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Seaweed cultivation contributes to coastal carbon sequestration making it a
compelling strategy to mitigate global climate change. Porphyra (commonly
known as nori) is an economically important seaweed known to have high
release rates for biogenic dissolved and particulate organic matter (DOM and
POM). However, the impact of Porphyra cultivation on coastal organic matter
dynamics remains unclear. To fill this knowledge gap, we conducted
investigations examining the quantity and optical properties of DOM and POM,
microbial community structures and relevant environmental factors along a
continuum from a subtropical river through its adjacent coastal Porphyra
cultivation zone during the cultivation and non-cultivation periods. Dissolved
organic carbon (DOC) concentration was significantly elevated during the
cultivation versus non-cultivation period, while particulate organic carbon
(POC) concentration decreased, thereby resulting in a higher DOC/POC ratio
in the water column. Endmember mixing analysis further suggested that
autochthonous organic matter dominated in the coastal cultivation zone
during both periods, with limited inputs of terrestrial organic carbon.
Redundancy analysis revealed that more microbial modules mediated organic
matter transformations during the cultivation period, leading to a 169% higher
estuarine addition of microbially-sourced humic-like C3 compared to the non-
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cultivation period. Our findings demonstrate that Porphyra cultivation enhanced
coastal carbon sequestration by promoting the autochthonous production and
transformation of refractory DOM, which has important implications for the
sustainable management and development of coastal blue carbon strategies.

KEYWORDS

Porphyra, coastal cultivation zone, organic matter transformation, refractory dissolved
organic matter, optical analysis, blue carbon strategies

1 Introduction

Atmospheric carbon dioxide (CO,) is steadily increasing due to
intensive global anthropogenic activities, which is rapidly driving
climate change (Cai et al,, 2014; TPCC, 2022). Oceans acts as a
significant carbon sink, with over 30% of global anthropogenic CO,
sequestrated by the oceans (Le Quere et al., 2014). Consequently,
the management and development of blue carbon systems offer
valuable opportunities for mitigating climate change (Macreadie
et al, 2021). In addition to traditional blue carbon systems (e.g.,
mangroves, saltmarshes and seagrass), recent studies have
highlighted the potential of seaweed-dominated systems to
enhance oceanic carbon sequestration owing to their high net
primary production and biomass (Krause-Jensen and Duarte,
2016; Ross et al.,, 2023). If sustainable and extensive seaweed
cultivation can be developed, the carbon sequestration potential
for coastal systems may increase significantly (Zhang et al., 2017).

Compared with the positive effect of seaweed cultivation on
atmospheric CO, sequestration, knowledge concerning the role of
seaweed ecosystems in ocean carbon cycling is limited.
Approximately 43% of seaweed biomass is exported as DOM and
POM to coastal waters, which could theoretically lead to an increase
of DOC and POC within cultivation areas (Krause-Jensen and
Duarte, 2016). Most seaweed-derived organic matter is abundant in
bio-available components (e.g., protein and aliphatic compounds),
which are subject to microbial degradation and partly outgassed back
to the atmosphere as CO, (Feng et al., 2022; Zhao et al,, 2023a).

Moreover, some macroalgal organic matter is transformed into
refractory DOM (RDOM), which can persist in the water column for
hundreds or even thousands of years (Jiao et al,, 2018; Li et al., 2022).
Thus, the potential for carbon sequestration through seaweed
cultivation depends on the degree to which seaweed-derived
organic carbon can persist in oceans. It is noteworthy that the
impact of seaweed cultivation on the coastal organic carbon pool is
not only dependent on the chemical composition of seaweed-derived
organic matter, but also on the biogeochemical conditions (e.g.,
microbial community structure, water temperature, terrestrial
inputs) within the cultivation ecosystem (Huang et al,, 2024;
Qu et al,, 2022). For instance, microbial composition and traits
largely determine the utilization and transformation efficiency of
coastal organic matter, which vary across different cultivation stages
(Fontaine et al,, 2003; Xu et al., 2022). The relatively cool cultivation
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environment also contrasts with the warmer conditions conducive to
microbial carbon transformations (Qu et al., 2022). Further, the
complex biogeochemical conditions associated with coastal seaweed
cultivation systems greatly increases the uncertainty of seaweed-
derived carbon transformations. However, the ultimate effects of
variations in microbial assemblages and geochemical conditions on
the turnover of DOM and POM, particularly the dynamics of
RDOM, in coastal cultivation zones remain uncertain.

Previous studies have primarily focused on the effects of kelp
cultivation on DOM cycling in coastal systems (Huang et al., 2024;
Lietal, 2022). It has been reported that kelp cultivation introduces
a variety of sulfur-containing DOM compounds into coastal waters,
which eventually contributes to the RDOM pool after microbial
transformation (Li et al., 2022). An incubation experiment further
revealed that leachates from kelp-derived detritus contained
refractory DOM components, which may directly increase coastal
RDOM (Feng et al., 2022). Notably, there is a paucity of studies
examining the impact of coastal carbon sequestration from other
widely cultured seaweed species, preventing a comprehensive
evaluation of their overall potential for carbon sequestration.

