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Seagrass ecosystems rank among the most effective blue carbon sinks in
climate change mitigation and greenhouse gas removal. Nutrient pollution
has emerged as a leading threat to seagrass decline and has diminished the
carbon sequestration potential in recent decades. Changes in the nutrient
regime can also impact the organic carbon compositions (labile and refractory
organic carbon compositions) of seagrass tissues, with important implications
for determining the quantity and quality of carbon sequestration. However,
there is still little information about the impact of nutrient loading on seagrass
plant refractory organic carbon composition (ROC), which hinders our ability to
reveal the driving mechanisms of anthropogenic factors that decrease seagrass
organic carbon sequestration capability. Here, a multidisciplinary approach was
employed to investigate the organic carbon variations of Halophila beccarii at
five seagrass meadows with contrasting nutrient loading levels. The results
showed that H. beccarii plant nitrogen (N) content ranged from 2.21% to 5.65%,
which well reflected the external nutrient loading levels. High nutrient loading
elevated labile organic carbon content, like free amino acids and soluble
sugars. Nevertheless, ROC content (cellulose-associated organic matter)
decreased with increasing nutrient loading, which presented a significant
negative linear correlation with plant N content. These results provide
evidence that eutrophic conditions enhance H. beccarii plant quality (high N
and labile organic carbon) and consequently decrease plant ROC sequestration
potential. This suggests that reducing nitrogen input to seagrass meadows
would aid in increasing seagrass carbon storage.
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Introduction

Seagrass ecosystems are one of the coastal blue carbon
ecosystems and have great potential to mitigate global climate
change (Macreadie et al, 2019). Although only occupying<0.2%
of the global ocean surface, seagrass ecosystems contribute ~10% of
marine organic carbon sequestration (Duarte et al,, 2013). Seagrass
contributes to more than half of all organic carbon storage
(Kennedy et al,, 2010), and in some seagrass meadows, it even
accounts for 90% (Reef et al., 2017), which is mostly due to the
abundance of refractory chemical compositions of organic matter
(>50%) in seagrass plants (Trevathan-Tackett et al., 2017).
Refractory carbon like lignocellulose is selectively preserved in
sediments to avoid decomposition (Klap et al, 2000), while
polysaccharides are continuously reduced during the diagenetic
process through complex biochemical reactions (Kaal et al., 2019).
Therefore, seagrass plant organic carbon compositions, particularly
their refractory compositions, are the foundation of the high
accumulation and preservation potential of organic carbon in
seagrass ecosystems (Kaal et al., 2019).

Organic carbon in seagrass plants can be generally divided into
labile organic carbon (LOC) compositions and refractory organic
carbon (ROC) compositions (Kaal et al., 2016). Amino acids, non-
structural carbohydrate compounds (NSC, such as, soluble sugar,
and starch), and hemicellulose are the main components of seagrass
LOC, while ROC is always represented as cellulose and lignin
(Zieman et al., 1984; Peduzzi and Herndl, 1991; Vichkovitten and
Holmer, 2004; Trevathan-Tackett et al., 2017; Cragg et al.,, 2020).
Many common chemical methods are used for measuring the
contents of plant organic carbon compounds. For example, the
phenol-sulfuric acid colorimetric method was used to determine
soluble sugar and starch contents (Dubois, 1956), and the vanillin/
HCI method, near-infrared reflectance spectroscopy, and filter-bag
technique were applied for measuring the contents of tannin, fiber,
and lignin, respectively (Lawler et al., 2006; Torbatinejad et al., 2007;
Siegalwillott et al., 2010). Thermogravimetric analysis (TGA) is a
quantitative technique that uses the increase or decrease in the mass
of substances with temperature to characterize physical and
chemical changes and has been widely used for plant chemical
composition analysis recently (Dimitrakopoulos, 2001). TGA
provides a lower material mass (10 mg) and the ability to provide
accurate and rapid component characterization (Dimitrakopoulos,
2001). The organic carbon composition of marine macroalgae and
vascular plants was assessed by TGA. For example, previous reports
have suggested that the lignocellulose content of seagrass rhizomes
is 50%-60% of dry weight (Trevathan-Tackett et al, 2017), and
marine macroalgae do contain refractory compounds including
xylans and sulfated polysaccharides (Trevathan-Tackett
et al., 2016).

