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As an important component of the coastal-offshore ecosystem, Pyropia haitanensis
aquaculture is continually being challenged due to rapid environmental changes
because of global climate change and anthropogenic pressures. To explore the
effect of nutrient availability on carbon metabolism by P. haitanensis, two strains of
thalli were incubated for 15 days under four different concentrations of nitrogen and
phosphorus. Significant increases in carbon, nitrogen, and phosphorus contents were
observed in the algal tissue after the nitrates and phosphates enrichment, leading
to elemental stoichiometry gradually approaching the Redfield ratio. Our results also
showed a positive correlation between carbon or phosphorous accumulation and
growth rate. Furthermore, under the natural seawater conditions, the release rates of
dissolved organic carbon (DOC) and particulate organic carbon (POC) were highest,
and more DOC was released than POC. The release rates tended to decrease
with nutrient enrichment. The average proportions of DOC compared to total carbon
were 6.3%–25.7%, while the average proportions of POC compared to total carbon
were 2.1%–5.4%. Our results support the proposed importance of P. haitanensis in
contributing the DOC and POC that play a significant role in the biological carbon pump
and in sustaining marine aquaculture ecosystems in eutrophic environments.

Keywords: Pyropia haitanensis, eutrophication, particulate organic carbon, dissolved organic carbon, elemental
ratio, tissue carbon, nitrogen, phosphorus contents

INTRODUCTION

The global environment is changing at an unprecedented rate and is likely to severely modify
current marine ecosystems; possible effects include eutrophication, increase in global temperatures,
rise in pCO2, and regional changes in precipitation. These changes will have various consequences
on the functions and structures of ecosystems. As a direct consequence of the growing human
population and increased settlement, nutrient inputs to coastal waters have increased worldwide;
this is the so-called eutrophication, a growing threat to global coastal ecosystems. Strokal et al.
(2014) predicted that from 2000 to 2050, the total nitrogen and phosphorus inputs in the coastal

Frontiers in Marine Science | www.frontiersin.org 1 July 2021 | Volume 8 | Article 696938

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2021.696938
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2021.696938
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2021.696938&domain=pdf&date_stamp=2021-07-05
https://www.frontiersin.org/articles/10.3389/fmars.2021.696938/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-696938 July 5, 2021 Time: 11:41 # 2

Xu et al. Eutrophication Decreases Pyropia DOC Production

seas of China will increase by 30%–200%. This was supported
by a recent study by Tong et al. (2015), who found that the
nutrient transport from the eight major rivers of China into
the marine coastal waters strongly increased from 2006 to
2012. The degradation of water resources by eutrophication can
result in loss of the services or amenities that these aquatic
resources provide. Negative effects include harmful algal blooms,
hypoxia, and changes in species composition (Rabalais et al.,
2009; Teichberg et al., 2010). Hence, eutrophication is one
of the most prominent environmental problems of coastal
ecosystems in China.

Marine macroalgae (seaweeds) play a significant role in
ecological restoration of the marine environment (Wahl et al.,
2015; Xiao et al., 2021). For example, nutrient removal by
macroalgae aquaculture can improve water quality and inhibit
harmful algal blooms in severely eutrophic areas (Yang et al.,
2015). China accounts for about 47.9% of the global seaweed
aquaculture production, and Pyropia haitanensis is one of the
most economically important seaweeds in East Asia (FAO, 2018).
Thus, large-scale cultivation of macroalgae in coastal areas of
China can not only produce economic benefits but also provide
ecological value to society.