Porphyra is one of the major economically important seaweeds,
characterized by high yields and a short growth period. The rapid
carbon accumulation of Porphyra leads to a higher release rate of DOC
compared to other cultivated seaweeds (e.g., kelp, Wakame, Gracilaria
and Eucheuma) and natural seaweeds (e.g., Sargassum and Lactuca)
(Chen, 2020). The release rate of POC from Porphyra is higher than
cultivated seaweeds, but lower than that of Sargassum and Lactuca.
Therefore, a comprehensive study of the impacts of Porphyra
cultivation on coastal organic carbon dynamics is strongly warranted.

Herein, we investigated the quantity and optical composition of
DOM and POM, microbial communities and relevant water quality
parameters along a subtropical river and its adjacent coastal
Porphyra cultivation zone during both non-cultivation and
cultivation periods. The primary objectives of this study were to:
(1) investigate the temporal variation and sources of DOM and
POM in the coastal Porphyra cultivation zone; (2) assess the
influence of Porphyra cultivation on the coastal RDOM pool; and
(3) elucidate the key organic matter transformation mechanisms,
with a particular focus on RDOM production in the Porphyra
cultivation zone. Our study aims to provide fundamental data and
new insights into how Porphyra cultivation affects coastal organic
matter dynamics and carbon sequestration potential.
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(A—C) Study area and sampling sites. Hatched area within Dayu Bay indicates Porphyra cultivation zone.

2 Materials and methods

2.1 Study area

Dayu Bay is a shallow (depth< 5 m), semi-enclosed bay located
in southeast China (Figure 1). Porphyra cultivation area within
Dayu Bay covers 382 hectares, with an annual production of 31,460
tons, making it one of the largest Porphyra cultivation zones in
China. The cultivation period for Porphyra spans from late summer
(September) to early spring (April) with harvest occurring
approximately every 40 days after seeding. The Chi River
watershed, a small river situated in southwestern Dayu Bay, has a
catchment area of 70 km?”. The Chi River watershed is a relatively
undeveloped basin with a population density of 244 people per km*
in 2020. Land use in the watershed is predominantly forest (80.6%)
and cropland (15.2%) with limited urban area (3.1%). The Chi River
discharges limited freshwater (multi-year average ~ 3.78x107 m?)
into Dayu Bay due to its small catchment area (70 km?).
Consequently, Dayu Bay is an ideal site to assess the impact of
seaweed cultivation on coastal carbon dynamics due to the limited
disturbance from terrestrial inputs.

2.2 Sample collection and pretreatment

Field investigations were conducted in August (non-cultivation
period) and October 2023 (cultivation period). To better capture the
organic matter signal derived from Porphyra cultivation, the field
investigation for the cultivation period was selected before the first
harvest, during which time the seaweed was in its aging stage (Xiong
etal, 2024). A 1.5 L surface water sample (0.5 m) was collected from
the well-mixed water column using Niskin bottles at each station
along the river (A1-A2) to coastal cultivation zone (A3-A13)
(Figure 1). Sampling campaigns were conducted during flood tide
to minimize the influence of terrestrial inputs on the cultivation
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zone. At each station, temperature (+ 0.01°C), salinity (+ 0.01), DO
(£ 0.1 mg/L) and turbidity (£ 0.1 NTU) were measured using a
calibrated EXO2 Multiparameter Water Quality Sonde
(Xylem, USA).

Water samples were filtered immediately through 0.7 um, pre-
combusted (500°C, 5 h) GF/F filters (Whatman, UK) after returning
to the laboratory. Unfiltered water samples for chemical oxygen
demand (COD) and filtrates for DOC (acidified to pH = 2), FDOM
and nutrient analyses were stored in the dark at 4°C and measured
within 3 days of collection. Filters for POC, FPOM and Chl a were
stored in the dark at -20°C before analysis. Microorganisms were
collected by filtering 500-800 mL of seawater through 0.2 um GTTP
filters (Millipore, USA). The filters were then stored at -80°C before
DNA extraction.

2.3 Analysis of nutrients, COD and Chl a

Ammonium (NH4-N), nitrite (NO,-N), nitrate (NO3-N) and
soluble-reactive phosphate (SRP) concentrations were measured
with a San++ Auto-Analyzer (Skalar, Netherlands) with duplicates
(+ 5%, analytical error). Dissolved inorganic nitrogen (DIN) was
calculated as the sum of NH,-N, NO,-N and NO;-N. CODy,
concentration was determined using the alkaline potassium
permanganate method. Chl a concentration was analyzed using a
2300 UV-Visible spectrophotometer (Techcomp, China) after
extraction in the dark with 90% acetone for 24 hours at 4°C. A
simple eutrophication index (EI) was calculated following the
method described by Lin et al. (2018):

_ COD x DIN x DIP y
a

EI 108 1)

Where a is a constant (a = 4500) based on the Chinese seawater
background (Lin et al., 2018). EI values greater than 1 indicate an
eutrophic status.
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2.4 Measurement of DOC and POC

DOC concentration was measured by high-temperature
catalytic oxidation using a TOC-L analyzer (Shimadzu, Japan),
with triplicate measurements ensuring an analytical error less
than +2%. POC concentration was measured using an Elemental
Analyzer (Elementar, Germany). Prior to POC analysis, filters were
freeze-dried followed by acid fuming using concentrated HCl for 24
hours to remove any inorganic carbon (Qu et al., 2022).