Coastal nutrient loading is a leading threat to seagrass meadow
decline (Jiang et al., 2020), which is mainly due to algal overgrowth
and reduction of light availability, as well as ammonium toxicity
(Burkholder et al., 2007). Meanwhile, nutrient loading can affect the
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carbon metabolism in seagrass plants (Touchette and Burkholder,
2000), and consequently change the organic carbon composition of
seagrass plants (Pazzaglia et al., 2020; Helber et al., 2021a). Nutrient
addition can always increase the content of amino acids in seagrass
tissues (Udy and Dennison, 1997; Invers et al., 2004), while the
response of sucrose content in seagrass to nutritional loading shows
variation. For example, nitrogen and phosphorus enrichment were
found to increase sucrose contents in Enhalus acoroides leaf (Artika
et al,, 2020), but sucrose contents of Halophila stipulacea and
Posidonia oceanica leaf were observed unchanged and decreased
after nitrogen and phosphorus additions, respectively (Pazzaglia
et al,, 2020; Helber et al., 2021b). Previous studies reported that
nutrient loading could change the LOC content of seagrass plants
(Brun et al., 2002; Touchette and Burkholder, 2007; Jiménez-Ramos
et al., 2017; Artika et al., 2020; Hernan et al., 2021). However, there
is still little information on seagrass ROC changes in response to
nutrient loading.

Halophila beccarii is a small monoecious seagrass mainly
distributed throughout the tropical Indo-Pacific region
(Udagedara and Dahanayaka, 2020). The blue carbon stock of H.
beccarii meadows ranged from 2.655 Mg C/ha to 12 Mg C/ha (Jiang
et al, 2017; Kaladharan et al, 2021). The organic carbon
concentration in the sediment within the H. beccarii seagrass
meadow is 110%-134% greater than nearby bare sediment
(Kaladharan et al,, 2021), possibly due to abundant H. beccarii
plant organic carbon inputs into in situ sediment (Premarathne
et al, 2021). H. beccarii is widely distributed in tropical and
subtropical regions of China, which are at a risk of further
nutrient loading pressure due to intense human activities (urban
runoffs, fishing, dredging) (Jiang et al., 2017; Jiang et al., 2020). This
trend could accelerate the loss of seagrass ecosystems and a
reduction in carbon contribution. In this study, we investigated
H. beccarii LOC and ROC compositions in five different nutrient-
loaded seagrass meadows in the Guangdong and Hainan provinces,
Southern China. We hypothesized that nutrient loading would
increase the LOC content but decrease the ROC of H. beccarii. The
goal of this study was to further determine the relationship between
eutrophication and carbon storage capacity of H. beccarii and, with
this result, help resource managers maximize the organic carbon
sequestration potential in seagrass ecosystems.

Materials and methods
Sample collection

During October 2021, we collected the H. beccarii plants
from five seagrass meadows: Yifengxi (YFX, 23.54N, 116.92E),
Hailing Island (HL, 21.68N, 111.91E), Liusha Bay (LS, 20.39N,
109.98E), Tangjia Bay (T7, 22.33N, 113.59E), and Qiaotou (QT,
19.948N, 110.093 E) (Figure 1). Three 25 cm x 25 cm quadrats
(distance between quadrats is >5 m) were randomly thrown into
each seagrass meadow, and H. beccarii plants were dug out
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FIGURE 1

Sampling sites along the coast of Guangdong province and Hainan Island.

together with underground roots in the quadrats to ensure the
integrity of the plants. After being rinsed with seawater, they
were put into polyethylene sealing bags. Meanwhile, seawater
around each quadrat was collected and quickly filtered onto the
GF/F filter. The seagrass plants and filtered seawater samples
were stored at —20 °C until they were back in the laboratory.

Measurements

The SEAL AutoAnalyzer 3 High Resolution (Seal Analytical,
BRAN+LUEBBE, Germany) was used to analyze dissolved
inorganic nitrogen (DIN = nitrate + nitrite + ammonium) and
dissolved inorganic phosphate (DIP) in filtered seawater. The Seal
AA3 HR is a completely automated analysis system for colorimetric
analysis of dissolved nutrients in environmental samples (Zhang
et al., 2019).