As the dominant primary producers in coastal areas, the
global net primary production of macroalgae is larger than that
of other vegetated coastal habitats, contributing approximately
1020–1960 Tg of carbon yr−1 (Krause-Jensen and Duarte, 2016).
Thus, the large-scale cultivation of macroalgae could largely
contribute to the local carbon cycle by release of organic matter
to adjacent ecosystems, where the organic matter can be stored,
consumed, or buried (Lobban et al., 1994; Verdugo et al., 2004).
For example, the dissolved organic carbon (DOC) and particulate
organic carbon (POC) released by macroalgae are major sources
of carbon sequestration through the driving mechanisms of
biological and microbial carbon pumps (Jiao et al., 2010; Ortega
et al., 2019). Calculations suggest that about 25% of the carbon
exported by macroalgae is sequestered in long-term reservoirs
such as the deep sea and coastal sediments (Duarte and Cebrián,
1996; Krause-Jensen and Duarte, 2016). Macroalgae therefore
have numerous geochemical and ecological functions and the
potential to regulate carbon dynamics in coastal ecosystems
(Mann, 1973; Lobban et al., 1994).

Macroalgae play an important role in coupling multiple
nutrient cycles; as such, they have been important in the
development of the field of ecological stoichiometry (Duarte,
1992; Xiao et al., 2017). The ecological stoichiometry of essential
biological elements such as C, N, and P is significant for
understanding the function of marine ecosystems. Redfield et al.
(1934) found the average atomic C:N:P ratio of phytoplankton to
be 106:16:1, a ratio that has subsequently been enshrined as the
Redfield ratio (Redfield et al., 1934; Gruber and Deutsch, 2014).
The ratio has been widely applied to the analyses of the nutrient
status of macroalgae (Duarte, 1992), but the overall effects of
N and P concentrations on the elemental stoichiometry ratio
of macroalgae have been poorly characterized. The increased
concentrations of N and P during seawater eutrophication
can potentially influence the physiological functions of algae.
For example, nutrient availability could change the carbon

metabolism of microalgae, including photosynthetic carbon
fixation, CO2 concentration mechanism, and the release of
organic carbon (Giordano et al., 2005; Falkowski and Raven,
2013; Thornton, 2014). Additionally, nutrient enrichment can
influence the biochemical composition of macroalgae, e.g.,
stimulating the synthesis of protein and fatty acids in Ulva
rigida, and pigments and amino acids in Pyropia yezoensis
(Gao et al., 2017; Gao et al., 2018; Gao et al., 2019). However,
to date, the effect of nutrient availability on the elemental
composition and information on the release of organic carbon
of P. haitanensis remain unknown. Thus, a better understanding
of exudate release by P. haitanensis, including how nutrient
limitation or enrichment influences the quantity and form of C
exudates, would increase our understanding of element cycles in
coastal ecosystems.

To study the effect of nutrient availability on element
accumulation and the release of POC and DOC by P. haitanensis,
we cultured P. haitanensis under four different concentrations
of N and P, and then investigated the release rates of DOC,
POC, and tissue elemental ratios. The goal of our study
was to provide helpful insight into how nutrient availability
affects the release and accumulation of organic carbon by
P. haitanensis. Such knowledge will support basic research on the
contribution of macroalgae in the future for offshore ecological
environments and will provide theoretical guidance for healthy
cultivation of macroalgae.

MATERIALS AND METHODS

Cultures and Growth Conditions
The conchocelis phases of a green strain (Z-26) and a red-
brown strain (Z-61) of P. haitanensis were obtained from the
Laboratory of Germplasm Improvements and Applications of
Pyropia in Fujian Province. Conchocelis filaments were ripened
by culturing in place at 29◦C under photon irradiances of
10–20 µmol/(m2 s) and photoperiods of 8L:16D. Then, ripe
conchocelis were cultured at 21◦C and aerated to promote the
release of conchospores that would develop into thalli in 30–
40 days. Healthy and straight thalli with a length of ∼1 cm were
selected. Then, three thalli were randomly chosen and placed in a
1 L flask, and four replicates were prepared for each treatment.

