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Abstract: Seagrass beds are considered to be substantial sinks of “blue carbon”. However, differ-
entiation in the carbon sink capacities of seagrass beds in different regions with distinct nutrient
conditions remains unclear. In this study, sediment carbon stocks, seagrass biomass, and microbial
community structures and potential functions of seagrass beds in eutrophic seawater adjacent to
Hainan Island and oligotrophic seawater around the Xisha Islands were compared. Our results
showed that sediment mineralizable organic carbon and dry bulk density were substantially higher
on Hainan Island than on the Xisha Islands (t-test, p < 0.05), while sediment carbon stocks and the
total organic carbon were comparable between the two regions (p > 0.05). Similarly, seagrass biomass
was much higher on Hainan Island (p < 0.05). Sediment carbon stocks positively correlated with
sediment nitrogen and negatively correlated to sediment pH and grain size (p < 0.05). Bacterial
diversities were similar in the two regions, while fungi were more diverse on Hainan Island (p < 0.05).
Proteobacteria, Desulfobacterota, Ascomycota and Basidiomycota could account for degrading or-
ganic carbon on Hainan Island. Proteobacteria and Bacteroidota may contribute primarily to carbon
loss in the seagrass beds of the Xisha Islands. This study strengthens our understanding of the effects
of human activities on carbon sequestration in seagrass bed ecosystems.

Keywords: seagrass bed; sediment carbon stocks; eutrophic; oligotrophic; microbes

1. Introduction

Seagrass beds can perform important ecological functions [1,2], for example, maintain-
ing high biodiversity, being critical habitats or nursery grounds for marine animals [3,4],
stabilising the sea floor, and preventing erosion of coastal zones [5,6]. High primary
production of seagrasses can effectively sequester carbon [7,8]; therefore seagrass beds
are considered to be substantial sinks of “blue carbon” [9,10]. On one hand, seagrass
beds store carbon in their living biomass [11,12]. On the other hand, seagrasses can trap
allochthonous-suspended organic debris in the sediments and prevent resuspension of the
sediments [13,14].

Seagrass beds only occupy about 0.2% of the global sea surface area, but bury about
27.4 Tg C yr−1, contributing to 10% of the yearly stored organic carbon (Corg) in the oceans,
which is equivalent to 10 times the amount stored in the terrestrial soils [15,16]. The number
of carbon stocks (Cstocks) in the global living seagrass biomass is on average 2.52 ± 0.48 Mg
C ha−1, most of which is buried in the sediment in the form of rhizomes and roots [15].
There is significant diversity in sediment Cstocks between different regions of the world and
seagrass beds composed of different seagrass species [17–20].

In addition to seagrass biomass and productivity, the seawater nutrient condition is a
vital factor affecting Cstocks in seagrass sediments. In oligotrophic environments, nutrient
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addition contributes to increased primary productivity of seagrasses, which will increase the
yield of seagrass organic matter and support the trapping of allochthonous carbon [21,22].
However, seawater eutrophication may lead to the reduction of seagrass beds Cstocks
by inhibiting seagrass growth [23–25] and stimulating microbial activities to mineralize
sediment Corg [26,27]. Conversely, increased nutrient loads could increase the total carbon
sequestration in seagrass beds by stimulating the accumulation of allochthonous carbon
in sediments or the overgrowth of microalgae and epiphyte [28,29]. These contradictory
results suggested that further work should be conducted on the response of sediment
Cstocks to seawater nutrient status.

Recently, the microbial community has been recognized as a critical element influ-
encing sediment and soil Corg storage, remineralization, and stability [30,31]. Microbial
decomposition and respiration usually lead carbon to flow out of the sediment [27]. More-
over, sediment microbes specifically release extracellular enzymes to enhance Corg decom-
position [32,33]. The decomposition rate of sediment Corg mainly depends on the quality
of Corg [34,35]. Holme et al. (2004) reported that microbes tend to use algal Corg sources
because they are generally more labile, causing a relatively lower carbon burial efficiency
of algal materials than seagrasses [35]. However, fungi are more important in degrading
recalcitrant litter (such as lignin and cellulose) [36]. As yet, the relationships between
microbial communities and sediment Cstocks in seagrass beds remains largely unknown.