The whole body of seagrass plants was first dried at 60 °C in an
oven to constant weight, and then the dry sample was fully ground to a
homogenized state by a grinding instrument (mortar grinder ST-B220,
SKTEM, China). Powdered samples were analyzed in duplicate for
carbon and nitrogen content using a CHN analyzer (Vario EL,
Elemental Analyser System GmbH, Germany). Elemental content
was calculated on a dry weight basis (mass of element/dry weight of
sample x 100%), while elemental ratios were calculated on a mole: mole
basis. All isotopic analyses were measured using a standard isotope
ratio mass spectrometer (Thermo Scientific MAT 253) procedures. All
isotopic data were expressed in the conventional delta notation
(%0): 513C5ampleor 515Nsumple= (Rsampiel Rreference= 1) X 1,000 where R =
13¢/12C or N/™N. Soluble sugars (sucrose, glucose, and fructose)
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from ground samples were measured by the anthrone colorimetric
method (Jan and Roel, 1993). Free amino acid was measured using
the Ninhydrin colorimetric method with an absorbance of 570 nm
(Lee et al., 2003).

The remaining dry samples of the whole body of the seagrass
were subsequently analyzed by thermogravimetric analysis (TGA,
TG209F1, 0.1 pg balance sensitivity, Netzsch, Germany). About
10 mg of the ground sample was placed in a platinum cup and
heated under N,(gas flow = 100 ml min~ ") with a heating ramp
rate of 10°C min ™", ranging from 28 to 600°C (Liu et al., 2020).
The rate-of-change derivative (% mass loss °C™!) can be used to
describe the thermal intervals (TI) and consequently indicates
distinct temperatures of organic matter (OM) loss. The T1; (labile;
soluble carbohydrates, hemicellulose) ranged from 180°C to 300°
C. TI, (cellulose-associated recalcitrant organic matter) extended
from 300°C to 400°C, then from 400°C to 600°C was determined
as TI; (lignin-associated recalcitrant organic matter and insoluble
polysaccharide residues). The range of mass loss (TI; ;) was
recalculated as a portion of total organic matter (OM) from
180°C to 600°C. The proportions of TI;, TI,, and TI; in total
OM are represented as T1;/OM, TL,/OM, and TI;/OM.

Data analysis

One-way analysis of variance (ANOVA) was used to
determine if there were any statistically significant changes in
environmental nutrients, elemental content, soluble sugars,
amino acids, TI;, TI,, TI;, and OM of H. beccarii among the
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five seagrass meadows. A Tukey post hoc test was applied to
identify the significantly different components of the above
parameters. The effect, with p<0.05, was considered
statistically significant. Before this test, the homogeneity of
variance was tested with Levene’s test. Data were log-
transformed to achieve the homogeneity of variance where the
heterogeneity of variance was found. T1;, TT,, TIs, TI;/OM, TIL,/
OM, and TI;/OM are converted into arcsine square roots before
ANOVA. The relationships among seawater nutrients and
seagrass nitrogen content with organic carbon compositions
were examined by the Pearson’s correlation coefficient,
respectively. The above-mentioned statistical analyses were
performed using Excel 2010, SPSS 22.0, and R 4.1.3, respectively.

Results
Environmental variables

DIN and DIP of seawater ranged from 14.89-162.94 umol/L
to 0.18-7.79 wmol/L, respectively, with significant differences
among the five seagrass meadows (Table 1, DIN: F = 15.050,
p<0.001; DIP: F = 5541, p = 0.013).NO; , NOj, and NH}
accounted for 1.67%-5.09%, 31.79%-75.11%, and 22.55%-—
63.12% of DIN, respectively. There were significant differences
in all the above-mentioned environmental variables among the
five seagrass meadows (Table 1). The DIN of YFX was 4-fold
higher than that of LS, and the DIN contents of HL, T], and QT
did not differ significantly (F = 0.202, p = 0.823).