Throughout the culture experiment, conchocelis and thalli
were semi-continuously cultured in nutrient-enriched seawater
medium as in Provasoli’s enrichment solution (PES) (Starr
and Zeikus, 1993) except for the N and P concentrations.
The NO3

−-N and PO4
3−-P concentrations of natural seawater

were 0.61 and 0.09 mg/L, respectively. The medium without
N and P enrichment was labeled as N0P0. The NO3

−-N and
PO4

3−-P concentrations of the other three kinds of media were
adjusted by addition of NaNO3 and NaH2PO4. The measured
N concentrations of media N1P1, N2P2, and N3P3 were 1.81,
5.29, and 13.16 mg/L, respectively, and P concentrations were
0.19, 0.65, and 1.34 mg/L, respectively. The media were boiled
for one minute to avoid formation of nutrient precipitation and
then cooled to room temperature (21◦C) before use. The cultures
were aerated with filter-sterilized air, and the culture medium was
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fully replaced every three days. The thalli were placed in a 21◦C
chamber with light intensity set at 50–60 µmol/(m2 s) with a light
cycle of 12 L:12 D and incubated for 15 days for further analysis.

Experimental Design and Sample
Collection
Before each update of the medium, 100 mL of medium was
collected from each flask and filtered with pre-combusted
Whatman GF/F filters (diameter: 25 mm, pore size: 0.7 µm)
under a low vacuum. The filters were dried for POC analysis
and stored at −20◦C to prevent POC from being decomposed
by microorganisms. The filtrate (50 mL) was collected into a pre-
treated brown glass bottle and immediately stored at −20◦C for
DOC determination. In order to minimize the potential effects
of storage and degradation, the filtered samples were preserved
by adding saturated HgCl2 solution to a final concentration of
50 mg/L. All glassware used in the preparation of the DOC and
POC samples was previously washed in 10% HCl and rinsed with
ultrapure water.

After 15 days of incubation, the thalli were taken from
the culture flasks, and the surface water was removed using
eight layers of absorbent gauze. An analytical balance was used
to measure the fresh weight (FW) of blades. The fresh thalli
were dried in an oven at 60◦C until they reached a constant
weight, which was recorded as dry weight (DW). The dried thalli
were stored at −20◦C for further determination of elemental
contents in tissue.

Measurements
Measurement of Growth
The DWs of thalli were measured to estimate the growth rates.
The specific growth rate (SGR) was calculated according to the
following formula: SGR (d−1) = ln (Wf /W0)/15, where W0
and Wf refer to the initial and final DW of the 15 days of
incubation, respectively.

Tissue C, N, and P Contents
The C, N, and P contents of tissues were measured to assess
how tissue nutrient levels would be affected by the different
experimental treatments. About 10 mg dried thalli of the
four different treatments were ground with a mortar and
pestle. The C and N contents of algal tissue were obtained
by combustion and measured with a Costech ECS CHNSO
elemental analyzer (Costech Analytical Technologies, Valencia,
California, United States). The tissue P content was measured
by acid-persulfate digestion and subsequent soluble reactive
phosphate analysis using an Automatic Discrete Analyzer
(CleverChem380, DeChem-Tech. GmbH, Hamburg, Germany).

Release of DOC and POC
Particulate organic carbon (POC) samples were dried at 60◦C
before analysis and were measured using a Costech ECS
CHNSO elemental analyzer. Concentrations of DOC were
derived by catalytic oxidation at high temperature (720◦C)
and chemiluminescence using a Shimadzu TOC-VCPH analyzer
(TOC5000A; Shimadzu, Kyoto, Japan). The net release rates (mg

g−1 DW d−1) of OC (as DOC and POC) by P. haitanensis were
calculated as

R = 1OC × V ÷ DW ÷ 15,
where 1OC is the increase of OC concentration (mg/L) during
15 days of incubation; V and DW are seawater volume (L) and
initial dry weight (g) of tissue, respectively.

Statistical Analysis
All values presented represent the mean of four replicates for
each treatment. Error bars in the figures depict the standard
deviations. Significant differences (P < 0.05) between values were
determined using Student’s t-test. All statistical analyses were
carried out using SPSS 19.0 version.

RESULTS

Growth
Increase of N and P concentrations had a significant effect on
the growth rate of Z-61 (P < 0.05) while having no significant
influence on Z-26 (Figure 1). For Z-61, the growth rate tended
to increase from N0P0 to N2P2 treatments (P < 0.05), but
further increase in N and P decreased the growth rate (P < 0.05),
and no significant difference was found between N0P0 and
N3P3 treatments (P > 0.05). In addition, the SGR of Z-61 was
significantly higher than that of Z-26 under all four treatments
(P < 0.05).

