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A B S T R A C T

Macroalgae farming represents a proposed approach for carbon dioxide removal (CDR), as macroalgae exhibit 
distinct advantages over other blue carbon taxa in cultivation scalability and cost effectiveness. Yet how future 
warming and coastal nitrogen enrichment will jointly affect macroalgal carbon fixation and sequestration re
mains poorly understood. Here, we investigated physiological and biochemical responses (growth, photosyn
thesis, pigment content, and carbon accumulation and excretion) of the commercially important seaweed 
Gracilariopsis lemaneiformis under a cross-factorial design of two temperatures (LT, 20◦C; HT, 23◦C) and two 
nitrate concentrations (LN, 8 μM; HN, 200 μM). By day 30, HN alone significantly increased growth, photosyn
thetic activity, pigments, phycobiliproteins, and particulate organic carbon/nitrogen (POC/PON) accumulation, 
but did not alter dissolved organic carbon (DOC) production rates or DOC/refractory DOC (RDOC) accumulation. 
Notably, HT alone had no significant effect on growth, POC accumulation or DOC/RDOC accumulation by day 
30, but markedly promoted POC accumulation when combined with HN. These findings highlight a shift in 
carbon partitioning towards cellular storage (POC) rather than secretion (DOC) under future scenarios of com
bined ocean warming and elevated nitrogen levels. This study provides critical insights into using macroalgae 
farming as a potential CDR strategy through POC export to the deep ocean under concurrent climate change and 
coastal eutrophication.

1. Introduction

Anthropogenic CO2 emissions have totaled 2400 ± 240 Gt CO2 
between 1850 and 2019, with 42% released in the past three de
cades (IPCC, 2023). These emissions have driven global warming to 
1.1◦C above past levels (1850–1900) by 2011–2020, exacerbating 
ocean acidification, extreme weather events, and urban extreme heat 
risk (Baker et al., 2018; Harrould-Kolieb and Herr, 2012; IPCC, 
2023; Yang et al., 2021b). Since 1950, the upper 2000 m of the 
global ocean has warmed significantly, accumulating 351 ± 59.8 ZJ 
of heat, with projections of a 2–6 fold increase by 2100 (Cheng 
et al., 2022). Continuous warming is also projected to increase the 
frequency of ENSO and La Niña events (Cai et al., 2015). To address 
climate change, the international community has reached a land
mark agreement through joint efforts. The Paris Agreement estab
lishes a central target of limiting global warming to 2◦C above 

pre-industrial levels by the end of the century, with an aspira
tional goal of capping warming at 1.5◦C.

To meet these targets, carbon dioxide removal (CDR) has become 
essential (Chiquier et al., 2022). The ocean, Earth's largest carbon sink, 
absorbs 25% of anthropogenic CO2 emissions (Le Quéré et al., 2010). 
Blue carbon ecosystems (e.g., mangroves, salt marshes, and seagrasses) 
sequester 25.8–40.6 Tg C yr− 1 globally, but their potential is limited by 
restricted distribution (Gao et al., 2022a). In contrast, macroalgae 
cultivation offers a more feasible and impactful approach to blue carbon 
sequestration, with higher capacity and broader distribution in suitable 
regions (Gao et al., 2022a). Notably, macroalgae contribute an esti
mated 173 Tg C yr− 1 to global carbon sequestration, with RDOC and 
sinking POC accounting for 68% and 32%, respectively (Krause-Jensen 
and Duarte, 2016). Labile DOC fuels the microbial loop, while its re
fractory fraction (RDOC) functions as a long-term carbon reservoir 
(>100 years). In contrast, POC represents a pool with sequestration 
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potential, primarily through gravitational export to the deep sea or 
burial in algal beds and shelf sediments though its effect remains un
certain (Gao et al., 2022b; Hurd et al., 2023).

In addition to CO2 emission, consistent nutrient inputs since the late 
1970s have caused coastal eutrophication, notably an increasing N:P 
ratio (Wang et al., 2018). Coastal eutrophication is mainly driven by 
agricultural runoff, aquaculture, and urban discharge (Lan et al., 2024), 
resulting in significant economic losses to public health, commercial 
fisheries, recreation, and ecosystem management (Gao et al., 2025; 
Wurtsbaugh et al., 2019). For example, in the EU, eutrophication trig
gered toxic phytoplankton blooms have been causing negative impacts 
on fisheries, coastal ecosystems, and public health, leading to economic 
losses of approximately US$ 1 billion annually (Malone and Newton, 
2020). A global assessment using Google Earth Engine found that 
approximately 1.15 million km2 of coastal waters (depth ≤ 200 m) have 
eutrophic potential (Maúre et al., 2021). Rising dissolved inorganic ni
trate concentrations further increase the risk of harmful algal blooms in 
the East China Sea, the Changjiang Diluted Water, and Bohai Sea (Wang 
et al., 2021; Zhou et al., 2022). Macroalgae farming synergistically ad
dresses these challenges by serving as a marine CDR strategy, mitigating 
coastal eutrophication, and thereby promoting overall ecosystem health 
(Gao et al., 2022a; Tian et al., 2023).

Temperature critically influences carbon fixation by modulating 
enzyme activity. For example, in the red alga Grateloupia turuturu, 
photosynthetic carbon fixation efficiency shows a unimodal response to 
temperature, peaking at 20◦C and declining toward 30◦C (Shen et al., 
2025). Beyond its effect on fixation, warming also exacerbates respira
tory carbon loss (Cavan and Boyd, 2018), and can stimulate DOC release 
(Bennett et al., 2024). Regarding the interactive effects of warming and 
nitrogen enrichment, although physiological responses have been 
investigated (Fernández et al., 2020; Ma et al., 2021; Wu et al., 2022a), 
it remains poorly understood how the interaction of future warming and 
eutrophication reshapes the balance between carbon release and 
biomass storage in seaweeds, ultimately governing the pathways via 
which seaweeds function as a marine carbon dioxide removal (mCDR) 
strategy.