Hainan Island and the Xisha Islands are rich in seagrass resources due to the unique
geographical position and climate condition [37,38]. Previous studies have focused on
seagrass species, biomass and distributions in these two regions [37,38], but neglected the
amount, composition and affecting factors of Cstocks in seagrass sediments. In this study, we
hypothesized that there were different sediment Cstocks in seagrass beds between the Xisha
Islands, with little human interference, and Hainan Island, which is affected by intense
human activities. In addition, we assessed the relationships between sediment Cstocks and
seawater nutrients, sediment characteristics, extracellular enzyme activities and microbial
communities. This study may strengthen understanding of the effects of human activities
on the carbon sequestration characteristics of tropical seagrass beds.

2. Materials and Methods
2.1. Study Regions

Hainan Island (18◦10′–20◦10′ N and 108◦37′–111◦03′ E) is a large island located in
the northwest of the South China Sea, which covers an area of 33,920 km2 with a mar-
itime tropical monsoon climate (Figure 1). The area of seagrass beds on Hainan Island
is about 56.34 km2, mostly distributed in the eastern and southern coast areas. There are
13–14 species of seagrass belonging to 8 genera on Hainan Island. The widely distributed
seagrass species include Thalassia hemprichii, Enhalus acoroides, Cymodocea rotunda, Halodule
uninervis and Halophila ovalis. The Xisha Islands (15◦46′–17◦08′ N and 111◦11′–112◦54′ E)
are also located in the South China Sea, 250 km south of Hainan Island. They comprise
more than 30 islands, sandbanks, reefs and shoals (Figure 1). The extensively distributed
seagrass species on the Xisha Islands are T. hemprichii, H. ovalis, H. uninervis, Syringodium
isoetifolium, and Thalassodendron ciliatum.

The average annual temperature, rainfall, and salinity on Hainan Island are 22–26 ◦C,
1600 mm, and 22.86, respectively [39], and those on the Xisha Islands are 26.5 ◦C, 1506 mm
and 32–33.5, respectively [40]. The sediments on the eastern coast of Hainan Island are
mainly composed of coral debris and sand, and silt in some areas, and those on the southern
coast of Hainan Island and the Xisha Islands are primarily coral detritus and sand [39,40].
According to the China Fishery Statistical Yearbook, the area of coastal mariculture on
Hainan Island was 20,510 ha in 2019, resulting in eutrophication of the seawater [39], which
may seriously impact seagrass ecosystems.
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Figure 1. Distribution of seagrass beds on Hainan Island and the Xisha Islands, South China Sea.
The left figure shows sampling sites on Hainan Island, and the right indicates the sites on the Xisha
Islands.

2.2. Sampling and Sample Preparation

Field surveys were conducted in October of 2021, and the specimens were collected
from 14 islands on the Xisha Islands and 6 locations on Hainan Island during low tide
(Figure 1). Sediment (0–5 cm), seagrass and seawater samples were separately collected
from E. acoroides, Halophila sp. and T. hemprichii beds. Sediments were collected in quadrates
with a diameter of 10 cm, and then the seawater and sediment were, respectively, put into
sterilized polyethylene bottles and PE Ziploc bags. In total, 26 sediment, seagrass, and
seawater samples with three replicates were obtained, respectively. All samples were
stored on ice and transported to the laboratory within a few hours. Seawater samples
were promptly filtered through 0.45 µm GF/F filters (Whatman, Maidstone, UK) and the
filtrate was stored at −20 ◦C for nutrients analysis. Seagrasses were carefully washed to
remove filamentous macroalgae and invertebrates and then separated into above-ground
and below-ground tissues. Sediments for microbial community analysis were immediately
retained at −80 ◦C.

2.3. Determination of Seawater Nutrients, Sediment Characteristics and Carbon Stocks

The dissolved inorganic nitrogen (DIN) including nitrate (NO3
−-N), nitrite (NO2

−-N),
and ammonium (NH4

+-N), and the dissolved inorganic phosphorus (DIP) of seawater were
measured using a continuous-flow analyzer (SAN plus, Skalar Analytical B.V., Breda, The
Netherlands).

The above-ground and below-ground tissues of seagrass were dried at 60 ◦C for
72 h to a constant weight, and then the biomass was measured [41]. After grinding, the
plant power was passed through a 150 µm sieve, and the carbon (C) and nitrogen (N)
contents of seagrass tissues were measured using a CHN element analyzer (Elementar,
Vario EL-III, Germany).