Carbon, nitrogen content, stable isotope
analysis (6"°C and §"N), amino acid
and carbohydrate

Biochemical parameters of H. beccarii were observed to be
significantly different among the sampling sites, with the
exception of carbon content (Table 2). We recorded a broad
range of nitrogen content values and C/N ratios of H. beccarii.
The nitrogen content and C/N ratios for H. beccarii ranged

10.3389/fmars.2022.986415

from 2.21% to 5.65% and from 7.24 to 15.57, respectively
(Table 2). The highest and lowest nitrogen content and C/N
ratio values were both observed in YFX and QT, respectively
(Table 2). However, the carbon content of plants in the five
seagrass meadows tended to be similar (Table 2; F = 1.964,
p =0.176).

The 8'°C signature of H. beccarii in the five seagrass
meadows ranged from —20.764%o to —14.802%o, with HL and
LS as the most depleted and richest values, respectively
(Table 2). Additionally, there was a significantly higher §'°N
value in H. beccarii of YFX than in other seagrass meadows
(Table 2). The soluble sugar content of YFX was triple-fold
higher than that of LS (Figure 2A), while the amino acid
content of H. beccarii at YFX was higher than that at other
sites (Figure 2B).

TGA analysis

TGA showed that the decomposition resulted in an obvious
loss of organic matter for H. beccarii in five seagrass meadows
(Figure 3). All samples manifested similar Z-shaped TG curves
and the rate of change indicated that most of the differences
among the areas occurred during losses between 100 °C-180 °C
and 200 °C-400 °C (Figure 3). Figure 4 shows the specific mass
loss of organic matter for H. beccarii. Although the total OM
content of H. beccarii in HL was ~10% higher than that in LS,
no significant differences were observed in the OM content of
H. beccarii among the different seagrass meadows (Figure 4D; F
= 1.518, p = 0.269). Overall, TI; generally decreased as the
nutrient level decreased (Figure 4A), while the opposite trend
was observed in TI, (Figure 4B). Furthermore, there was no
significant difference in the TI; content among the five seagrass
meadows (Figure 4C; F = 1.064, p = 0.423). According to the
proportion of different TIs in OM, the proportion of TI,/OM
and TI,/OM differed significantly among the five seagrass
meadows (TI;/OM: F = 47.336, p<0.001; TI,/OM: F = 38.749,
p<0.001) (Figure 5). Similar to the TI5 the TI;/OM was
homogeneous among the three seagrass meadows (F = 3.106,
p =0.066) (Figure 5).

TABLE 1 Seawater nutrients parameters in HI, LS, TJ, YFX, and QT (Mean + SE). The different capital letters indicate significant differences among
the five seagrass meadows. Identical superscripts indicate non-significantly different means.

Area YEX HL
NO; 5.75 + 1.28"% 2.04 +041*
NO; 4039 + 5.71% 20.60 + 1.90%%
NH} 7541 + 13.82¢ 38.44 + 2.17%¢
DIN (umol/L) 121.55 + 20.79¢ 61.08 + 2.04"
DIP (umol/L) 4.88 + 1.46° 2.18 +0.28"

LS TJ QT
1.31 + 025" 1.02 +0.18% 2.03 + 0.46"
13.04 230 P 34.07 + 6.70F 35.18 + 6.51*
13.85 + 1.71% 20.09 + 3.224P 19.43 + 4.23%
28.20 + 4.20" 55.19 + 9.99° 56.64 + 5.99%
1.58 +0.14° 0.50 + 0.24" 1.85 + 0.33°

DIN, dissolved inorganic nitrogen, DIN = NO; + NOj + NHj.
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TABLE 2

Area YEX HL

C (%) 3420 + 0.45" 36.45 + 0.56"
N (%) 5.46 + 0.10° 3.78 + 0.03%
C:N 7.31 £ 0.07* 11.24 + 0.17°
8"3C (%o) -18.28 + 0.19"P -20.06 + 0.35"
8" N(%o) 12.41 + 0.06© 6.80 + 1.00*"

Relationship between nutrient content
and environmental nutrient level of
H. beccarii

The heatmap based on Pearson’s correlation analysis
revealed that the amino acids, soluble sugars, TI;, and TI,/OM
of H. beccarii had significantly positive correlations with N
content (Figure 6A). In contrast, TI,/OM showed a
significantly negative correlation with N content (Figure 6A).
TI, was negatively correlated with N content, but not
significantly (Figure 6A). Furthermore, there was no positive
or negative correlation between TI; or TI;/OM and N content
(Figure 6A). Additionally, amino acids, soluble sugars of H.
beccarii had significantly positive correlations with seawater
NH; while TL,/OM had a significantly negative correlation with
seawater NH} (Figure 6B).