China leads global seaweed mariculture, with the proportion of 
Gracilariopsis lemaneiformis increasing from 4% in 2003 to 20% in 2023, 
contributing the second largest production now (just behind Saccharina 
japonica) (Yang et al., 2026). Among main mariculture seaweeds, 
G. lemaneiformis exhibits the highest carbon removal capacity and 
sequestration capacity, thus requiring the smallest cultivation area to 
achieve China's carbon neutrality goal by 2060 (Gao et al., 2022b; Yang 
et al., 2026). Additionally, G. lemaneiformis has the highest nitrogen 
removal capacity among farmed seaweeds, making it particularly rele
vant for mitigating coastal eutrophication, a pressing environmental 
issue in southern China (Gao et al., 2022b). Considering the warming 
trend during the cultivation period, whether seasonal warming will 
amplify or mitigate the impact of nitrogen on carbon storage remains 
incompletely understood. We hypothesize that ocean warming and high 
nitrogen levels will individually affect carbon fixation and sequestra
tion, with their interaction modifying these effects. To test this, we 
cultured G. lemaneiformis under factorial temperature (20◦C, 23◦C) and 
nitrate (8 μM, 200 μM) treatments and investigated its physiological and 
biochemical responses. Notably, this study focuses on farmed 
G. lemaneiformis rather than wild populations because farmed 
G. lemaneiformis has a wider distribution and greater biomass, conferring 
greater ecological significance for marine CDR.

2. Materials and methods

2.1. Seaweed collection and culture conditions

Gracilariopsis lemaneiformis was collected in April 2023 from a 
farming area in Ningde, Fujian Province, China (119.31◦E, 26.39◦N). In 
this region, G. lemaneiformis in Ningde undergoes two annual cultivation 

cycles: from fall to spring (September to May in next year). Previous 
studies have reported an average seawater temperature of 20◦C from fall 
to spring in the farming area (Jiang et al., 2022; Wu et al., 2015; Yang 
et al., 2025; Zhang et al., 2024). Prior to experimentation, thalli were 
rinsed three times with sterile seawater to remove epiphytes and debris, 
following a previously described protocol (Chen et al., 2025; Jiang et al., 
2024). Natural seawater collected from coastal waters near Jinjiang was 
used as the culture medium. The seawater was aged in darkness at 20◦C 
for 30 days and then filtered through a 0.1 μm pore-size filter to deplete 
background labile DOC, remove particulate matter, and reduce micro
bial load. No antibiotic sterilization was performed, allowing the algae 
to retain their associated microbial community as found in the natural 
environment. To standardize physiological baselines and enhance 
sensitivity to nitrate concentration changes, thalli were subjected to a 
7-day nitrogen starvation period prior to the experiment (Chen et al., 
2025; Kamer and Fong, 2001). For the experiment, thalli (0.5 g per 
bottle) were cultured in 1 L sterilized polycarbonate bottles containing 
aged, sterile seawater. Temperature was maintained at 20◦C, and light 
intensity was set to 100 μmol photons m− 2 s− 1 under a white light 
spectrum, with a 12: 12 h light-dark cycle. This light intensity is widely 
used as the ambient PAR setting in G. lemaneiformis cultivation experi
ments and is generally sufficient to achieve light-saturated or 
near-saturated photosynthetic rates, whereas higher irradiance may lead 
to photoinhibition (Gao et al., 2024; Jiang et al., 2020; Ma et al., 2021; 
Wang et al., 2025; Yang et al., 2021a).

A 2×2 factorial design was used to test the effects of two independent 
variables: temperature and nitrate concentration (Table 1), with three 
replicates per treatment. Each replicate consisted of one culture bottle 
containing about three individuals, each approximately 10 cm in length. 
The lower temperature and nitrate represent ambient conditions in 
seaweed farming from fall to spring. This higher temperature (+3◦C) 
corresponds to the model projection for the year 2100, based on the 
intermediate Shared Socio-economic Pathway (SSP2-4.5) for green
house gas emissions (IPCC, 2023). The higher nitrate condition falls 
within the range of eutrophic coastal waters (Teichberg et al., 2010). 
Phosphorus was set to 50 μM to avoid phosphorus limitation during the 
experiment, ensuring that all physiological responses of G. lemaneiformis 
were driven solely by nitrate. Notably, the aim of this study was not to 
propose fertilization strategies for macroalgae cultivation, but to 
investigate the potential effects of progressively worsening eutrophica
tion scenarios on cellular carbon storage and excretion of 
G. lemaneiformis. To maintain sufficient nutrient supply while maximally 
preserving the phycosphere bacterial community, half of the culture 
medium was replaced with fresh and sterile seawater containing 
equivalent nutrients every two days (on days 2, 4, 6, …, 10, 12, …, 20, 
22, …, 30) (Jiang et al., 2024).

2.2. Measurement of specific growth rate (SGR)

Before weighing, all thalli were blotted with tissue paper to remove 
the surface water on the tissue. Fresh weight (FW) of G. lemaneiformis 
was measured on days 0, 7, 10, 17, 20, 27, and 30 using an analytical 
balance (BSA124S, Sartorius, Germany). To minimize disturbance from 
tissue harvesting, FW was measured prior to other analyses at each time 

Table 1 
Experimental groups design.

Groups Temperature (◦C) NO3
− -N (μM)

LTLN 20 8
LTHN 20 200
HTLN 23 8
HTHN 23 200

Abbreviations: LT, low temperature (ambient); HT, high temperature (projected 
for 2100 (IPCC, 2023)); LN, low nitrate concentration (ambient); HN, high ni
trate concentration (eutrophic).
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point, and the harvested tissue was excluded from subsequent growth 
rate calculations.

Specific growth rate (SGR) was calculated using the following 
equation: 

SGR
(
% d− 1)

= ln(W2 / W1)
/
(t2 – t1) × 100. (1) 

W1 and W2 represent the FW in t1 (day 1) and t2 (day 2), respectively.

2.3. Measurement of chlorophyll fluorescence of photosystem II (PSII)

Apical tips (2 cm in length, 0.05 g FW) of G. lemaneiformis were 
collected on days 0, 10, 20, and 30 for photosynthetic analysis using a 
multi-color pulse amplitude modulation chlorophyll fluorometer (Multi- 
Color-PAM; Walz, Germany). The measurement protocol was consistent 
with our previous study (Chen et al., 2025). Prior to measurement of the 
maximum quantum yield of photosystem II (Fv/Fm) and non
photochemical quenching (NPQ), samples were dark-adapted for 15 min 
to allow full relaxation of NPQ, following the protocol of Maxwell and 
Johnson (2000). Fv/Fm was calculated as (Fm – Fo)/Fm, and NPQ as 
(Fm – Fm')/Fm, where Fm and Fo denote the maximum and minimum 
chlorophyll fluorescence of dark-adapted samples, respectively, and Fm′ 
represents the maximum fluorescence yield under actinic light. The 
actinic light intensity was set to match the culture conditions (100 μmol 
photons m− 2s− 1), and a saturating pulse (2500 μmol photons m− 2s− 1; 
0.8 s duration) was applied to ensure the complete reduction of all PSII 
reaction centers for accurate determination of maximal fluorescence 
(Fm) (Maxwell and Johnson, 2000). After measurement, samples 
(approximately 0.1 g FW) were collected and immediately frozen for 
subsequent analysis of pigments and phycobiliproteins.