The grain size of sediments was analyzed using a laser diffractometer (Mastersizer,
2000, Malvern Instruments Ltd, Worcestershire, UK). The pH of sediment was measured
using a pH meter (pH3S-3C, Leici, China). The total organic carbon (Corg) and total nitrogen
(TN) of sediments were analyzed with a CHN elemental analyzer (Elementar, Vario EL-III,
Germany). The dissolved organic carbon (DOC) was extracted using potassium sulfate
solution (0.5 mol/L) and determined using a dichromate oxidation method [42]. The
content of sediments mineralizable organic carbon (MOC) was determined according to
the method mentioned by Blair et al. (1995) [43].
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The dry bulk density (DBD) and the total sediment Cstocks were calculated using the
following equations derived by Howard et al. (2014) [41]:

DBD (g/cm3) = Mass of dry sediment (g)/Original volume (cm3), (1)

Sediment Cstocks (Mg C/ha) = Summed core carbon (g/cm2) × (1 Mg/1,000,000 g) × (100,000,000 cm2/1 ha), (2)

Summed core carbon (g/cm2) = Amount carbon in core section A (g/cm2) + Amount carbon in core section
B (g/cm2) + Amount carbon in core section C (g/cm2) + . . . all the samples from a single core,

(3)

Amount carbon in core section (g/cm2) = Sediment carbon density (g/cm3) × thickness interval (cm), (4)

Sediment carbon density (g/cm3) = DBD (g/cm3) × (%Corg/100) (5)

2.4. Analysis of Microbial Enzymes

Sediments were dried at 37 ◦C, and the urease and polyphenol oxidase activities were
analyzed using the indophenol blue colorimetry and pyrogallol oxidase method, respec-
tively [44]. Invertase and cellulase activities were determined using the 3, 5-dinitrosalicylic
acid colorimetric method [44,45]. Disodium diphenyl phosphate spectrophotometry was
used to test the alkaline phosphatase activity [44]. One unit (U) is the amount of the enzyme
that catalyzes the reaction of 1 mM of substrate per minute under standard assay.

2.5. DNA Extraction and PCR Amplification

Microbial genomic DNA was extracted from 0.5 g sediment using the E.Z.N.A.® Soil
DNA Kit (Omega Bio Tek, GA, USA) following the manufacturer’s instructions. The quality
and purity of the isolated genomic DNA was confirmed by agarose gel-electrophoresis and
spectrophotometry on a NanoDrop 2000 device (Thermo Scientific, Wilmington, DE, USA).

The V3-V4 hypervariable regions of bacterial 16S rRNA gene were amplified by using primers
338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-
3′) [46]. The ITS1 hypervariable region of the fungal ITS gene was amplified with primers
ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCATCG
ATGC-3′) [46]. PCR products from each sample were quantified using a Qubit Fluorometer
(Invitrogen, Eugene, OR, USA), equally pooled by mass, and sequenced by Shanghai
Majorbio Bio-pharm Technology Co., Ltd. on an Illumina MiSeq plat platform.

2.6. Bioinformatics Analyses

Raw sequencing files were de-multiplexed and quality filtered using QIIME at a qual-
ity threshold of 20. Operational taxonomic units (OTUs) were clustered at a 97% similarity
threshold using UPARSE [46], and chimeric sequences were identified and removed with
UCHIME [46]. The taxonomy was assigned using the RDP classifier algorithm, and the
Silva SSUrRNA database (Version 138) was referenced with a confidence threshold of
0.7. The OTU matrices were rarefied using a standard of sequence numbers correspond-
ing to the sample with the least reads. The alpha diversity was analyzed with Mothur
(Version 1.30.2) based on the rarefied data. Beta diversity indexes were calculated in Qi-
ime and nonmetric multidimensional scaling (NMDS) analysis was conducted, with the
Bray–Curtis dissimilarities of the communities tested using ANOSIM in Primer v6 [47,48].
Functional prediction of bacterial communities related to the carbon cycle was performed
using the Functional Annotation of Prokaryotic Taxa (FAPROTAX) database [49].

The raw reads in this study have been deposited into the NCBI SRA database with
the project accession number PRJNA918849 for the bacterial 16S rDNA sequences and
PRJNA918853 for the fungal ITS sequences.