2.5 DOM and POM optical spectroscopy
and parallel factor analysis

FPOM filters were extracted using 0.1 M NaOH for 24 hours in
dark at 4°C, then neutralized with 1 M HCI to pH ~7, and finally
filtered through a 0.22 um polyethersulfone filter for fluorescence
analysis (Qu et al,, 2022). The extraction efficiency for FPOM samples
was 38.8 + 6.6% (the ratio of extracted POC concentration to total
POC concentration). This extraction efficiency is consistent with
typical recovery rates (~38%) reported for estuaries and coastal zones
in southeastern USA (Brym et al,, 2014).

Excitation-emission matrices (EEMs) for FDOM and FPOM
samples were scanned using an Aqualog fluorescence spectrometer
(Horiba, Japan). The excitation wavelength (Ex) ranged from 240-
450 nm in 5 nm intervals, and the emission wavelength (Em)
ranged from 280-600 nm with 1 nm intervals, with an integration
time of 1 s. Calibration for Raman and Rayleigh scattering, inner-
filter effects and normalization to Raman units were conducted
according to the Aqualog manual.

The corrected EEMs were modeled with parallel factor analysis
(PARAFAC) in Matlab R2018 using DOMFluor toolbox (Stedmon
and Bro, 2008; Qu et al., 2022). The number of PARAFAC
components was determined by split-half validation. The
fluorescence intensity of FPOM samples was corrected for the
volumes of filtered water sample, extraction and neutralization
solutions (Osburn et al., 2012). The relative abundance of each
component to the total fluorescence intensity of all components was
used to characterize FDOM and FPOM composition. The
humification index (HIX) and biological index (BIX) of DOM
and POM were calculated as described by Huguet et al. (2009). A
higher HIX represents an increasing degree of humification, while a
higher BIX reflects a greater contribution from autochthonous
sources. The subscripts ‘d’ and ‘p’ added for each optical
parameter represent DOM and POM, respectively.

Four PARAFAC components (C1-C4) were identified from
FDOM and FPOM samples (Supplementary Figure SI).
Component Cl (Ex=250 and 300 nm; Em=492 nm) is a humic-like
component in the ultraviolet region, which was ascribed to typical
terrestrial organic matter (Lei et al.,, 2021). Component C2, with Ex
and Em maxima at 275 and 305 nm, was characterized as a tyrosine-
like component (He D. et al., 2022). Component C3 (Ex=240 and 300
nm; Em=392 nm) matches the previously reported component C4
from a DOM microbial degradation experiment, which is related to a
humic-like, microbially derived fluorophore (Catalan et al., 2021).
Component C4 (Ex=255 nm; Em=274 nm) was also ascribed to a
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tyrosine-like component, however, the Ex and Em maxima for C4 are
shorter than those of C2, which might be related to simpler aromatic
proteins (Chen et al., 2003).

2.6 Calculating addition or removal of
DOM and POM in the cultivation zone

To estimate the addition or removal of DOM and POM in the
cultivation zone, we calculated the difference between the observed
concentration of organic matter parameters in the freshwater sites
(sites A1 and A2; sal = 0) and its effective concentration in the
freshwater sites using a conservative mixing line (Qu et al., 2020;
Watanabe and Kuwae, 2015). The conservative mixing line was
based on organic matter concentration and salinity using the least-
squares method and extrapolated to zero salinity to obtain the
effective concentration. Higher effective concentrations than actual
concentrations represent the addition of DOM and POM in the
cultivation zone, whereas lower effective concentrations

indicate removal.

2.7 Microbial community composition and
co-occurrence network analysis

For microbial community analysis, total bacterial DNA was
extracted from filters using an OMEGA Soil DNA Kit (Omega Bio-
Tek, USA). PCR amplification of the bacterial 16S rRNA genes V3-
V4 region was performed using the primer 338F (5-
ACTCCTACGGGAGGCAGCA-3’) and 806R (5°-
GGACTACHVGGGTWTCTAAT-3"). Thermal cycling of PCR
was conducted as follows: denaturation at 98°C (5 min), 25 cycles
at 98°C (30 s), annealing at 53°C (30 s), elongation at 72°C (45 s),
and a final extension at 72°C (5 min). PCR amplicons were purified
with Vazyme VAHTSTM DNA Clean Beads (Vazyme, China) and
quantified using the Quant-iT PicoGreen dsDNA Assay Kit
(Invitrogen, USA). The purified amplicons were pooled in equal
amounts and pair-end sequenced (2x250 bp) on an Illlumina
NovaSeq platform at Shanghai Personal Biotechnology (Shanghai,
China). Raw sequence data were then imported to QIIME 2 for
quality control and taxonomic identification, including quality
filtering, denoising, merging, chimera removal and clustering into
operational taxonomic units (OTUs). After normalization, OTUs
were rarefied to 14,513 based on the minimum sequence number.
All sequences in this study are available from the NCBI Sequence
Read Archive (SRA) under the accession number PRJNA1181770.

To simplify and determine interactions among bacterial
communities and to better understand how key communities affect
coastal DOM composition, a co-occurrence network of bacterial
communities was constructed using SparCC implemented in the
‘SpiecEasi’ package of R software (Version 4.3.1). To reduce noise and
complexity of the datasets, we retained OTUs with an occurrence
frequency greater than 50% in all samples for network analysis.
Bacterial communities with strong interactions were filtered based on
a Spearman correlation coefficient (r) > 0.75 and p< 0.01. The co-
occurrence network was modularized and visualized using Gephi.
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Standardized scores for each module were calculated based on
relative abundance (Zhou et al., 2024).