Discussion

The seawater nutrients in our study seagrass meadows (DIN:
14.89-162.94 pmol/L, DIP: 0.18-7.79 umol/L) were higher than
those in other seagrass meadows in Florida Bay (Median DIN =

75

w S =)
S O 1<)

Soluble sugar(mg/g)

—
[

YFX

HL LS TJ QT

Sampling site

FIGURE 2

10.3389/fmars.2022.986415

Carbon, Nitrogen Content, Stable Isotope Analysis (5*C and §'°N) of seagrass tissue in five meadows (Mean + SE).

LS Ty QT
28.87 + 4.09* 33.49 + 0.38" 32.58 + 1.44%
3.03 + 0.46™° 2.78 + 0.09"P 2,50 + 0.10*
11.18 + 0.32° 14.10 + 0.47¢ 15.23 + 0.22¢
-15.09 + 0.07° -15.80 + 0.65°¢ -17.62 + 0.01P
6.21 + 0.86"" 6.99 + 0.24% 4.07 +0.03*

3.56 pumol/L, Median TP = 0.31 pmol/L) (Fourqurean et al,
2003), Alfaques Bay, Mediterranean (NHj <10 umol/L, DIP:
0.1-0.5 umol/L) (Pérez and Romero, 1994), Cau Hai lagoon,
Vietnam (DIN: 77.45 ug/L) (Dang et al., 2020), and Akrotiri Bay,
Cyprus, Red Sea (DIN: 0.03-0.65 pumol/L) (Alexandre et al.,
2014), which suggested that the H. beccarii seagrass meadows
distributed along the southern China coastal areas were exposed
to a higher nutrient loading pressure. The DIN and DIP
concentrations among five seagrass meadows indicated distinct
nutrient loading pressure that H. beccarii suffered. T] had the
lowest concentration of DIP, which can be attributed to its open
water conditions and intense hydrodynamic exchange. External
inorganic nutrients (nitrogen and phosphorus) can be absorbed
by seagrass leaves and roots, with absorption kinetics that
depend on external inorganic nutrient concentrations (Brun
et al,, 2002). The nutrient content of seagrass plants has been
widely used as a good indicator for seagrass health monitoring
and can well reflect the external nutrient loading (Yang et al.,
2018). Plants from low nutrient environments have significantly
lower N-content and higher C:N ratios than those from high-
nutrient environments (Lee and Dunton, 1999). In this study,
the N content of H. beccarii plants had significantly positive
relationships with, NH; and DIN, but not with NO;

50

40

30

20

Free Amino acid(mg/g)

LS

Tl QT

Sampling site

Souble sugars (A) and free amino acid (B) content of seagrass plant in five areas. Different letters above bars indicate significant differences
(p<0.05) among regions. Values represent mean + S.E. Due to the lack of sample size of QT, variables just have one or two values.

Frontiers in Marine Science

05

frontiersin.org


https://doi.org/10.3389/fmars.2022.986415
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Luo et al.

60

Mass Remaining(%)

50

40

30

20

10.3389/fmars.2022.986415

200
045

04 r

035

Rate of Change

(% mass loss °C™")

300

400
Temperature(°C)

500 600 700 800

TR

FIGURE 3

300

400 500 600 700 800

Temperature(°C)

Thermograms for the seagrass among five seagrass meadows, (A) % mass remaining with increasing temperature and (B) derivate rate-of-

change (% mass loss per °C) with increasing pyrolysis temperature.

(Supplementary Figure 1). Although both NO3 and NH} can be
absorbed by H. beccarii, NO; content is generally low in the
water column and NHj uptake by seagrass is a more energy-
saving process than NOj (Turpin, 2010). In the study area, it can
be assumed that NHj represents a substantial source of nitrogen
for H. beccarii. However, H. beccarii plant nitrogen content in LS
was much higher than that in TJ and QT, although LS has the
lowest external nutrient load. This should be ascribed to
macroalgae bloom (Ulva lactuca) at LS during our sampling
period (Supplementary Figure 2), resulting in a decrease in
nutrient levels in the water column due to macroalgae
absorption. Additionally, variation in 8N can be used as an
indicator of eutrophication as well (Cole et al., 2004). More
enriched H. beccarii 8N in LS than in QT suggested that there
were more human wastewater inputs (Helber et al, 2021b).
Therefore, H. beccarii plant nitrogen content well reflected the
external nutrient loading.