2.7. Statistical Analysis

All data were firstly checked for normality and homogeneity of variance using the
Shapiro–Wilk’s test and Levene’s test, respectively, and the raw data were log-transformed
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when necessary. The Student’s t-test was conducted to test the statistical difference in
seagrass biomass between above-ground and below-ground tissues, as well as seawater
nutrients, seagrass biomass, sediment characteristics and carbon stocks, microbial diversity
indexes and relative abundance of dominant bacterial and fungal taxa between Hainan
Island and the Xisha Islands. A one-way analysis of variance (ANOVA) followed by the
least significant difference (LSD) was used to check if the difference in seawater, seagrass,
sediment and microbial traits was significant among different seagrass species. Pearson’s
correlation was used to test the relationships between environmental factors and Corg,
Cstocks, MOC and DOC. All above statistical analyses were performed with IBM SPSS
Statistics 26.0.

3. Results
3.1. Seawater Nutrients

The seawater nutrients of seagrass beds on Hainan Island and the Xisha Islands are
described in Table 1. Generally, NO3

−-N was the primary component of the dissolved
inorganic nitrogen (DIN, the sum of NH4

+-N, NO2
−-N and NO3

−-N) on Hainan Island,
while NO3

−-N and NH4
+-N were the principal nitrogen nutrient on the Xisha Islands.

The concentrations of DIN, NO3
−-N and NH4

+-N on the Xisha Islands were significantly
lower than those on Hainan Island (ANOVA test, p < 0.05), and the highest value appeared
in Long Bay, Xiaohai and Xincun Bay, respectively. The NO2

−-N concentration peaked
in Xiaohai (2.20 ± 0.65 µmol/L), and was lowest on the Xisha Islands (~0.06 µmol/L).
DIP concentrations varied largely among sampling sites, and in general were apparently
higher on Hainan Island (on average 0.89 µmol/L) than on the Xisha Islands (0.34 µmol/L).
Among different seagrass species, substantially higher both nitrogen and phosphorus
nutrients were observed in the E. acodoides bed, while Halophila sp. and T. hemprichii beds
had comparable nutrient levels (Table 1).

Table 1. Seawater nitrogen and phosphorus concentrations in the seagrass beds of Hainan Island and
the Xisha Islands (mean ± S.E.).

NO3−-N
(µmol/L)

NO2−-N
(µmol/L)

NH4
+-N

(µmol/L)
DIN

(µmol/L)
DIP

(µmol/L)

Study site

Hainan Island

Li’an Port 5.83 ± 0.77 b 0.08 ± 0.03 bd 2.96 ± 0.16 b 8.87 ± 0.87 b 0.13 ± 0.01 b

Long Bay 20.80 ± 1.46 a 2.00 ± 0.17 a 4.72 ± 0.60 b 27.52 ± 0.96 a 0.74 ± 0.06 a

Tanmen Port 12.68 ± 1.31 c 0.37 ± 0.05 c 3.73 ± 0.03 b 16.78 ± 1.28 c 1.35 ± 0.20 a

Xincun Bay 14.53 ± 2.18 c 0.17 ± 0.01 bc 12.16 ± 1.13 a 26.87 ± 1.87 a 1.08 ± 0.10 a

Dongzhai Harbor 14.36 ± 0.53 c 0.39 ± 0.06 c 3.06 ± 0.50 b 17.81 ± 0.68 c 1.20 ± 0.28 a

Xiaohai 22.24 ± 3.89 a 2.20 ± 0.65 a 3.06 ± 0.34 b 27.49 ± 3.88 a 0.82 ± 0.03 a

Xisha Islands 1.28 ± 0.03 d 0.06 ± 0.00 d 1.06 ± 0.06 c 2.40 ± 0.06 d 0.34 ± 0.02 c

Seagrass species
E. acodoides 13.10 ± 2.25 0.816 ± 0.302 A 3.80 ± 0.31 A 17.72 ± 2.75 A 0.74 ± 0.19
Halophila sp. 4.31 ± 1.24 0.284 ± 0.119 B 1.56 ± 0.15 B 6.16 ± 1.45 B 0.42 ± 0.06
T. hemprichii 2.44 ± 0.64 0.069 ± 0.007 B 1.86 ± 0.54 B 4.37 ± 1.16 B 0.43 ± 0.04

Notes: different lowercase (a, b, c, d) and capital letters (A, B) indicate significant difference among study sites
and seagrass species in the same column, respectively (ANOVA test, p < 0.05).