2.8 Common data analysis
and visualization

A t-test for all parameters was conducted after confirming
normal distribution and equal variance assumptions using SPSS
22.0 (IBM, USA). Redundancy analysis (RDA) was performed using
Origin 2024b (OriginLab, USA) after data standardization. All
figures were generated using Origin 2024b and ArcGIS 10.2
(Esri, USA).

3 Results

3.1 Environmental factors during
cultivation and non-cultivation periods

Water salinity sharply increased from freshwater sites (A1-A2:
0.03-0.17) to the first cultivation site (A3: 27.7) during the non-
cultivation period (Supplementary Figure S2). However, tidal
intrusion of seawater during the cultivation period resulted in the
salinity at A2 reaching up to 30.9. The average salinity of the coastal
cultivation zone was significantly higher during the cultivation
versus non-cultivation period (p<0.05; Figure 2A). Overall, the
average salinity during both periods was lower than the salinity
boundary (<32) of the Taiwan Warm Current. Therefore, we
assume that the water mass in Dayu Bay was primarily
dominated by the Min-Zhe Coastal Current (Li et al., 2006; Qi
et al, 2017). Turbidity, DIN, SRP, COD and EI all exhibited a
decreasing trend along the river-to-coastal gradient during both

[ Non-cultivation period

10.3389/fmars.2025.1529148

periods. Chl a was higher in the coastal cultivation zone than in
freshwater sites during the non-cultivation period, but this
difterence disappeared during the cultivation period.

In the coastal cultivation zone, average water temperature
during the non-cultivation period was 30.6 + 0.4 °C (Figure 2B),
which was significantly higher than that during the cultivation
period (22.9 + 0.4 °C; p<0.05). Turbidity also showed higher values
during the non-cultivation (26.6 + 12.7 NTU; Figure 2C) versus
cultivation period (12.9 + 6.8 NTU; p<0.05). Average Chl a
concentration for the cultivation period was 3.09 + 1.43 ug/L,
which was significantly lower than that in non-cultivation period
(15.1 + 7.02 ug/L, p<0.05; Figure 2D). Average DIN concentration
was 8.71 + 3.92 umol/L and 8.39 + 2.11 pmol/L (p>0.05) during the
cultivation and non-cultivation periods, respectively (Figure 2E).
SRP showed a significantly lower average concentration during the
cultivation period (0.30 + 0.01 pmol/L) than non-cultivation period
(0.32 £ 0.01 pmol/L, p<0.05; Figure 2F). The temporal variation of
COD was similar to SRP, which showed a significantly lower
average concentration during cultivation (0.84 + 0.42 mg/L) than
the non-cultivation period (1.31 £ 0.51 mg/L, p<0.05; Figure 2G).
The eutrophic index was below the threshold (EI =1 indicates
eutrophic) during both periods, however, it was significantly
higher in the non-cultivation period (0.34 + 0.16) compared to
the cultivation period (0.21 + 0.13, p<0.05; Figure 2H).

3.2 DOM and POM concentrations and
optical properties during cultivation and
non-cultivation periods

DOC concentration was 97.7 + 8.8 umol/L during cultivation

period, which was significantly higher than 83.9 + 7.6 umol/L
during non-cultivation period (p<0.05; Figure 3A). For humic-like

Cultivation period
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(A—H) Environmental factors (mean + SD) in south Dayu Bay during non-cultivation (Non-CP) and cultivation (CP) periods. Data exclude the

freshwater sites. Different lowercase letters above bars indicate significant differences at p<0.05.
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(A—D) DOM and POM parameters (mean + SD) in Dayu Bay during the non-cultivation and cultivation periods. Data exclude the freshwater sites.
Different lowercase letters above bars indicate significant differences at p<0.05.

FDOM components, terrestrial-sourced Cl4 showed no significant
difference between the two periods, while the microbial-sourced
C34 exhibited a higher relative abundance during the cultivation
(37 + 7%) versus non-cultivation (30 + 8%; p<0.05) period. For
protein-like FDOM components, C24 showed a higher relative
abundance during the non-cultivation period (26 + 6%) than that
in cultivation period (11 + 4%), whereas C44 showed the opposite
trend (p<0.05). HIX, exhibited a significantly higher value during
the cultivation period (4.64 + 0.69) than in non-cultivation period
(3.27 £ 1.00; Figure 3B). BIXy4 values were 0.98 + 0.08 and 1.00 +
0.03 during the non-cultivation and cultivation periods,
respectively, showing no statistical differences between the two
periods (p>0.05). The HIXy values during the cultivation period
were at a medium to low level (4-6), whereas the HIXd during non-
cultivation period are quite low (<4). The BIX, values remained
consistently high (>0.8) during both periods.

POC concentration was 39.8 + 17.8 umol/L and 49.1 + 21.3
pumol/L during the cultivation and non-cultivation periods,
respectively (p>0.05; Figure 3C). Humic-like C1,, C3,, and protein-
like C2, showed similar levels during the two periods (p>0.05),
whereas protein-like C4,, exhibited a higher relative abundance
during the cultivation (19 + 17%) versus non-cultivation (6 + 4%)
period. HIX,, values were 0.99 + 0.45 and 0.76 + 0.28 during the non-
cultivation and cultivation periods, respectively, with no significant
difference between the two periods (p>0.05; Figure 3D). Both periods
exhibited low HIX, values (<4). BIX,, showed a significantly higher
value in the non-cultivation period (0.85 + 0.12; >0.8) than that in the
cultivation period (0.53 + 0.20;<0.8; p<0.05).
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The effective DOC concentration in the freshwater endmember
was 411 + 106 wmol/L and 766 + 113 umol/L during the non-
cultivation and cultivation periods (Figure 4). The effective POC
concentration during the non-cultivation period was 1159 + 295
umol/L; however, it was not possible to calculate during the
cultivation period due to strong non-conservative mixing processes.