2.4. Measurement of pigments and phycobiliproteins

The samples collected from the chlorophyll fluorescence measure
ments described above were used for the determination of pigment and 
phycobiliprotein contents. Pigments were extracted by immersing each 
fresh sample (0.05 g FW) in 10 mL of 95% ethanol (a ratio of 200 mL g− 1 

FW) and storing it in complete darkness at 4◦C for 24 h to ensure com
plete pigment leaching (Liu et al., 2016). The extracts were then 
centrifuged, and the supernatant was analyzed spectrophotometrically 
for pigment concentrations following the equations of Wellburn (1994). 

Chl a
(
mg g− 1 FW

)
=13.36×A665 − 5.19 × A649 (2) 

Carotenoids
(
mg g− 1 FW

)
=(1000×A470 +904.788×A665 – 3138.3245
×A649)

/
245

(3) 

Phycocyanin (PC) and phycoerythrin (PE) were extracted and 
quantified as described by Beer and Eshel (1985). Each sample (0.05 g 
FW) was homogenized in 100 mL of phosphate buffer (pH 6.8) on ice. 
Following centrifugation at 6000 × g for 10 min at 4◦C, the supernatant 
was collected for absorbance readings at 455, 564, 592, 618, and 
645 nm. The respective concentrations were calculated using the 
following equations: 

PC
(
mg g− 1 FW

)
= [(A618 − A645) − (A592 − A645)× 0.51]

/
0.15 (4) 

PE
(
mg g− 1 FW

)
= [(A564 − A592) − (A455 − A592)×0.2]

/
0.12 (5) 

2.5. Measurement of algal POC, PON contents, and C: N molar ratio

Thallus samples (0.02 g FW) were collected on days 0, 10, 20, and 30, 
washed with sterilized seawater, and oven dried at 60◦C to constant 
weight. After initial drying, the samples were subjected to acid fumi
gation with 36% HCl in a nearly sealed environment for 24 h at room 
temperature (approximately 22◦C) to remove inorganic carbon, and 

then re-dried at 60◦C till constant weight. Subsequently, the samples 
were stored in a desiccator at room temperature until measurement. For 
elemental analysis, approximately 0.8 mg of each sample (taken from 
the tip) was packed into a tin capsule. POC and PON contents were 
measured with an elemental analyzer (Vario EL Cube, Elementar, Ger
many), and the C:N ratio was derived from their molar values. POC and 
PON refers to the organic carbon/nitrogen content of the harvested 
seaweed thallus.

The following equation calculates the POC and PON accumulation 
contents: 

ΔPOC
(
mg C g− 1 DW

)
=(Wt ×Ct − W0 ×C0)

/
W0 (6) 

ΔPON
(
mg N g− 1 DW

)
=(Wt ×Nt − W0 ×N0)

/
W0 (7) 

The variables Wt and W0 designate the DW (dry weight) at time t 
(days 10, 20, 30) and at day 0, respectively. Similarly, Ct, Nt, C0 and N0 
represent the POC or PON content at time t and at day 0.

2.6. Measurement of DOC and RDOC concentration

Water samples (30 mL) were filtered through pre-combusted GF/ 
F filters, and the filtrate was preserved in pre-combusted amber 
bottles at − 20◦C. Dissolved organic carbon (DOC) concentration was 
determined using a Shimadzu TOC-LCPH analyzer by catalytic 
oxidation at 680◦C. Recalcitrant DOC (RDOC) was operationally 
defined as the DOC fraction remaining after 60 days of dark incu
bation at respective cultivation temperatures, a duration sufficient to 
achieve full degradation of bioavailable DOC fractions (Kristensen 
et al., 1992; Liu et al., 2025; Wada et al., 2008). Previous studies 
reported that the labile DOC released by the red alga Chondrus 
crispus, the brown alga Ecklonia cava, and open ocean water can be 
completely consumed within 60 days (Kristensen et al., 1992; Liu 
et al., 2025; Wada et al., 2008). To verify this, a dark incubation 
experiment was conducted using DOC derived from G. lemaneiformis 
at 17◦C, 20◦C, and 23◦C, in which the labile DOC fraction was 
completely depleted by day 60 (Fig. S1).

The DOC production rate was calculated using the following equa
tion: 

DOC production rate
(
mg C g− 1 DW d− 1)

=(DOCt1 − DOCt0)×V

× 12
/
(Wt0 ×1) (8) 

The DOC production rate over a 24-h period was calculated for each 
phase. DOCt0 and Wt0 represent the DOC concentration (mol L-1) and 
initial DW measured on days 0, 10, 20, and 30, respectively. DOCt1 
corresponds to the DOC concentration measured on the following day 
(days 1, 11, 21, and 31). V represents the culture volume (1 L); 1 rep
resents in one day. No water exchange was conducted during the 24-h 
period.

The calculation equation of RDOC transformation rate is: 

RDOC transformation rate (%)= (DOCt2 − DOCs2)

/ (DOCt1 − DOCs1) × 100 %
(9) 

DOCt1 and DOCt2 represent the DOC concentration in the culture 
liquid prior to and following the dark treatment, respectively. Similarly, 
DOCs1 and DOCs2 represent the corresponding DOC concentrations in 
the seawater.

The calculation equation of DOC accumulation (ΔDOC) and RDOC 
accumulation (ΔRDOC) contents is shown as follows: 

ΔDOC=
∑t

1
ΔDOCt (10) 

ΔRDOC=
∑t

1
(ΔDOCt× [Rt0 +(Rt10 − Rt0)× (t − t0) / 10]) (11) 

ΔDOCt
(
mg C g− 1 DW ⋅ d− 1)

=Pt0 +(Pt10 − P0) × (t − t0)
/

10 (12) 
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Here, t represents the cultivation time in days. Pt0 and Pt10 are the 
DOC production rates measured at the beginning and the end of the time 
interval containing day t, respectively. Similarly, Rt0 and Rt10 represent 
the RDOC transformation rates at the beginning and end of that interval.