3.2. Sediment Characteristics and Carbon Stocks

Across all samples, sediment MOC, DBD and MOC/Corg ratio were substantially
higher on Hainan Island than on the Xisha Islands, while sediment TN content, pH and
grain size were apparently higher on the Xisha Islands (t-test, p < 0.05, Figure 2 and
Table S1). However, sediment Cstocks, DOC and Corg had similar values in the two study
regions (p > 0.05, Figure 2 and Table S1).

On Hainan Island, sediment characteristics and carbon stocks varied largely among
different seagrass beds, with the highest Cstocks, MOC, Corg and TN values occurring
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in the Halophila sp. bed and the lowest in the T. hemprichii bed (ANOVA test, p < 0.05,
Figure 2a,c–e). The highest and lowest MOC/Corg ratios were recorded in Halophila sp.
and E. acodoides beds, separately (p < 0.05, Figure 2i). Conversely, the Halophila sp. bed
had the lowest sediment pH and grain size (p < 0.05, Figure 2g,h). Sediment DOC was
highest in the E. acodoides bed (559.29 ± 43.58 µg C/g), and also lowest in the T. hemprichii
bed (248.39 ± 34.99 µg C/g) (Figure 2b). On the Xisha Islands, the MOC/Corg ratio in the
Halophila sp. bed was conspicuously higher than that in the T. hemprichii bed (p < 0.05,
Figure 2i), whereas there was no significant discrepancy in other sediment characteristics
among the seagrass beds on the Xisha Islands (p > 0.05, Figure 2).

Meanwhile, sediment characteristics and carbon stocks in a same seagrass species
were compared between Hainan Island and Xisha Islands. In the Halophila sp. bed, Cstocks,
MOC, Corg and MOC/Corg ratio were higher on Hainan Island than on the Xisha Islands
(t-test, p < 0.05, Figure 2a,c,d,i), while sediment DOC, TN and DBD were comparable
between the two regions (p > 0.05, Figure 2b,e,f). However, in the T. hemprichii bed, there
were higher sediment Cstocks, DOC, Corg, TN content and pH on the Xisha Islands (p < 0.05,
Figure 2a,b,d,e,g), but higher DBD on Hainan Island (p < 0.05, Figure 2f).
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Figure 2. Sediment Cstocks (a), DOC (b), MOC (c), Corg (d), TN content (e), and DBD (f), pH (g), grain
size (h), and MOC/Corg ratio (i) on Hainan Island and the Xisha Islands (mean ± S.E.). The much
greater than (>>) or less than (<<) symbols indicate significant difference in these characteristics
between Hainan Island and the Xisha Islands across all samples (t-test, p < 0.05). Different lowercase
and capital letters indicate significant statistical difference among seagrass beds on Hainan Island
and the Xisha Islands, respectively (ANOVA test, p < 0.05). The asterisk (*) and pound sign (#) over
the bars show statistical significance between the Halophila sp. and T. hemprichii beds from Hainan
Island and the Xisha Islands, respectively (t-test, p < 0.05).

3.3. Seagrass Biomass and Biochemical Properties

Overall, the above-ground biomass (31.29 ± 3.09 gDW/m2) of all seagrass species
were generally lower than the below-ground biomass (82.92 ± 11.12 gDW/m2) (t-test,
p < 0.05, Table S2). Between Hainan Island and the Xisha Islands, seagrass’s above-ground
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(45.00 ± 7.23 vs. 27.17 ± 3.23 gDW/m2) and under-ground biomass (152.54 ± 35.01 vs.
62.04 ± 8.47 gDW/m2) were significantly higher on Hainan Island (p < 0.05, Figure 3 and
Table S3). Among three seagrass species, E. acodoides had the highest both above-ground
and below-ground biomass, while Halophila sp. had the lowest (ANOVA test, p < 0.05,
Figure 3a,b).
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Figure 3. Variations of seagrass above-ground tissue biomass (a), below-ground tissue biomass (b),
above-ground tissue C (c), below-ground tissue C (d), above-ground tissue N (e), below-ground
tissue N (f), above-ground tissue C/N ratio (g) and below-ground tissue C/N ratio (h) in seagrass
beds from Hainan Island and the Xisha Islands (mean ± S.E.). The much greater than (>>) or less
than (<<) symbols indicate significant difference in seagrass properties between Hainan Island and
the Xisha Islands across all samples (t-test, p < 0.05). Different lowercase and capital letters indicate
significant difference among seagrass beds on Hainan Island and the Xisha Islands, respectively
(ANOVA test, p < 0.05). The asterisk (*) and pound sign (#) over the bars show statistical significance
between Halophila sp. and T. hemprichii beds from Hainan Island and the Xisha Islands, separately
(t-test, p < 0.05).