3.3 Microbial composition between non-
cultivation and cultivation periods

The microbial community structure exhibited clear differences
between the non-cultivation and cultivation periods (Figure 5).
During the non-cultivation period, dominant phyla were
Proteobacteria (32.3 = 6.2%), Cyanobacteria (29.3 + 9.9%),
Actinobacteriota (18.6 + 2.1%), and Bacteroidota (16.6 + 4.1%). In
contrast, during the cultivation period, the proportion of
Proteobacteria (47.8 + 15.2%) significantly increased, whereas
Cyanobacteria (14.1 £ 7.5%), Actinobacteriota (19.7 + 7.0%) and
Bacteroidota (8.0 + 2.4%) decreased. Proportions of low-abundance
phyla such as Desulfobacterota, and Acidobacteriota significantly
increased during the cultivation period (p<0.05). The Shannon
index and Chao 1 indicated that alpha-diversity was higher
during the cultivation period compared to the non-cultivation
period (Figure 5B). PCoA demonstrated that the microbial
communities were significantly distinct along PCol (Figure 5C).
Our results are consistent with previous investigations in other
Porphyra cultivation zones, which suggest that Porphyra cultivation
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FIGURE 4

Mixing behavior of DOC and POC during the non-cultivation (A, C) and cultivation periods (B, D) along the Chi River to Dayu Bay continuum.

significantly alters the microbial communities in Dayu Bay (Wang
et al., 2020; Xu et al., 2022).

The co-occurrence network was composed of 108 nodes
(OTUs) and 274 edges (correlations) that clustered into seven
main modules (Figure 6A). Bacteria with similar niches and
functions clustered into the same module of the network. The
relative abundance of modules 1 and 2 was significantly correlated
(r=0.66), and were dominated by Cyanobacteria followed by
Gammaproteobacteria and Actinobacteriota (Figure 6B).
Alphaproteobacteria and Gammaproteobacteria were the major
clades in module 3 and module 4, respectively. For correlated
modules 5-7 and others (r=0.82-0.90), the keystone taxa were
more diverse, including Actinobacteriota, Alphaproteobacteria,
Bacteroidia, Gammaproteobacteria and Desulfobacterota.

4 Discussion

4.1 Porphyra cultivation changes the
sources and proportion of coastal DOM
and POM pools

Organic matter in coastal zones is typical sourced from
terrestrial inputs, autochthonous sources and sediment
resuspension (Watanabe and Kuwae, 2015; Kubo and Tanaka,
2023). In Dayu Bay, the HIXy value (<6) is far lower than that in
some river-input-dominated estuaries (e.g., HIX ranges from 10 to
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16 in the Gironde, Loire, and Seine estuaries, France), indicating a
limited terrestrial contribution in this coastal bay with a small
watershed area. The estimated effective riverine DOC
concentrations are 4-4.3 times higher than actual riverine DOC
concentrations suggesting that autochthonous sources or sediment
additions are higher than the terrestrial loading from the watershed
during both monitoring periods (Figure 4A, B). The high BIX values
(0.98-1; values >0.8 indicate predominantly autochthonous
contributions) indicate that the additional DOM in the cultivation
zone is primarily sourced from freshly produced organic matter
rather than sediment resuspension or release (Huguet et al., 2009).
POC also showed a similar pattern of increasing concentrations
during the non-cultivation period when terrestrial POM input only
accounted for 20.5% of effective riverine POC (Figure 4C). This
result is consistent with the low HIX,, values (<4) observed during
the non-cultivation period. We were unable to rigorously quantify
the additional POC due to strong non-conservative mixing
processes during the cultivation period (Figure 4D). The
dispersed nature of samples distributed on both sides of the
theoretical mixing line infer the occurrence of both addition and
removal of POC (Watanabe and Kuwae, 2015).

The significant differences in DOC and POC concentration and
their proportions between investigation periods further implies the
influence of seaweed cultivation on the autochthonous organic carbon
pool (Figure 3). Significantly higher EI and Chl a (>10 pg/L) during the
non-cultivation period suggest that algal blooms likely dominated
autochthonous contributions to the organic matter pool (Asmala
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et al,, 2018). These results are further supported by the high relative
abundance of Cyanobacteria during the non-cultivation period
(Figure 5A; Bai et al,, 2017). Conversely, the decrease in Chl a and
Cyanobacteria during the cultivation period indicates that nutrient or
light competition and inhibitory effects from large-scale cultivation
of Porphyra attenuated algal blooms (Zhang et al, 2018). Similarly,
the significantly higher DOC during the cultivation period reflects
a shift and increased contribution of biogenic DOM from algal
bloom sources to macroalgal Porphyra sources (Liu et al., 2022;
Wada and Hama, 2013). Moreover, the higher salinity during the
cultivation period indicates that there might be dilution of DOC due to
intrusion of offshore non-cultivation water (Figure 2A). Therefore, the
contribution of Porphyra cultivation on the coastal DOM pool could be
even more significant, which is consistent with the higher DOC
addition (Figure 4).