2.7. Measurement of bacterial abundance

To ensure that the phycosphere bacteria of G. lemaneiformis consti
tuted the sole microbial source, rigorous aseptic techniques were con
ducted throughout the experiment. Seawater, glassware, and all 
consumables, such as centrifuge tubes and pipette tips, were sterilized 
before use. Bacterial samples were collected on days 11, 21, and 31. 
Each sample was divided into two aliquots: one was used to determine 
the real-time bacterial abundance during the culture period, whereas the 
other was stored in darkness at respective cultivation temperatures for 
60 days for subsequent analysis of bacterial abundance in the RDOC 
phase. Bacterial abundance (cells mL− 1) was quantified by flow 
cytometry (BD Accuri C6, Accuri Cytometers, USA). Briefly, 1.6 mL of 
culture solution was collected at each time point and fixed with 400 μL 
of 2.5% glutaraldehyde, yielding a final concentration of 0.5% glutar
aldehyde, which is widely recognized to preserve the structural integrity 
of bacterial cells (Gasol and Giorgio, 2000; Kepner and Pratt, 1994; 
Marie et al., 2001). Fixed samples were preserved at − 80◦C. For anal
ysis, 10 μL of the fixed sample was diluted with 990 μL of water, stained 
with 5 μL of SYBR Green I working solution (50×) in the dark for 20 min, 
and measured at an excitation wavelength of 488 nm. To ensure the 
accuracy, the fluorescence of unstained samples was calculated and 
subtracted to avoid autofluorescence interference. The measured total 
bacterial abundance, though inclusive of non-viable cells, suggests 
enhanced availability of labile organic matter (such as macroalgal DOC). 
Total bacterial abundance includes non-viable cells and should be 
interpreted as a proxy for potential microbial biomass supported by 
labile DOC, rather than as a direct measure of metabolic activity or 
remineralization. Thus, these data are consistent with the presence of a 
larger potential microbial biomass supported by algal secretions.

2.8. Statistical analysis

All data are expressed as mean ± SD of three independent replicates. 
Statistical significance was analyzed with SPSS 25.0 software (IBM, 
USA). Repeated-measures ANOVA (RM-ANOVA) was used to evaluate 
the effects of time and its interaction with temperature and nitrate 
concentration on following parameters: SGR, Fv/Fm, NPQ, Chl a, 
carotenoid, PC, PE, POC, PON, C: N molar ratio, ΔPOC, DOC, DOC 
production rate, ΔDOC, RDOC, RDOC transformation rate, ΔRDOC, and 
bacterial abundance. Two-way ANOVA (TW-ANOVA) was conducted to 
analyze the effects of temperature and nitrate concentration on these 
parameters at each time point. Post-hoc comparisons were conducted 
using the LSD test. The significance level was set at p < 0.05 under ho
mogeneity of variance (Levene's test is met); otherwise, a p < 0.01 
threshold was adopted if Levene's test is not met (Gao et al., 2017; 
Pallant, 2010). All figures were created using the software Origin 8.5 
and PowerPoint.

3. Result

3.1. Specific growth rate and photosynthesis response

The SGR of G. lemaneiformis declined throughout the experiment, 
though the declines were greatest when nitrate concentrations were low 
(Table S1, Fig. 1A). Temperature had little effect on SGR except for a 
significant interaction on day 17 when a negative effect was detected 
with increased nitrate (Table S2). Increased nitrate significantly 
increased the SGR at both temperatures, except on day 7.

Time had a significant interactive effect with nitrogen concentration 
on the Fv/Fm during cultivation period (Table S1). The Fv/Fm of 

G. lemaneiformis remained relatively stable across the culture period, 
with the control group exhibiting the greatest fluctuation (Fig. 1B). By 
day 30, both high temperature and nitrate promoted Fv/Fm, with their 
combination resulting in the highest value.

Over the 30 days period, the NPQ of G. lemaneiformis was signifi
cantly influenced by the interaction of time with temperature and 

Fig. 1. Specific growth rate (SGR) (A), Fv/Fm (B), and NPQ (C) of 
G. lemaneiformis grown under different temperature and nitrate conditions. 
Abbreviations: LT, 20◦C treatment; HT, 23◦C treatment; LN, low nitrate level; 
HN, high nitrate level; Different letters indicate that there are significant dif
ferences among different treatment groups at corresponding time point 
(p < 0.05 if Levene's test is met, otherwise p < 0.01).
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nitrogen (Table S1), showing a common rise-then-fall trend across all 
groups, albeit with lower fluctuation in three treatments (Fig. 1C). A 
distinct temperature × nitrogen interaction emerged on day 20, where 
increased nitrate suppressed NPQ specifically under low temperature 
(Table S2).

3.2. Pigments and phycobilin protein contents response

The Chl a contents of G. lemaneiformis under different treatments 
exhibited distinct trajectories: a sustained increasing trend under high 
nitrate, compared to an initial rise followed by a decline under low ni
trate (Fig. 2A). The combination of high temperature and high nitrogen 
showed largest accumulation on day 30. Moreover, nitrogen exerted a 
significant positive effect on Chl a content on day 20, which was further 
enhanced by high temperature by day 30 (Table S2). Similar to Chl a, 
carotenoid content was significantly increased by elevated nitrogen 
throughout the experiment (Fig. 2B–Table S2). Under high nitrate con
ditions, high temperature provided a further boost to carotenoid accu
mulation by day 30.

The PC content of G. lemaneiformis experienced an initial increase 
followed by a decrease over the cultivation period, with the largest 
fluctuation observed under low nitrate and warming condition (Fig. 2C). 
Nitrogen had a significantly promoting effect on the later two-thirds 
period, especially under warming condition on day 30 (Table S2). In 
contrast to PC content, time had a significant interactive effect with 
nitrogen on PE content in the cultivation period (Table S1). The PE 
content of G. lemaneiformis showed a decreasing trend with time under 
low nitrate while a first increase followed by a decrease under high ni
trate (Fig. 2D). Nitrogen had a stimulative effect on the PE content 
throughout the cultivation period (Table S2). Compared to high nitrate 
alone, its combination with warming further promoted PE accumulation 
during the final two-thirds of the period.