Tissue C, N, and P Contents and Element
Accumulation Rates
To investigate the absorption and utilization of N and P, we
measured tissue nutrient content of P. haitanensis under varying
N and P supply. C, N, and P contents within the algal tissue
differed significantly between treatments (Figure 2). Focusing

FIGURE 1 | The specific growth rates (SGR) of Z-61 (blue bars) and Z-26 (red
bars) cultured under four different nutrient conditions. Different letters
represent significant differences (P < 0.05) among the treatments (lowercase
for Z-26 and capitalized for Z-61). “*” above the bars indicates significant
difference between Z-61 and Z-26. Values are means ± SD (n = 4). DW: dry
weight.
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FIGURE 2 | Tissue nutrient contents of the Z-61 (A) and Z-26 (B) exposed to the different nutrient treatments. C (carbon), N (nitrogen), and P (phosphorus) contents
expressed as percent of sample dry weight (DW). All data are expressed as mean ± SD (n = 4), and different letters represent significant differences (P < 0.05)
among the treatments.

FIGURE 3 | The relationships between the specific growth rate and the accumulate rates of tissue elements of two strains of P. haitanensis: tissue carbon (A),
nitrogen (B), and phosphorus (C).

on each strain separately, the tissue C content was significantly
elevated under N and P enrichment (P < 0.05). From N0P0 to
N3P3, the C contents in Z-61 and Z-26 ranged from 38.9 to 41.7%
and 33.0 to 34.4%, respectively. In addition, the C content of
Z-61 was higher than that of Z-26 under the same conditions
(P < 0.05). Both strains had higher N and P content in the
elevated N and P treatment (P < 0.05). The N contents of Z-61
and Z-26 ranged from 2.1 to 4.8% and 3.4 to 5.1%, respectively.
The P contents of Z-61 and Z-26 ranged from 0.3 to 0.7% and 0.2
to 0.6%, respectively.

We also found that the tissue C and P accumulation rates,
rather than N accumulation rates, increased significantly with the
growth rate (R2 > 0.70, Figure 3). Overall, tissue C, N, and P
contents were elevated when P. haitanensis was grown in N and P
enriched environments, resulting in greater storage in the N3P3
treatment compared to the N0P0 treatment (P < 0.05).

Elemental Stoichiometry
We next investigated the elemental stoichiometry under
different nutrient conditions. The elemental stoichiometry of
P. haitanensis showed significant differences as a result of
the different nutrient-loading scenarios they were exposed to
Figure 4, P < 0.05. Tissue carbon:nitrogen (C:N) showed
significant changes from N0P0 to N3P3 treatment in both strains,
depending on the N-loading scenario (Figures 4A,B, P < 0.05).

With increased N and P concentration, although there was no
significant difference in the N1P1–N3P3 treatments, the N:P
ratios remained well above the Redfield ratio. This indicated that
the N contents of Z-61 and Z-26 thalli were limited by low N
conditions. Carbon:phosphorus (C:P) ratios of the two strains
decreased steadily, showing similar trends with the C:N ratio
(Figures 4C,D). The different P-loading scenarios were reflected
in the significant differences in C:P, with the lowest C:P ratios
in the high-P treatment and the highest C:P ratios in the N0P0
treatment. A slightly different pattern was observed in the tissue
nitrogen:phosphorus ratios (N:P), while N:P ratios remained
largely decreased in Z-26 from N0P0 to N3P3 (Figure 4F,
P < 0.05), but there was no significant response to nutrient
levels in Z-61 (Figure 4E, P > 0.05). Overall, the C:N and C:P
ratios were significantly decreased and approached the Redfield
ratio due to the N and P enrichment. Besides, the C:N and
N:P ratios of Z-61 are higher and lower than the C:N and
N:P ratios of Z-26, respectively (P < 0.05), which resulted in
no significant effect on the C:P ratio between the two strains
(P > 0.05).