The N content was obviously lower in the below-ground tissues (0.92 ± 0.03%) than in
the above-ground tissues (1.55 ± 0.06%) (p < 0.05), but the difference in C contents between
the two parts of tissue were weak (p > 0.05), and so the ratio of C/N was higher in the
below-ground tissues (below-ground vs. above-ground, 32.38 ± 0.91% vs. 18.34 ± 0.56%)
(p < 0.05, Table S2). There was significantly higher tissue N content on Hainan Island than
on the Xisha Islands (p < 0.05, Figure 3 and Table S3). The E. acodoides had the highest
above-ground tissue C; instead, T. hemprichii had the highest below-ground tissue C and
the lowest above-ground tissue C and N (Figure 3c–e).

3.4. Sediment Enzyme Activities

The activities of sediment alkaline phosphatase, urease, invertase, cellulose and polyphe-
nol oxidase had a range of 0.47–0.50 U/g, 8.10–8.43 U/g, 5.80–6.03 U/g, 0.83–0.85 U/g and
2.35–2.37 U/g, respectively (Table S4). No significant differences in enzyme activities were
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observed between Hainan Island and the Xisha Islands, or among different seagrass beds
(p > 0.05, Figure S1).

3.5. Microbial Community Diversities, Compositions and Distributions

After quality filtering, a total of 4,055,261 bacterial 16S rDNA and 4,375,303 fungal
ITS valid sequences were obtained, which were clustered into 30,407 bacterial OTUs
and 5288 fungal OTUs with 97% sequence similarity, separately. Bacterial α-diversities
including OTUs, Shannon and Chao 1 showed no difference between Hainan Island and
the Xisha Islands, and among seagrass species (p > 0.05, Table 2). However, the OTUs and
Chao 1 index of fungal community were significantly higher on Hainan Island than on the
Xisha Islands (t-test, p < 0.05, Table 2). In addition, Halophila sp. sediments had the highest
fungal OTUs and Chao 1, while T. hemprichii had the lowest (ANOVA test, p < 0.05, Table 2).

Table 2. The α-diversities (including OTUs, Shannon, and Chao 1 indexes) of bacterial and fungal
communities in the seagrass beds of the Xisha Islands and Hainan Island (mean ± S.E.).

OTUs Shannon Chao 1

Study region

Bacteria
Hainan Island 3570.89 ± 65.01 6.74 ± 0.04 5329.50 ± 107.42
Xisha Islands 3577.09 ± 108.60 6.31 ± 0.17 5237.62 ± 139.58

Fungi Hainan Island 341.22 ± 67.37 a 3.44 ± 0.45 356.89 ± 68.29 a

Xisha Islands 111.47 ± 3.57 b 2.84 ± 0.10 120.02 ± 4.00 b

Seagrass species

Bacteria
E. acodoides 3737.22 ± 72.30 6.74 ± 0.07 5591.00 ± 113.48

Halophila sp. 3405.57 ± 178.76 6.13 ± 0.30 5048.95 ± 228.21
T. hemprichii 3697.75 ± 60.41 6.60 ± 0.05 5369.04 ± 98.15

Fungi
E. acodoides 206.44 ± 35.07 AB 2.32 ± 0.58 218.26 ± 35.18 AB

Halophila sp. 215.17 ± 45.94 A 3.22 ± 0.23 226.85 ± 46.65 A

T. hemprichii 117.03 ± 5.54 B 2.96 ± 0.13 125.30 ± 5.76 B

Notes: different lowercase letters indicate significant difference in microbial diversities between Hainan and the
Xisha Islands (t-test, p < 0.05), and different capital letters denote significant difference of microbial diversities
among different seagrass species (ANOVA test, p < 0.05).