The aging of Porphyra during the cultivation period increased
POC through the rupture and release of litter caused by wave

(b)

O Module 1
O Module 2
O Module 3
© Module 4
. Module 5
O Module 6

O Module 7

O Others

FIGURE 6

Co-occurrence network for bacterial communities with corresponding modules (A) and phyla or class distribution of various modules (B). The size
of the points in (A) is proportional to the number of their connections. Blue lines represent positive correlations, while red lines represent negative
correlations. The width of color bands in (B) represents the relative abundance of OTUs in each module.
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crash, animal grazing and tissue decay (Canvin et al., 2024).
However, POC concentrations did not show as significant of an
elevation as DOC during the cultivation period (Figure 3A). We
posit two possible explanations for this phenomenon. Firstly, the
POC yield of Porphyra was significantly lower than DOC. Chen
(2020) reported that the DOC release rate from Porphyra was
24.4-31.5 mg g d”' DW, whereas the POC release rate was only
1.7-5.9 mg g d”! DW. Secondly, the relatively large particle size of
the Porphyra detritus allows rapid sinking and sedimentation
(Zhang et al., 2012). Additionally, enhanced aggregation owing to
transparent exopolymer particles sourced from the Porphyra might
accelerate the sedimentation of biogenic POC (Li et al.,, 2023).
Overall, cultivation of Porphyra resulted in a higher DOC/POC
ratio (2.9 + 1.1) in the water column than during the non-
cultivation period (2.0 + 0.8; p<0.05). Similar changes in
the DOC/POC ratio were observed in other seaweed cultivation
zones (Liu et al., 2022; Zhang et al., 2018), which indicates
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thatseaweed cultivation could generally alter the proportion of
dissolved and particulate organic matter in the water column of
coastal ecosystems.

Results from our study further suggest that the cultivation of
Porphyra altered the composition of autochthonous DOM and
POM. FDOM and FPOM during the non-cultivation period were
characterized by high tyrosine-like C2, which was ascribed to
protein-like materials from phytoplankton production (He D.
et al., 2022). However, a significant decrease in C24 along with an
increase of C44 and C4,, was observed during the cultivation period
(Figures 3A, C), suggesting that Porphyra cultivation altered the
organic matter composition away from tyrosine and tryptophan
features toward blue-shift (shorter wavelengths) protein-like
components (Coble, 2014). A similar phenomenon was also
reported in a kelp cultivation zone (Sanggou Bay, China), where
an increased degree of blue-shift protein-like C2 (Ex=210; Em=290
nm) was more significant than protein-like C1 (Ex=295; Em=340
nm) and C3 (Ex=275; Em=300 nm) (Li et al., 2022). The blue-
shifted fluorescent signal might indicate that the Porphyra sourced
organic matter has a higher fraction of low-molecular-weight,
hydrophilic aliphatic carbon and nitrogen compounds (e.g.,
saccharides, carboxylic acids and amino acids) compared to algal
bloom sources (Coble, 2014; Li et al., 2023). This is consistent with
previous studies of other seaweeds, for example, Feng et al. (2022)
observed a high content of polysaccharides and lipids in leachates
extracted from fresh kelp detritus. However, differences in growth
environments and physiological composition between kelp and
Porphyra might lead to contrasting compositions of released
organic matter, which warrants further exploration (Chen, 2020;
Kubo and Tanaka, 2023).

4.2 Microbial-mediated autochthonous
production of RDOM during Porphyra
cultivation period

Seaweed cultivation has been shown to increase bio-labile DOM
and POM in coastal waters (Krause-Jensen and Duarte, 2016; Liu

10.3389/fmars.2025.1529148

et al., 2022). Previous incubation experiments reported a high
propensity for this biogenic organic matter to undergo
transformation to more refractory organic components (Feng
et al,, 2022; Li et al,, 2022). The humic-like component is widely
acknowledged as a proxy for RDOM (Yamashita and Tanoue,
2008). In Dayu Bay, we observed higher microbially sourced,
humic-like C34 during the cultivation period (Figure 3A),
suggesting either (1) degradation and transformation of Porphyra
sourced bio-labile organic matter (Feng et al., 2022; Li et al.,, 2022);
or (2) greater fluvial inputs from the Chi River (He D. et al., 2022).
By comparison, Cl4 addition, a proxy for terrestrial DOM input
(Lei et al., 2021), was only 34% higher during the cultivation period
than that in non-cultivation period (Supplementary Figure S3).
However, the addition of microbial C34 was much higher during the
cultivation (169% higher) versus non-cultivation period. Therefore,
we infer that a considerable proportion of Porphyra-sourced
organic matter has been processed into humic-like C34 (Li et al.,
2022; Watanabe and Kuwae, 2015) and the terrestrial input induced
variation in C34 was relatively limited in comparison. As a result,
the ratio of microbial humic-like C34 to terrestrial humic-like Cly4
increased from 0.71 in the river zone to 1.33 + 0.12 in the
cultivation zone.

Although these results are only based on the investigation from
Dayu Bay, we posit that seaweed cultivation induced production of
RDOM could be ubiquitous in coastal cultivation zones with similar
climate, geomorphology and hydrology. Because seaweed
cultivation is usually established in small to medium estuaries and
the adjacent coastal zone (Fu et al., 2021), limited freshwater inputs
and longer water residence time allow microorganism to extensively
process bio-labile organic matter (Asmala et al, 2018; Qu et al,
2022). Moreover, the relatively low terrestrial DOM input from
the watershed certainly contributes to the dominance of
autochthonous-derived RDOM in these other coastal cultivation
zones (Markager et al., 2011; Li P. et al., 2021).