3.3. POC, PON content and C: N molar ratio

Time had a significant interactive effect with temperature or nitro
gen concentration on the POC content (Table S1). All treatments had 
rising trends over time, with the most pronounced and consistent 
accumulation observed under high temperature low nitrate condition 
(Fig. 3A). The POC content was inhibited by increased nitrate on day 20 
while it was promoted by warming on day 30 (Table S2).

The PON content of G. lemaneiformis declined throughout the 
experiment under low nitrate, while it showed an initial increase fol
lowed by a decrease under high nitrate (Table S1, Fig. 3B). Nitrogen had 
a dramatically stimulative effect on PON content throughout the culture 
period (Table S2). Temperature had no significant effect on the PON 
content.

Time had significant interactive effects with nitrogen concentration 
on the C: N molar ratio (Table S1): The C: N molar ratio under low ni
trogen showed a rising trend with time but remained stable under high 
nitrogen (Fig. 3C). High nitrogen reduced the C: N molar ratio regardless 
of temperature in the whole period (Table S2), and this difference 
widened over time.

3.4. POC and PON accumulation

The POC accumulation in G. lemaneiformis increased throughout the 
cultivation period, with the greatest accumulation occurring under high 
nitrate, particularly in combination with low temperature (Table S1, 
Fig. 4A). High nitrogen significantly promoted POC accumulation on 
days 20 and 30 (Table S2). Similarly, PON accumulation increased 
throughout the experiment under high nitrate (Table S1, Fig. 4B). 
Temperature had opposite effects on PON accumulation under high ni
trate on days 10 and 30 (Table S2): Warming increased it on day 10 but 
inhibited it on day 30.

Fig. 2. Chl a content (A), carotenoid content (B), PC content (C), and PE content (D) of G. lemaneiformis grown under different temperature and nitrate conditions. 
Abbreviations: LT, 20◦C treatment; HT, 23◦C treatment; LN, low nitrate level; HN, high nitrate level; Different letters indicate that there are significant differences 
among different treatment groups at corresponding time point (p < 0.05 if Levene's test is met, otherwise p < 0.01).
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3.5. DOC and RDOC accumulation

The DOC production rate of G. lemaneiformis showed a trend of first 
decreasing and then increasing over time. The decline in DOC produc
tion rate observed during the rapid growth phase could be attributable 
to enhanced metabolic demand for fixed carbon to fuel proliferation, 

which suppresses extracellular carbon exudation. In contrast, the in
crease in DOC production on day 31 is associated with the algal mature 
stage, characterized by elevated carbon release. The lowest rates were 
observed under low temperature (Table S1, Fig. 5A). Temperature had a 
significant effect on the DOC production rate on days 11 and 21 
(Table S2). Warming reduced the rate, especially when combined with 
high nitrate on day 11, but had the completely opposite effect on day 21.

DOC and RDOC accumulation both increased with time (Fig. 5B–C). 
During the culture period, temperature or nitrogen did not show sig
nificant effects on DOC or RDOC accumulation.

3.6. Bacterial abundance

Bacterial abundance during the culture period increased over time, 
except under the combined high nitrate and low temperature condition 
(Table S1, Fig. 6A). On day 31, high nitrate significantly inhibited 
bacterial abundance at low temperature, but did not cause any signifi
cant decrease at high temperature (Table S2). In the dark incubation, 
bacterial abundance showed a continuous increasing trend under high 
nitrate, but an initial increase followed by a decrease under low nitrate. 
Nitrogen significantly influenced bacterial abundance on days 81 and 
91, with high nitrate increasing proliferation under low temperature.

4. Discussion

4.1. Response of growth and photosynthesis in G. lemaneiformis to 
warming and nitrogen availability

The present study revealed that elevated temperature exerted limited 
individual effects on the physiology of G. lemaneiformis. Temperature 
significantly influenced the SGR on day 17, the Fv/Fm (day 30), and 
NPQ (day 20), while it had no significant effects on pigment or phyco
biliprotein contents in the whole period.

This general lack of a strong warming effect aligns with findings by 
Yang et al. (2021a), who reported that ocean warming had little impact 
on the SGR, Fv/Fm, or NPQ of G. lemaneiformis. According to the 
Metabolic Theory of Ecology, temperature exerts fundamental control 
over biological rates, including metabolism and growth (Brown, 2004). 
Thermal performance curves for growth and metabolism in seaweeds 
typically follow a unimodal pattern, increasing with temperature up to a 
physiological optimum and declining thereafter. The natural tempera
ture range experienced by cultivated G. lemaneiformis in the local area is 
16.0–21.5◦C (Yang et al., 2025). Our experimental temperatures of 20◦C 
and 23◦C appear to symmetrically flank the species’ thermal optimum; 
thus, the 3◦C warming did not yield a significant effect on growth 
relative to the 20◦C control. Similarly, a 5◦C increase from 20◦C to 25◦C 
did not significantly affect growth of Ulva prolifera (Gao et al., 2016). In 
contrast, Zou et al. (2014) observed that a 2◦C temperature increase (to 
26◦C) could negatively affect growth of G. lemaneiformis, suggesting that 
thermal responses may be context dependent, potentially influenced by 
the different higher temperatures or acclimation status. It is worth 
noting that SGR of G. lemaneiformis went down during the culture 
period. This phenomenon has been commonly documented for both 
laboratory and field culture of G. lemaneiformis due mainly to increased 
biomass and decreased available light (Duan et al., 2019; Jiang et al., 
2024; Yang et al., 2006; Yu and Yang, 2008). The decreased SGR led 
to the slowdown of biomass accumulation (Fig. S2).

