi-
cant increase in the cellular contents of POC, POP, and BSi
in Thalassiosira sp. and significantly elevated POC, PON,
and POP quotas in N. closterium f. minutissima (Fig. 4).
While the cellular POC, POP, and BSi contents of a temper-
ate diatom species Thalassiosira sp. decreased with warming
(from 15 to 20 °C) in a previous study (Cai et al., 2022), this
difference may be due to the fact that the temperatures of the
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experimental setups were on different sides of the thermal
response curve of Thalassiosira sp.

Both species showed elevated cellular protein and PON
contents at HTFT compared to LTFT, indicating a realloca-
tion of nitrogen to protein synthesis. This adaptive mech-
anism presumably facilitated the upregulation of stress-
responsive proteins, thereby enhancing the capacity of the
cells to cope with environmental stressors, such as ex-
treme temperatures and thermal fluctuation (O’Donnell et
al., 2018). For the larger-celled Thalassiosira sp., the higher
metabolic demand for protein synthesis led to a reduction
in the cellular quotas of macromolecules, including carbo-
hydrates, POC, and BSi at HTFT compared to LTFT (Figs. 3
and 4). In comparison, N. closterium f. minutissima exhibited
similar responses to temperature fluctuation at low and high
temperatures. The increased protein, PON, carbohydrate, and
POP content at HTFT compared to LTFT likely facilitated re-
covery of growth rates, highlighting the higher tolerance of
N. closterium to temperature fluctuations and thermal stress
(Figs. 3 and 4).

Phytoplankton exhibit nonlinear responses to temperature,
and temperature fluctuation thus influences their elemental
composition in distinct ways (Wang et al., 2019). These vari-
ations drive changes in cellular resource allocation, which
in turn impact their stoichiometry and ultimately shape the
competitive dynamics among different species (O’Donnell
et al., 2018; Baker et al., 2016). Despite these changes in
elemental content, we observed that warming had no signifi-
cant effects on elemental ratios at constant temperature (Ta-
ble 1). Similarly, no significant effects of warming on C : N
and N : P were observed by a previous study on the Antarc-
tic diatoms Pseudo-nitzschia subcurvata and Chaetoceros
sp. (Zhu et al., 2016). In our study, HTCT did not signifi-
cantly affect the elemental ratios of either species compared
to LTCT. However, at HTFT, the C : N, C : P, and C : chl a
ratios were significantly reduced in both species, while the
N : P ratio increased compared to LTFT (Table 1).

5.3 Organic carbon fixation and sinking rate – oceanic
implications

Marine diatoms are key primary producers in the ocean
(Field et al., 1998). Due to the ballast effect of their silica
frustules and their ability to produce POC, studying their
POC production and sinking rate in response to warming and
temperature fluctuations is crucial for understanding their
role in the ocean’s carbon cycle.

For Thalassiosira sp., HTCT had no significant effect on
POC productivity compared to LTCT (Fig. 5a), likely be-
cause warming under constant temperature reduced growth
rate but increased cellular POC content, offsetting the decline
in POC productivity caused by slower growth. In contrast,
the sinking rate of Thalassiosira sp. significantly increased
under HTCT compared to LTCT (Fig. 5c), potentially due
to elevated cellular POC and BSi content (Fig. 4). However,

warming under temperature fluctuation elicited different re-
sponses. The POC productivity of Thalassiosira sp. signifi-
cantly decreased under HTFT compared to LTFT (Fig. 5a),
attributed to unchanged growth rates but reduced cellular
POC content (Figs. 2 and 4). Similarly, HTFT significantly
lowered the sinking rate of Thalassiosira sp. compared to
LTFT (Fig. 5c), likely driven by declines in cellular POC
and BSi content (Fig. 4). Thus, warming under constant tem-
perature and temperature fluctuation had distinct impacts on
Thalassiosira sp. At low temperature, temperature fluctua-
tion enhanced POC productivity (Fig. 5a), supported by sta-
ble growth rates and increased POC content (Figs. 2a and 4a).
At high temperature, despite accelerated growth rates under
temperature fluctuation (Fig. 2a), POC productivity signifi-
cantly declined due to reduced POC content (Fig. 4a).