Notably, algal blooms also contribute to biogenic organic matter
production in coastal systems, and the higher water temperature
during the non-cultivation period is expected to enhance the
microbial production of RDOM (Qu et al., 2022). However, the
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addition of humic-like C34 during the non-cultivation period was
only 37.2% of that during the cultivation period (Supplementary
Figure $3). This difference was mainly attributed to the ability and
preference of bacterial communities to consume and transform
carbon substrates (Feng et al, 2022; Zhou et al, 2024). This
hypothesis is supported by the positive correlations between C3y,
HIX and modules 3-7 during cultivation, whereas C34 and HIX
were negatively correlated with modules 1-2 (Figure 7). Specifically,
keystone taxa such as Rhodobacterales (Alphaproteobacteria),
Flavobacteriales (Bacteroidia), UBA10353 marine group
(Gammaproteobacteria) and Desulfobacterales (Desulfobacterota)
showed the highest correlations with C34, highlighting their
importance in the autochthonous production of RDOM
(Supplementary Figure S4; Zhou et al., 2024; Shi et al., 2025).

It is well recognized that Alpha- and Gammaproteobacteria
utilize bio-labile substrates and produce RDOM components (Li
et al., 2023; Zhou et al., 2024). For instance, Rhodobacterales and
UBA10353 (i.e., UBA868) are reported to have rapid transformation
rates for low-molecular-weight, S- or N-containing DOM, which is
abundant in seaweed cultivation zones (Baltar et al., 2023; Li et al.,
2022; Lian et al., 2021). He C. et al. (2022) demonstrated that the
central carbon metabolism of these bacteria transforms algal-
derived bio-labile DOM into acetyl-CoA, providing substrates for
the mevalonate pathway and generating precursors of RDOM.
Similarly, Flavobacteria are highly efficient degraders with a
preference for proteins and polysaccharides, thereby contributing
to RDOM production (Varela et al., 2020). Further,
Desulfobacterales are capable of degradation and transformation
of Porphyra-derived sulfur-containing DOM compounds (i.e.,
sulfated polysaccharides) (Huang et al., 2024).

Modules 3 to 7 appeared to regulate the degradation and
transformation of POM during the cultivation period (Figure 7B).
Some specialized microbial taxa in these modules (e.g., Bacteroidota
and Gammaproteobacteria) can secrete extracellular enzymes to
break down seaweed derived POM (Feng et al., 2022).
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The microbial degradation of POM tends to release protein-like
DOM, whereas humic-like components are retained (Lee et al,
2023). This is consistent with the positive correlations observed
between module 3-7 with C1, and C2, (Figure 7B). The released
bio-labile DOM derived from POM could contribute to the coastal
RDOM pool following microbial transformations (Li et al., 2022).

During the non-cultivation period, DOM cycling in Dayu Bay
was predominantly controlled by fewer microbial modules (namely
modules 1 and 2), which were mainly composed of autotrophic
Synechococcales (Cyanobacteria). The relative abundance of
Synechococcales reached 40% in these two modules. In contrast, the
proportion of some heterotrophic bio-labile DOM consumers, such
as Alpha or Gammaproteobacteria and Bacteroidota, was relatively
low (2.6-23%). The lower Shannon and Chao 1 index values also
suggest reduced microbial community diversity during the non-
cultivation period (Figure 5B). Previous studies showed that a
higher alpha-diversity and broader range of metabolic niches are
promoted by interactions between bacteria and DOM (Muscarella
et al., 2019; Zhou et al.,, 2024). Thus, the lower microbial community
diversity during the non-cultivation period may limit the microbial
utilization and transformation of bio-labile DOM. This inference is
supported by a study on three coastal bays, which found that protein-
like components, rather than humic-like DOM, accumulated with
increasing levels of eutrophication (Zhao et al., 2023b).

4.3 Implications of seaweed cultivation on
coastal carbon cycling

Coastal systems have a disproportionately large effect on
oceanic carbon sequestration, wherein they account for 8% of
total ocean area but contribute 20% of the ocean carbon sink
(Field et al., 1998). In particular, coastal bays with limited
terrestrial inputs and longer water residence times function as a
complex organic carbon “reactor” due to the enhanced

Biogenic DOM =

o . i

Biogenic
POM

Microbial
transformation

Conceptual diagram of organic matter sources and transformations in coastal Porphyra cultivation zone. Modified after Li et al. (2022).
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autochthonous inputs and transformations (Asmala et al., 2018;
Markager et al,, 2011). Our study provides compelling evidence that
microbial-mediated carbon transformations significantly increase
the production of RDOM within the water column of Porphyra
cultivation zones through utilization of autochthonous organic
matter (Figure 8). Another common phenomenon in coastal bays
is eutrophication, where elevated nutrient levels promote the
autochthonous production of biogenic DOM and POM (Dai
et al., 2023; Markager et al, 2011). However, current studies
indicate that despite the availability of abundant organic
substrates, increased RDOM concentrations in these eutrophic
systems are not significant (Asmala et al, 2018; Zhao et al,
2023b), consistent with our observations in Dayu Bay. In
contrast, the intense mineralization of autochthonous organic
matter often causes eutrophic coastal bays to act as an
appreciable CO, source (Muthukumar et al, 2022; Sunda and
Cai, 2012). Li B. et al. (2021) reported that the partial pressure of
CO, in the coastal Yellow Sea progressively increased from the
beginning to the end of an algae bloom period. In contrast, seaweed
cultivation zones usually serve as a CO, sink during its fast-growth
period, but gradually transform into a weak CO, source during the
aging period (Xiong et al., 2024). Although Porphyra cultivation
and algae blooms might both result in coastal systems functioning
as a dynamic CO, source, the stronger RDOM production during
seaweed cultivation might provide a more efficient carbon
sequestration pathway.