The carbon:nutrient ratios of aquatic plants can be scaled
according to their nutrient content to explore further quantitative
relationships. The C, N, and P contents of both strains could be
used to explain the variation in carbon:nutrient ratios (Figure 5).
Our results indicated that increases in P% and N% were
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FIGURE 4 | Elemental ratios of Z-61 (A,C,E) and Z-26 (B,D,F) in the four nutrient treatments. Error bars denote standard deviations of averaged results from four
replicate bottles. The straight horizontal dotted line indicates the Redfield ratio (C:N:P = 106:16:1).

associated with exponential decreases in the C:P and C:N ratios,
respectively (Figure 5).

Dissolved and Particulate Organic
Carbon
To investigate the role of organic carbon in the marine
biogeochemical cycle, the POC and DOC release rates of the
two strains during the 15-day incubation were measured. The
release rates of DOC and POC differed markedly among N and
P conditions (Figure 6, P < 0.05). The mean release rate of POC
was 0.60–1.29 mg g−1 d−1 for strain Z-61 and was 0.95–1.71 mg

g−1 d−1 for strain Z-26 (Figures 6A,B). The mean release rate of
DOC was 2.42–5.08 mg g−1 d−1 for strain Z-61 and was 3.61–
8.22 mg g−1 d−1 for strain Z-26 (Figures 6C,D). In general, the
mean DOC release rates were much higher than those of POC in
both strains. It is worth noting that under the condition of N0P0
with the lowest N and P concentrations, DOC release rates were
the highest for both strains (Figure 6). Additionally, the release
rate of DOC had no significant difference among N1P1, N2P2,
or N3P3 treatments. Similarly, under the condition of N0P0, the
release rate of POC was higher than or close to those of other
treatments (Figure 6).
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FIGURE 5 | Arithmetic relationships between nutrient contents (percentage dry weight) and nutrient molar ratios, (A) P% and C:P (r2 = 0.9964) and (B) N% and C:N
(r2 = 0.9968) for Z-61; (C) P% and C:P (r2 = 0.9932) and (D) N% and C:N (r2 = 0.987) for Z-26.

Accumulated and Released Organic
Carbon
In this study, the total carbon (CT) refers to the sum of the
increased carbon contents in algal tissue and the carbon content
in DOC and POC. Our results showed that both strains of
P. haitanensis released large amounts of POC and DOC during
the incubation period. The proportions of algal tissue C, DOC,
and POC were different from N0P0 to N3P3 treatment in both
strains (Figure 7). The mean ratios of tissue C/CT, DOC/CT, and
POC/CT ranged from 82.1 to 91.6%, 6.3 to 14.4%, and 2.1 to
4.1%, respectively, for strain Z-61; and from 68.9 to 83.0%, 13.4
to 25.7%, and 3.6 to 5.4%, respectively, for strain Z-26. Under the
N0P0 treatment, the proportion of tissue C was the lowest, but
the proportion of DOC was the highest. From N1P1 to N3P3
treatments, the proportion of tissue C was higher than that of
N0P0, but the proportion tended to decrease with the increase
of N and P concentrations. In addition, the proportions of DOC
and POC were contrary to the trend of tissue C, i.e., with the
increase of N and P concentration, the proportions of POC and
DOC increased gradually (Figure 7).

DISCUSSION

C, N, P Contents and Ratios
Numerous studies have shown that nutrient availability has a
pronounced effect on the nutrient composition of macroalgae.

As found in the marine macroalga Chnoospora implexa, tissue
C, N, and P contents were significantly elevated under N
and P enrichment (Bender-Champ et al., 2017). Several field
studies found that the marine macroalgae Pilayella littoralis,
Enteromorpha intestinalis, Ulva fenestrata, Gracilaria pacifica,
and Laminaria japonica could effectively take up N in the
environment with higher N availability, resulting in high N
contents in algal tissue (Lotze and Schramm, 2000; Naldi and
Wheeler, 2002; Dong et al., 2011). These studies are consistent
with our results suggesting that tissue C, N, and P contents in
both strains of P. haitanensis were significantly increased by the
N and P enrichment. Thus, P. haitanensis was able to rapidly
respond to increased N and P by taking up and storing more C,
N, and P in algal tissue.