Carbon and nitrogen metabolism are interconnected. An
alteration in one process is likely to set off cascading responses
affecting other biochemical mechanisms. Variations in external
nutrient loading may cause the change of carbohydrate storage
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reserves in seagrass through nitrogen metabolism. TI; represented
the total content of soluble carbohydrates (soluble sugar and starch),
amino acids, and hemicellulose. NH} does not accumulate in
healthy seagrass leaves due to its toxicity in chloroplasts, so
energy-dependent rapid assimilation into amino acids is catalyzed
by the glutamine synthetase/glutamate synthase pathway
(Touchette and Burkholder, 2000), which should be responsible
for the higher amino acid content in H. beccarii at high nutrient
loading seagrass meadows (Invers et al, 2004). In our study, a
significant positive correlation was found between amino acid
content and N content, seawater NH;, NO3, and DIN. Soluble
sugar is the main component of non-structural carbohydrate
(INC) (Vichkovitten et al., 2007), acting as a carbon reserve for
ammonium assimilation via the tricarboxylic acid cycle (Brun et al,,
2008). Under nutrient enrichment, the internal carbohydrate
concentrations decreased significantly, which was mainly due to
the nitrogen assimilation process (Brun et al., 2008) and the lack of
an ammonium uptake feedback mechanism (Burkholder et al,
1992). In contrast to previous studies (Campbell et al.,, 2012; Helber
et al,, 2021b), soluble sugar content was higher at the high nutrient
seagrass meadow in this study. This might be due to keeping a high
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YFX HL LS TJ QT YFX HL LS T QT

Sampling site Sampling site

YFX HL LS T QT YFX HL LS TJ QT
Sampling site Sampling site

FIGURE 4

Tly (A), T, (B), Tls (C), and OM (D) as percent of total mass (Mean + S.E.). Tls represent distinct organic matter components percent in total mass
from TGA (Tl;: labile, amino acid, carbohydrates, hemicellulose, 180-300°C; Tl,: cellulose-associated recalcitrant organic matter, 300-400°C;
and Tls: refractory, lignin-associated recalcitrant organic matter and residues, 400-600°C).
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FIGURE 5
Thermal intervals (Tls) in total organic matter (OM) across all location was represented as TIs/OM. Tls represent distinct organic matter
components from TGA. Values represent mean + S.E.
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energy metabolism to cope with high nutrient loading conditions
(Brun et al.,, 2002). Ammonium enrichment improved
photosynthetic efficiency, allowing the tissues to meet the
increased carbon demands caused by ammonium assimilation
into organic nitrogen compounds (Brun et al., 2002).
Additionally, H. beccarii soluble sugar at LS was observed to have
the lowest content, which might be due to light deficiency during
the macroalgae bloom period. Seagrass photosynthetic rate declines
and mobilizes carbohydrate reserves to maintain metabolic
processes under low light conditions (Ralph et al., 2007), resulting
in a significant decrease in the soluble sugar content (Burke et al.,
1996; Schmidt et al., 2012). Hemicellulose is a structural
carbohydrate that plays a vital role in the strength of plant cell
walls (Xu et al., 2020). Hemicellulose accounts for the major part of
TI,, so the hemicellulose content should follow the same trend as
TI,. Therefore, nutrient loading increased the quantity of labile
components like amino acid and soluble sugar contents in the living
H. beccarii plant. On the other hand, appropriate nutrient loading
can promote seagrass production through changes in maximum
rate of photosynthesis and increased chlorophyll concentrations as
well (Agawin et al., 1996; Lee and Dunton, 1999), thus allowing for
greater seagrass carbon fixation (Lee and Dunton, 1999).
Nevertheless, only the seagrass plant organic carbon compositions
were measured in this study, and the seagrass production in
response to eutrophication should be conducted in future research.