Moreover, competitive effects between Porphyra and microalgae
might mitigate some of the environmental issues caused by
eutrophication, such as ocean deoxygenation and acidification
(Zheng et al., 2019). Expanding the scale of Porphyra cultivation
provides additional benefits, including job creation, contributions to
global trade and greater marine diversity/habitat. Although the
current global cultivation area for Porphyra is relatively limited
(primarily in China), models suggest that North America, South
America, and Australia have biophysical environments suitable for
Porphyra growth. A predictive model indicates that the cultivation
area for Porphyra could increase by 10.8-26.1% over the next 30
years under global initiatives, which may effectively contribute to
the sustainable development of food production and blue carbon
strategies (Arzeno-Soltero et al,, 2023; Zhou, 2023).

However, we acknowledge that there are some limitations in our
present study that we intend to address in future studies. For the
cultivation period, we only performed a single investigation during
the late-growth stage of Porphyra. The release rates of DOM and
POM from macroalgae likely varies across different growth stages.
For instance, kelp exhibits higher release rates of DOC and POC
during its late-growth and aging periods compared to the early-
growth period (Xiong et al.,, 2024; Zhang et al., 2012). Therefore,
more rigorous temporal observations (e.g,, FDOM sensor and
sediment traps) are warranted to further constrain the impacts of
Porphyra cultivation on coastal carbon budgets. Our study
demonstrated that Porphyra cultivation enhances carbon
sequestration through the microbial carbon pump, consistent
with previous findings for other cultivated or natural seaweeds
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(Ou et al., 2024; Zhao et al.,, 2023a). However, the carbon
sequestration potential of different seaweed species varies
significantly. For example, Zhao et al. (2023a) reported that 2.71-
3.55% of DOC derived from the macroalgal Sargassum horneri was
subjected to long-term storage in seawater as compared to 1.27% for
kelp (Feng et al.,, 2022). The 169% higher levels of additional C34
during the cultivation versus non-cultivation period highlights the
substantial carbon sequestration potential of Porphyra cultivation.
However, different carbon sequestration potentials for Porphyra
compared to other seaweeds need further assessment by field and
incubation experiments. We also emphasize the opportunity to
employ advanced characterization techniques (e.g., Fourier
transform ion cyclotron resonance mass spectrometry, FT-ICR-
MS) to identify the molecular fingerprint of seaweed-derived
organic carbon, which is essential to better characterize
transformation and sequestration mechanisms among various
seaweed species (Li et al., 2022).

A key statistic reported in a review by Krause-Jensen and
Duarte (2016) indicated that more than 90% of biogenic POC
from macroalgae rapidly sinks to the sediment layer or is exported
to the deeper ocean. Hence, we speculate that carbon
transformation processes may occur in the bottom waters or at
the water column-sediment interface of cultivation zones due to the
increased availability of carbon substrates. However, the feedback of
rapidly deposited biogenic POM to the RDOM pool in the sediment
environment remains unexplored. This large influx of biogenic
POM could lead to (1) accelerated microbial production of
RDOM; (2) degradation of previously produced RDOM in the
sediment environment due to priming effects (Huang et al., 2024);
or (3) limited decomposition of deposited organic matter due to
predominantly anaerobic conditions (Pedersen et al., 2021).
Therefore, several questions remain to be addressed that require
integrated field investigations and incubation experiments to
comprehensively assess the influence of seaweed cultivation on
coastal sedimentary carbon dynamics.

5 Conclusions

This study investigated the quantity and optical composition of
DOM, POM and microbial communities along a subtropical river
through its adjacent coastal Porphyra cultivation zone during
cultivation and non-cultivation periods to assess how cultivation
affects coastal organic matter dynamics. Endmember mixing analysis
from freshwater to coastal waters revealed that autochthonous
processes dominated in the cultivation zone during both the
cultivation and non-cultivation periods, with limited terrestrial
organic carbon inputs. Porphyra cultivation increased the DOC
concentration, but decreased the POC concentration of coastal
waters, leading to a higher DOC/POC ratio during the cultivation
period. In contrast, algal blooms were the primary autochthonous
source of DOC and POC during the non-cultivation period. Coupling
analysis of DOM, POM and microbial communities revealed that
more microbial modules were involved in RDOM production during
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the cultivation period. In contrast, lower microbial diversity during
the non-cultivation period may limit carbon transformations.
Ultimately, enhanced transformation of biogenic DOM and POM
during the cultivation period resulted in a 169% higher addition of
humic-like C3 (a proxy for RDOM) compared to the non-cultivation
period. Our study is the first to corroborate that Porphyra cultivation
can significantly contribute to autochthonous RDOM production in
coastal cultivation zones and provides fundamental information
for assessing coastal carbon sequestration derived from
seaweed cultivation.
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