A recent study found that, under nutrient-replete conditions,
the tissue C, N, and P accumulation rates of 11 macroalgae
species linearly increased with the growth rate (Chen et al.,
2020). However, the present study only found positive linear
relationships between SGR and C accumulation rates, and
between SGR and P accumulation rates (Figure 3). This indicates
that the accumulation rates of elements can be shifted by
changing nutrient conditions, which may reflect the dynamics
of functional macromolecular pools or nutrient reserves. This
hypothesis was supported by the findings that more pigments,
proteins, or amino acids were synthesized under N and P
enrichment in Ulva rigida and P. yezoensis (Gao et al., 2018,
2019). Besides, our previous study found that the total protein
content of P. haitanensis strain Z-26 was almost double that of
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FIGURE 6 | The release rates (mg g−1 d−1 DW) of particulate organic carbon (POC) from Z-61 (A) and Z-26 (B) during 15-day incubation. The release rates of
dissolved organic carbon (DOC) from Z-61 (C) and Z-26 (D) during 15-day incubation. All data are expressed as mean ± SD (n = 4). Different letters represent
significant differences (P < 0.05) among the treatments.

FIGURE 7 | The percentage of organic carbons of Z-61 (A) and Z-26 (B). Bars in blue, red, and green color represent tissue carbon, dissolved organic carbon
(DOC), and particulate organic carbon (POC), respectively.

strain Z-61 under the lowest nutrient condition N0P0 (Xu et al.,
2020). This is consistent with the present study, which found
that, under N0P0, the N content of Z-26 was 62% higher than

that of Z-61, and the C:N ratio of Z-61 was about twice that
of Z-26 (Figure 4). This kind of strain-specific difference on
the contents of protein, the N-enriched macromolecular, may
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result in that the N accumulation rates of the two strains did
not linearly increase with the growth rate under four different
nutrient conditions (Figure 3B).

As an economically important macroalgal species, it is
necessary to analyze the responses of the C:N:P ratio of
P. haitanensis to varying N and P concentrations to establish an
index of nutrient status (Harrison and Hurd, 2001). With the
data of N and P budget in a certain culture zone, and the data
of C, N, and P contents in oceanic cultured P. haitanensis, the
suitable cultivation scale can be roughly estimated. Researchers
usually used the Redfield ratio, C:N:P = 106:16:1, as a reference
to qualitatively analyze nutrient status. It is worth noting that,
based on previous studies, there are significant differences on
the C:N:P ratio among different species, and the ratio changes
with nutritional status, whether caused by seasonal or spatial
variations (Duarte, 1992; Quigg et al., 2003; Falkowski and Raven,
2013; Moore et al., 2013). This study reported that the C:N:P
ratio could vary between different strains (Figure 4), and this
could be due to the significant difference in elemental and
protein contents. A recent study found the tissue C:N:P ratios
of 11 wild macroalgae species were well above the Redfield
ratio, and the ratios of 10 species decreased after five days of
cultivation in nutrient-replete conditions (Chen et al., 2020).
This is consistent with our results for both strains (Figure 4),
and then the C:N and C:P ratios of P. haitanensis showed an
inverse relationship to the respective concentrations of N and P
(Figure 5). In general, the stoichiometric plasticity of a certain
element reflects its importance for life activity—for example,
C is more constrained than N, and its plasticity is quite low
compared to many trace metals (Moore et al., 2013). Thus, the
C:N and C:P ratios were much higher than the Redfield ratio
under N− and P-limited conditions, and the ratios decreased
quickly by absorbing N and P once the supply was sufficient
(Figure 4). This was the basic strategy to deal with the frequently
changing nutritional environment.