For N. closterium f. minutissima, warming under both con-
stant and fluctuating temperature had no significant effect on
POC productivity or sinking rate (Fig. 5b and d). This further
indicates that the smaller-celled N. closterium f. minutissima
exhibits a superior ability to balance resource acquisition and
utilization at elevated temperatures, conferring greater re-
silience to warming (Fan et al., 2023). A comparative study
on diatoms of varying sizes confirmed that cell size decreases
with rising temperatures, with larger species like Thalas-
siosira punctigera showing greater vulnerability to thermal
stress, while smaller species exhibit enhanced tolerance to
warming (Fan et al., 2023). However, temperature fluctua-
tion increased POC productivity at both low and high tem-
peratures (Fig. 5). At low temperature, this was due to in-
creased POC content and stable growth rate, while at high
temperature, it resulted from stable POC content and ac-
celerated growth rate (Figs. 2 and 4). For N. closterium f.
minutissima, temperature fluctuation at low temperature el-
evated POC content and sinking rates, although BSi content
remained unaffected (Fig. 4). Previous studies have indicated
that the sinking rate of Thalassiosira sp. is approximately
5 times higher than that of N. closterium f. minutissima, con-
sistent with the general observation that larger diatoms ex-
hibit higher sinking rates and contribute more significantly
to deep-sea carbon export (Cai et al., 2022; Kiørboe, 1993).
Thus, Thalassiosira sp. is expected to play a more prominent
role in carbon export flux under warming conditions.

In summary, temperature fluctuation exerted contrasting
effects on the carbon export flux of Thalassiosira sp. un-
der different temperature regimes. At low temperature, it in-
creased POC, BSi content, and sinking rates (Figs. 4 and 5),
thereby enhancing carbon export. Conversely, at high tem-
perature, it reduced POC, BSi content, and sinking rates
(Figs. 4 and 5), leading to diminished carbon export to the
deep ocean. These findings underscore the importance of
incorporating temperature fluctuation into studies of phyto-
plankton and marine carbon dynamics.
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5.4 Differential thermal responses driven by species
traits

The differential physiological responses of Thalassiosira sp.
and Nitzschia closterium f. minutissima to warming and tem-
perature fluctuations are likely attributable to inherent dif-
ferences in their morphology and ecological niches. Gener-
ally, algal cellular utilization of both light energy and nutri-
ents, as well as metabolic efficiency, is intrinsically associ-
ated with cell size (Marañón, 2015; Marañón et al., 2012). As
a representative centric diatom, Thalassiosira sp. typically
has a larger cell size (∼ 30 µm), leading to fast sinking into
depth but also imposing higher metabolic costs under thermal
stress. Conversely, the smaller pennate diatom N. closterium
f. minutissima (∼ 15 µm) exhibits a higher surface-area-to-
volume ratio, promoting more efficient nutrient uptake and
gas exchange, especially in variable environmental condi-
tions. Additionally, pennate diatoms are commonly found in
benthic or nearshore habitats that experience greater envi-
ronmental heterogeneity (Burden et al., 2020), thus having
increased adaptability and thermal resilience to temperature
fluctuations, as observed in the present study. These morpho-
logical and geographical differences likely underpin species-
specific strategies to thermal tolerance and consequent re-
source allocation and carbon export, highlighting the ne-
cessity of incorporating taxonomic and functional diversity
when evaluating phytoplankton responses to climate change.

6 Conclusion

Our findings demonstrated that temperature fluctuations en-
hance the thermal tolerance of diatoms, though the degree
of adaptation varies between species. The large-celled Tha-
lassiosira sp. redirected resources toward protein synthesis to
cope with thermal stress, while the small-celled N. closterium
f. minutissima exhibited higher sensitivity to temperature
fluctuations and a greater capacity for cellular repair. The di-
vergent responses in carbon fixation and sinking rates further
underscore species-specific contributions to oceanic carbon
fluxes. These findings further provide insight into our un-
derstanding of how future climate conditions may alter phy-
toplankton productivity and biogeochemical cycling in ma-
rine ecosystems. Future studies should also investigate the
combined effects of multiple stressors, such as nutrient avail-
ability and light conditions, with temperature fluctuations, as
well as long-term adaptive responses of marine phytoplank-
ton to environmental heterogeneity.
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