In comparison, nitrogen availability was a dominant factor regu
lating growth and photosynthesis. The SGR of G. lemaneiformis was 
significantly enhanced under high nitrate throughout the entire period, 
except on day 7. Elevated nitrate consistently enhanced the growth of 
both G. blodgettii and G. lemaneiformis under both 5◦C and 10◦C warming 
scenarios (Ma et al., 2021), implying that eutrophic waters may confer a 
physiological advantage to these species under future warming. In 
contrast, increased nitrate decreased the growth rate of Sargassum hor
neri under both 20◦C and 24◦C (Wu et al., 2022b). Furthermore, while 

Fig. 3. POC content (A), PON content (B), and C: N molar ratio (C) of 
G. lemaneiformis grown under different temperature and nitrate conditions. 
Abbreviations: LT, 20◦C treatment; HT, 23◦C treatment; LN, low nitrate level; 
HN, high nitrate level; Different letters indicate that there are significant dif
ferences among different treatment groups at corresponding time point 
(p < 0.05 if Levene's test is met, otherwise p < 0.01).
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nitrate enrichment typically promotes growth, the response direction is 
contingent upon whether the temperature surpasses the species’ thermal 
tolerance limit (Gouvêa et al., 2017). By day 30, Fv/Fm was also 
increased under high nitrate, consistent with prior work (Chen et al., 
2025). Conversely, NPQ was suppressed on day 20, indicating a 
reduced demand for photoprotection. Furthermore, high nitrate stimu
lated the accumulation of pigments and phycobiliproteins in 
G. lemaneiformis. Nitrogen enrichment was reported to promote the SGR 
in G. lemaneiformis under various pCO2 levels (20, 400, and 1000 μatm) 
(Jiang et al., 2020). Moreover, increased nitrogen availability also 
enhanced the SGR of G. lemaneiformis under various temperatures (20◦C, 
25◦C, and 30◦C) (Ma et al., 2021). These studies suggested the promo
tion of high nitrogen in the growth of G. lemaneiformis. Enhanced ni
trogen also improved the photosynthetic capacity in G. lemaneiformis, as 
evidenced by increased Fv/Fm and pigment content (Ma et al., 2021). In 
Laurencia catarinensis, Chl a content was similarly increased under high 
nitrogen across a range of temperatures (20◦C, 24◦C, and 28◦C) (Gouvêa 
et al., 2017). The PC and PE contents of red alga Hypnea cervicornis 
increased under high nitrate treatments (100 and 200 μM) but decreased 
at 400 and 500 μM of nitrate treatment (Ribeiro et al., 2012). Jiang et al. 
(2024) reported that enhanced nitrogen availability upregulated the 
expression level of genes associated with the photosynthetic light re
action and antenna systems. These findings suggest that an appropriate 
nitrate concentration can promote photosynthetic capacity.

Although ocean warming alone had no significant effect on the SGR, 
pigments, or phycobiliprotein contents in G. lemaneiformis, its combined 
effect with high nitrogen promoted all these parameters. The combi
nation of high temperature and high nitrate led to the greatest accu
mulation of pigments and phycobiliproteins in G. lemaneiformis on days 
20 and 30. On day 30, carotenoid, PC, and PE contents under the 
combined treatment were significantly higher than those under high 
nitrate alone. This interactive stimulation is supported by findings in 
L. catarinensis, where high temperature inhibited growth under low ni
trogen but enhanced it under high nitrogen (Gouvêa et al., 2017). The 
activation of photosynthesis-related genes under high nitrate (Jiang 
et al., 2024), combined with elevated temperature, may further 
enhance photosynthetic performance via increased activity of carbon 
fixation enzymes (e.g., Rubisco) and improved light energy utilization. 
These results collectively suggest that the co-occurrence of elevated 
temperature and nitrogen enrichment can exert a stronger positive effect 
on the photosynthetic performance and growth of G. lemaneiformis than 
either factor in isolation, emphasizing the importance of considering 
multiple environmental drivers simultaneously.

The interactive effects of temperature and nitrate availability varied 
dynamically across the cultivation period. For example, on day 20, the 
combined low temperature and low nitrate (LTLN) treatment yielded the 

maximum NPQ value relative to all other experimental groups, indica
tive of the most severe physiological stress imposed by this regime. 
Consistently, the LTLN group exhibited the lowest dissolved organic 
carbon (DOC) production rate on day 21; this observation implies that 
algal cells diverted greater amounts of cellular substrates and energy 
reserves toward stress mitigation, consequently diminishing the efflux of 
extracellular carbon compounds. Nevertheless, the pronounced NPQ 
enhancement triggered by LTLN was no longer detectable by day 30, a 
phenomenon attributable to gradual physiological acclimation of the 
algal population. Overall, NPQ under LTLN condition followed a 
unimodal pattern characterized by an initial rise followed by a subse
quent decline. In contrast, the specific growth rate declined progres
sively up to day 20, demonstrating that successful acclimation was 
established in the algae after this time point. Such sequential acclima
tion and physiological recovery trajectories have previously been 
documented in G. lemaneiformis exposed to marine heatwave stress 
(Jiang et al., 2024). Notably, LTLN was the only treatment that dis
played significantly elevated NPQ on day 20 throughout the entire 
culture period, reflecting asynchronous acclimation progress among the 
four treatments.

4.2. Response of POC and PON accumulation in G. lemaneiformis to 
warming and nitrogen availability

Elevated temperature alone promoted the cellular POC content on 
day 30 but had no significant influence on cellular PON content, the C: N 
molar ratio, or POC and PON accumulation. The observed rise in POC 
content under high temperature may be linked to the concurrent 
enhancement in photosynthetic efficiency (Fv/Fm) on day 30, suggest
ing a stimulation of carbon fixation. This is consistent with findings in 
Phaeocystis pouchetii, where elevated temperature increased cellular 
POC content under varying light and CO2 conditions (Rokitta et al., 
2023), potentially due to the upregulation of carbon fixation enzymes. 
However, the increase in cellular POC content did not result in POC 
accumulation, possibly due to only a marginal stimulation of SGR. 
Alternatively, warming may enhance respiratory carbon loss, counter
acting gains in gross carbon fixation (Cavan and Boyd, 2018), which 
aligns with reports that marine heatwaves did not significantly affect 
POC accumulation in G. lemaneiformis (Jiang et al., 2024).