Release of Organic Carbon and
Implications
Although the culture area of macroalgal aquaculture in the world
is only 0.04% of the area occupied by wild macroalgae, the
potential CO2 sequestration intensity of macroalgal aquaculture
is 10 times as high as wild macroalgae (Duarte et al., 2017).
Besides, compared with wild macroalgae, the regular harvesting
of cultured macroalgae prevents large amounts of biomass from
being decomposed and re-mineralized into the ocean (Chen
and Xu, 2020). These characteristics show that macroalgae
have great potential for carbon sequestration. However, the
optimal environmental conditions for developing the carbon
sequestration potential of a certain macroalga species are still
unknown. Our study evaluated the effects of nutrient availability
on P. haitanensis exudate release across a wide range of nutrient
conditions. The results showed that the release rate of DOC
was closely related to the N and P conditions (Figure 6).
The stoichiometric overflow hypothesis posits that DOC release
results from an excess of fixed carbon relative to the availability
of other essential nutrients such as N (Fogg, 1983). Stresses

such as low nutrients, acidification, elevated temperature, and
high light intensity could result in phytoplankton releasing more
DOC into the surrounding environment through a combination
of processes associated with leakage and exudation (Myklestad,
1995; Mueller et al., 2014; Thornton, 2014; Egea et al., 2018).
The present study also found that DOC release increased with
decreasing N and P concentrations (Figure 6). This is consistent
with previous studies reporting that the DOC release rates of
the green macroalga Cladophora glomerata and the bull kelp
Nereocystis luetkeana were enhanced by N and P limitation
(Wyatt et al., 2014; Weigel and Pfister, 2020). It has been reported
that N and P deficiency can result in damage and aberration
of algal cell membranes, even leading to autocatalytic cell death
by cell lysis (Berman-Frank et al., 2010; Franklin et al., 2012).
This may result in a higher DOC release rate under low N and
P conditions. Considering the significant differences between
laboratory and field conditions, this study suggests that further
research is needed to comprehensively quantify the effects of
eutrophication on the organic carbon release from macroalgae
aquaculture and the mechanisms behind it.

Based on previous studies and the present study, the released
DOC and POC represent a substantial percentage of gross
primary production (Myklestad, 1995; Wyatt et al., 2014; Chen
et al., 2020). The partitioning of organic matter between dissolved
and particulate phases has bottom-up effects on the structure
and function of ecosystems (Verdugo et al., 2004; Thornton,
2014). For example, more than 56% of macroalgal DOC was
refractory DOC (RDOC) that cannot be efficiently utilized by
consumers and decomposers (Watanabe et al., 2020), while
POC can sink to the sea floor and contribute to the deposited
carbon stocks in shallow oceans. This study found that the
DOC release rate decreased with increasing N and P (Figure 6),
suggesting that eutrophication may decrease the potential of
seaweed aquaculture on the carbon sequence. In this study,
the released POC was much less than DOC under various N
and P conditions. In addition, the release pattern of organic
matter may be influenced by environmental changes, the regular
harvest of macroalgae, and the complex life cycle. A recent
study reported that the average POC released by Ulva lactuca
was not significantly different compared with the average DOC
during the reproductive growth phase (Chen et al., 2020). Further
research is needed to determine the composition of the DOC
and POC released by P. haitanensis and to link composition to
physiological status and environmental conditions.

CONCLUSION

In the present study, we found that increased N and P
concentrations in seawater could promote the accumulation of
C, N, and P in macroalgal tissue, and there was an inverse
relationship between elemental ratios and contents in algal tissue.
The specific growth rate of P. haitanensis had a positive linear
correlation with the accumulation rates of algal tissue C and P.
This research also found that P. haitanensis released both DOC
and POC, and more DOC than POC was released under different
N and P conditions. The DOC and POC release rates were the
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highest under the low N and P conditions (N0P0), while the
DOC release rate tended to decrease with N and P enrichment.
The present study could help to understand the effects of ocean
eutrophication on the carbon cycle in the culture zone of the
economic red alga P. haitanensis.
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