Cellulose strands form microfibrils that act as a framework
for other wall components such as hemicelluloses, proteins, and
lignin (Ogden et al, 2018). The overall cellulose content of
vascular plants varies substantially depending on the
thermogravimetric interval, ranging from 24% to 50%
(Trevathan-Tackett et al., 2016), with seagrass having a
cellulose content of 33%-46% (Trevathan-Tackett et al., 2017).
In this study, the mass loss of TI, decreased as N content
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increased, and TI,/OM was negatively correlated with N
content and seawater NHj indicating that cellulose depletion
under high nutrient loading conditions occur. In terrestrial
ecosystems, high N leads to a reduction of cellulose in
angiosperms, which is due to decreased expression of genes
involved in cellulose production in response to elevated nitrogen
levels (Zhang et al, 2017). Under high nutrient loading
conditions, seagrass diverts carbon and energy produced by
photosynthesis toward nitrogen uptake and assimilation,
which consequently leads to less carbon and energy being
allocated to the production of cellulose (Shan et al., 2018).
This explains the difference in cellulose content of H. beccarii
at different nitrogen content gradients. Furthermore, even
though our study discovered no significant correlation between
nitrogen and TI; content, it does not suggest that nutrient
loading had no impact on lignin biosynthesis in H. beccarii.
Lignin is a refractory biomacromolecule composed of three
phenylropanoid units: p-hydroxyphenyl (H), guaiacyl (G), and
syringyl (S) (Mottiar et al., 2016), with determining the
refractory degree of lignin (Bonawitz et al., 2014). The study of
terrestrial ecosystems showed that nutrient loading significantly
influenced the composition of these three monomers (Pitre et al.,
2007). As a matter of future research, we recommend elucidating
the effects of nutrient loading on the unit compositions of lignin
in seagrass tissues, with important implications for seagrass blue
carbon potential. Additionally, we did not distinguish the
differences in organic carbon compositions between tissues by
only using the whole body of H. beccarii. According to previous
studies, the ratios of aboveground (leaf) to belowground biomass
(rhizome and root) of H. beccarii were similar in different sites of
Southern China (ranging from 0.71 to 1) (Jiang et al.,, 2020). We
assumed that the samples collected in different sites had similar
ratios of aboveground to belowground biomass.
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Impact of eutrophication on seagrass meadow. The dashed wave line and blue wave line represents high tide and low tide, respectively.

Our study revealed that eutrophication could increase the
content of labile organic carbon but reduce the refractory
components by 4.19%-6.23% (Figure 7). It is necessary to
point out that the effects of nutrient load on seagrass
production and biomass were complex. Moderate nutrient
loads may enhance the total production of seagrass (Connell
et al., 2017). Extreme nutrient loads would hamper the
production and biomass of seagrass (increased shading by
epiphytic algae) (Schmidt et al,, 2012). However, we did not
measure the parameters of H. beccarii production or the biomass
in this study, which limited us to estimating the trade-off of the
plant carbon stock. In the future research, field investigation and
laboratory simulation should be conducted to study the effects of
eutrophication on H. beccarii primary production and organic
carbon compositions. It has been widely reported that
eutrophication has been identified as a leading threat to
seagrass worldwide (Burkholder et al., 2007). Our study
demonstrated that eutrophication would decrease the seagrass
plant refractory carbon contribution to carbon sequestration.
Therefore, better management of fish farming, shoreline
rehabilitation, and sewage discharge and restoration
measurements are required to regulate anthropogenic nutrient
inputs and maintain their natural carbon sinks.

Conclusion

Interactions among seagrass organic carbon compositions
and eutrophication were discussed in our study. Our results
supported our initial hypothesis: eutrophication improves the
content of labile organic carbon such as soluble sugars and
amino acids while decreasing refractory organic carbon
through the carbon allocation of H. beccarii. However, H.
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beccarii in southern China is threatened by accelerating
eutrophication, which might weaken the contribution of
seagrass plants to refractory carbon stock. One important
subject is to determine nutrient thresholds for a maximum of
seagrass carbon stock. In addition, the carbon and nitrogen
cycles of seagrass, as well as the mechanisms by which labile
and refractory carbon respond to eutrophication, need to be
investigated further.
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