In contrast, aligning with ecological stoichiometry theory (Sterner 
and Elser, 2002), nitrogen availability exerted a stronger promotion 
on POC and PON accumulation than warming. High nitrate promoted 
cellular PON content while suppressing cellular POC content on day 20 
and reducing the C: N ratio. This reflects a well-established response 
where nitrogen enrichment elevates the cellular nitrogen quota, as 
observed in small planktonic organisms (Olsen et al., 2014), and the 

Fig. 4. POC accumulation (A) and PON accumulation (B) of G. lemaneiformis grown under different temperature and nitrate conditions. Abbreviations: LT, 20◦C 
treatment; HT, 23◦C treatment; LN, low nitrate level; HN, high nitrate level; Different letters indicate that there are significant differences among different treatment 
groups at corresponding time point (p < 0.05 if Levene's test is met, otherwise p < 0.01).
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diatom Thalassiosira punctigera (Li et al., 2018). Contrary to its inhibitory 
effect on day 20, increased nitrate did not influence POC content on day 
30. This discrepancy may be attributed to the fact that on day 20, high 
nitrate promoted the assimilation of inorganic nitrogen into amino 
acids, proteins, and other nitrogen containing compounds, a process that 
consumes a substantial proportion of energy and fixed carbon. In 
contrast, on day 30, the Fv/Fm was promoted by increased nitrate, 
whereas it was inhibited on day 20. The combined effects of carbon 
allocation and photosynthetic capacity likely contributed to the distinct 
patterns of cellular POC content observed between the two time points. 

High nitrate enhanced nitrogen assimilation capacity by activating key 
genes encoding nitrite reductase (NIR), glutamine synthetase (GLUL), 
and glutamate synthase (GLT), thereby resulting in increased PON 
content (Chen et al., 2025). More importantly, enhanced POC and PON 
accumulation under high nitrate was linked to improved SGR, photo
synthesis, and pigment synthesis, which support carbon-nitrogen real
location for stoichiometric homeostasis. Consistent with our data, 
sufficient nitrogen optimizes C:N stoichiometry and boosts POC accu
mulation in G. lemaneiformis (Jiang et al., 2024). In G. lemaneiformis, 
high nitrogen availability upregulated key carbon fixation genes (e.g., 

Fig. 5. DOC production rate (A), DOC accumulation (B), and RDOC accumulation (C) of G. lemaneiformis grown under different temperature and nitrate conditions. 
Abbreviations: LT, 20◦C treatment; HT, 23◦C treatment; LN, low nitrate level; HN, high nitrate level; Different letters indicate that there are significant differences 
among different treatment groups at corresponding time point (p < 0.05 if Levene's test is met, otherwise p < 0.01).
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carbonic anhydrase, phosphoglycerate kinase, and fructose-1, 
6-bisphosphatase) (Chen et al., 2025). This enhanced the metabolic 
potential for POC accumulation, which, in conjunction with net biomass 
increase, contributed to greater overall carbon storage. However, under 
increased nitrate, warming enhanced respiration and inhibited growth, 
thereby reducing POC accumulation. Ecologically, this stoichiometric 
plasticity enables G. lemaneiformis cultivation to absorb excess nitrogen 
and sequester CO2, aiding in restoring stoichiometric balance in eutro
phic coastal waters. High temperature alone promoted the cellular POC 
content by increasing photosynthesis and carbon fixation related en
zymes (e.g. antenna complex and Rubisco), while its combined effect 
with high nitrate offset the promotion—likely due to the maintenance of 
a balanced cellular C: N ratio. High nitrate led to the increase of cellular 
PON content, POC and PON accumulation. The combination of high 
temperature and high nitrate did not significantly affect cellular POC 
content, suggesting that high temperature offset the stimulatory effect of 
high nitrate on cellular POC quota in the combined treatment. High 
temperature did not further promote POC accumulation under high ni
trate, as its positive effect on carbon fixation capacity was offset by 
limited growth stimulation. Our finding that elevated nitrate promotes 
POC accumulation is consistent with the observation that nutrient 
enrichment can enhance the carbon sink capacity of macroalgae Pter
ocladiella capillacea and Turbinaria ornata by promoting their biomass 
and subsequent deposition in deep-sea sediments (Hung et al., 2024). On 
day 10, the combined treatment further enhanced PON accumulation 
compared to high nitrate alone, attributable to the significant biomass 
accumulation (day 7) and slight enhancement of cellular PON content 
under combined treatment (Fig. S2). However, the PON accumulation 
under the combined treatment on day 30 was significantly attenuated 
relative to high nitrate alone, likely due to the decrease in SGR on days 
20 and 27. These results indicate that G. lemaneiformis exhibits stronger 
nitrogen removal capacity under combined warming and high nitrogen 
in the early growth phase, whereas future warming may partially 
compromise this ability in later stages. Overall, the promoted accumu
lation of POC and PON under the combined treatment was primarily 
driven by the effect of high nitrate, a pattern corroborated by studies on 
marine heatwaves and nitrogen enrichment (Jiang et al., 2024).

4.3. Response of carbon secretion and sequestration

High temperature exerted time-dependent effects on the DOC pro
duction rate, showing significant inhibition on day 11 but promotion on 
day 21 (Table S2). Previous studies show that DOC production is posi
tively related to photosynthesis (Weigel and Pfister, 2021). Although 

high temperature did not affect Fv/Fm on days 11 or 21, it significantly 
reduced NPQ on day 20, indicating an alleviation of photosynthetic 
stress. In the initial phase, warming increased the respiratory rate and 
basal maintenance metabolism, which exacerbated carbon demand and 
consequently reduced carbon secretion. In contrast, during the later 
phase, when macroalgae reached the plateau stage, carbon demand 
decreased, while carbon release increased under the adverse effects of 
warming. Zhao et al. (2024) reported that warming significantly 
enhanced the photosynthetic performance and DOC production in 
cyanobacterium Synechococcus, suggesting that the increased photo
synthetic capacity may contribute to DOC production. However, 
warming did not significantly affect the POC, DOC or RDOC accumu
lation, nor did it affect bacterial abundance during the culture period in 
the present study. Therefore, even though no net DOC accumulation was 
observed for G. lemaneiformis under warming, the enhanced DOC release 
and the concurrent rapid bacterial transformation could compensate for 
each other, such that the overall DOC concentration remained un
changed. The discrepancy in DOC accumulation patterns between 
G. lemaneiformis and Synechococcus could be attributed to the absence of 
normalization to biomass for Synechococcus (Zhao et al., 2024). Carbon 
accumulation and secretion in G. lemaneiformis are not substantially 
influenced by future warming (Fig. S3).

In contrast, high nitrate showed no significant effect on DOC pro
duction rate, DOC accumulation or RDOC accumulation but signifi
cantly influenced bacterial abundance both during the culture period 
(day 31) and in dark incubation (days 91). High nitrate significantly 
promoted SGR, favoring the POC accumulation over DOC release. The 
reduced bacterial abundance on day 31 likely reflected diminished en
ergy availability. Jiang et al. (2024) reported that under sufficient ni
trate availability, G. lemaneiformis preferentially allocated carbon to 
POC accumulation rather than to DOC secretion. Mueller et al. (2016)
reported that increased nutrient availability did not activate the DOC 
release of turf algae under full light. This suggests that high nitrate 
regulates carbon partitioning by diverting carbon toward cellular stor
age rather than secretion (Fig. S3).

On day 21, high nitrate alone had no significant effect on the DOC 
production rate, but exhibited significant promotion (the highest value) 
when combined with warming. This enhancement coincided with peak 
levels of photosynthetic pigments and phycobiliproteins under combine 
treatment, indicating superior photosynthetic activity likely drove 
increased DOC exudation. The trend was consistent with significant 
promotion of POC and PON accumulation. This indicates that DOC 
secretion scaled with biomass accumulation, such that surplus carbon 
was released. Moreover, the combination of warming and high nitrate 

Fig. 6. Bacterial abundance in culture period (A) and in dark incubation (B) of G. lemaneiformis grown under different temperature and nitrate conditions. Ab
breviations: LT, 20◦C treatment; HT, 23◦C treatment; LN, low nitrate level; HN, high nitrate level; Different letters indicate that there are significant differences 
among different treatment groups at corresponding time point (p < 0.05 if Levene's test is met, otherwise p < 0.01).
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promoted the accumulation of DOC or RDOC, although not significantly, 
which may be due to interference from high initial values. High tem
perature alone increased energy costs, triggering a reprioritization of 
carbon allocation toward core metabolic processes and thereby limiting 
carbon accumulation and secretion—an effect that was alleviated by 
high nitrate. Furthermore, warming stimulated bacterial respiration, 
potentially accelerating labile DOC consumption and thus constraining 
the observed DOC accumulation. High temperature significantly 
inhibited the PON accumulation under high nitrate while it did not show 
significant effects on POC accumulation. This finding implies that 
organic carbon was preferentially stored intracellularly within 
G. lemaneiformis under the combination of warming and eutrophication. 
Both warming and the combined treatment also enhanced bacterial 
abundance after two months of dark incubation. Warming likely stim
ulated the release of structurally simple fixed carbon, making it more 
susceptible to microbial consumption. The microbial utilization and fate 
of DOC are fundamentally governed by its molecular composition. DOC 
is commonly classified into LDOC, semi-labile (SLDOC), semi-refractory 
(SRDOC), RDOC, and ultra-refractory (URDOC) fractions based on its 
turnover time and reactivity in the water column (Paine et al., 2021). 
Ocean warming may promote microbial consumption that speeded up 
the conversion of LDOC to DIC (Paine et al., 2021; Zhao et al., 2024). In 
this study, bacterial abundance was used as a relative indicator of labile 
DOC availability and total microbial biomass potential. However, it does 
not distinguish metabolic activity and thus cannot directly quantify rates 
of DOC remineralization to CO2 or transformation to RDOC. This rep
resents a key avenue for future mechanistic research.

In future warming scenarios and eutrophication, seaweed farming 
seems unlikely to trigger elevated carbon release; instead, it facilitates 
greater POC production. Therefore,the incremental carbon sequestration 
by seaweed farming in future oceans may predominantly stem from two 
pathways: sedimentation of POC onto algal beds and export to deep ocean 
(Gao et al., 2022b). According to Filbee-Dexter et al. (2024), 15% POC of 
seaweeds can be exported to deep oceans. In addition, to harness the carbon 
sequestration potential of macroalgae (via RDOC and POC) effectively, 
farming strategies should be designed to simultaneously deliver ecological 
benefits, helping to mitigate the interconnected challenges of climate 
change and coastal eutrophication.

A limitation of this study is the use of single treatment levels for tem
perature and nitrate. Future investigations should incorporate gradients of 
these stressors (e.g., intermediate temperatures and nitrate concentrations) 
to elucidate potential non-linear or threshold responses in macroalgal car
bon metabolism and secretion. Furthermore, a wider range of macroalgal 
species should be explored to accurately estimate carbon accumulation and 
secretion in coastal macroalgal farming. Likewise, a longer RDOC incuba
tion may be required for more accurate quantification of DOC to RDOC 
transformation. To construct a complete carbon budget, future work should 
incorporate measurements of respiratory carbon losses and characterize the 
chemical composition of the dissolved exudates.

5. Conclusion

In this study, a comprehensive series of physiological and biochem
ical analyses was performed to elucidate the response of cellular carbon 
storage and excretion in the widely cultivated seaweed, G. lemaneiformis, 
to ocean warming and elevated nitrogen conditions. These findings 
suggest that elevated nitrogen promotes growth, photosynthesis, and 
POC accumulation while having no influence on DOC accumulation, 
thereby facilitating cellular carbon storage. By contrast, ocean warming 
alone had no significant effect on POC or PON accumulation, while both 
were enhanced when ocean warming is combined with elevated nitrate. 
Although warming, alone or combined with high nitrate, stimulated the 
DOC production rate, this stimulation did not ultimately lead to an in
crease in DOC or RDOC accumulation. This study, conducted under 
controlled laboratory conditions using a single macroalgal species 
(G. lemaneiformis), elucidates the mechanisms governing carbon fixation 

and secretion in response to elevated temperature and nitrate enrich
ment. Within the constraints of this experimental setup (such as limited 
light intensity and temperature fluctuation), our results suggest a pref
erential allocation of fixed carbon toward POC accumulation rather than 
DOC secretion under the simulated co-occurring warming and eutro
phication scenarios during the cultivation period. This species has been 
incorporated into regional blue carbon accounting frameworks, 
including Fujian Province's fishery carbon sink standards and Guang
dong Province's carbon footprint accounting standard for farmed mac
roalgae (DB44/T 2729—2025). The POC-favored partitioning observed 
under combined warming and eutrophication supports the use of 
G. lemaneiformis aquaculture as a dual-purpose strategy for carbon 
sequestration and nutrient bioremediation in eutrophic coastal zones, 
and aligns with China's Marine Environment Protection Law and the 
Beautiful China initiative. However, these findings should be interpreted 
with caution, as they may not fully capture the complexity of field 
conditions. Future studies incorporating a broader range of macroalgae 
species, extended temporal scales, and field validation experiments are 
necessary to assess the generalizability of these conclusions.
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