Proteobacteria (relative abundance, 7.84–31.70%) was the dominant bacteria in all sea-
grass beds, followed by Bacteroidota (6.98–16.50%), Desulfobacterota (6.18–14.78%), Actinobac-
teriota (3.78–10.47%), Chloroflexi (2.62–13.26%), Acidobacteriota (4.69–8.11%), Firmicutes
(1.74–10.96%), Cyanobacteria (0.61–8.50%), Latescibacterota (1.24–5.92%), Spirochaetota
(1.01–2.77%), Myxococcota (1.45–2.55%), Campilobacterota (0.15–4.75%), Verrucomicrobiota
(0.57–3.91%) and Patescibacteria (0.48–2.51%) (Figure 4a). Among them, Desulfobacterota,
Acidobacteriota, Chloroflexi, Latescibacterota and Campilobacterota presented more fre-
quently on Hainan Island, and Proteobacteria, Bacteroidota, Cyanobacteria and Myxococ-
cota prevailed on the Xisha Islands (t-test, p < 0.05, Table S5). Desulfobacterota, Latescibac-
terota and Campilobacterota were the dominant bacterial phylum of the E. acodoides bed,
while T. hemprichii and Halophila sp. beds had the highest abundance of Bacteroidota and
Cyanobacteria (ANOVA, p < 0.05, Table S5).

The most abundant fungal phyla in the seagrass sediments included Ascomycota
(15.57–75.00%), Basidiomycota (6.41–53.06%), Chytridiomycota (0–34.24%) and Rozellomy-
cota (0.12–3.34%) (Figure 4b). Ascomycota and Basidiomycota were more abundant on
Hainan Island, while Chytridiomycota was highly presented on the Xisha Islands (t-test,
p < 0.05, Table S5). The E. acodoides beds had the highest abundance of Basidiomycota
(ANOVA, p < 0.05), the highest abundance of Chytridiomycota were detected in Halophila
sp. and T. hemprichii beds (p < 0.05), while Ascomycota had similar proportions in the three
seagrass beds (p > 0.05) (Table S5).
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Figure 4. Relative abundance (%) of the dominant bacterial (a) and fungal (b) taxa at the phylum
level in seagrass bed sediments of Hainan Island and the Xisha Islands.

To investigate distribution patterns of bacterial and fungal communities, the NMDS
analysis was performed (Figure 5). Both bacterial and fungal communities were primarily
structured by study regions with communities on Hainan Island, clustered separately from
those on the Xisha Islands across all samples (ANOSIM, p = 0.00, Table S6). However,
compared with T. hemprichii, bacterial communities between E. acodoides and Halophila
sp. beds were more homologous (ANOSIM, r = 0.09, p = 0.18) (Table S6). Similarly, we
found that fungal communities between Halophila sp. and T. hemprichii beds were also more
analogous (ANOSIM, r = 0.00, p = 0.34) (Table S6).
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Figure 5. Distribution patterns of bacterial (a) and fungal (b) communities based on the unweighted
UniFrac metric in seagrass sediments of Hainan Island and the Xisha Islands. The sites were colored
by seagrass species with E. acodoides in red, T. hemprichii in green, and Halophila sp. in blue.

3.6. Bacterial Putative Metabolic Functions Involved in Carbon Cycle

In the predicted bacteria-derived C cycle, chemoheterotrophy (21.97–29.05%) and
aerobic-chemotherophy (15.82–20.33%) seemed to be the most active processes (Figure 6
and Table S7). Other active processes included fermentation (6.41–9.45%), phototrophy
(3.09–7.31%), photoautotrophy (2.88–7.26%), oxygenic photoautotrophy (2.51–7.06%), ureol-
ysis (0.22–1.80%), aromatic compound degradation (0.14–1.69%), hydrocarbon degradation
(0.18–1.48%), and so on (Figure 6 and Table S7). The relative abundances of phototrophy,
photoautotrophy, oxygenic photoautotrophy and cellulolysis were considerably higher
on the Xisha Islands than on Hainan Island (p < 0.05, Table S7). However, more active
chemoheterotrophy, aromatic compound degradation, aromatic hydrocarbon-degradation,
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anoxygenic photoautotrophy, aliphatic non-methane hydrocarbon degradation and ligninol-
ysis were observed on Hainan Island compared with the Xisha Islands (p < 0.05, Table S7).
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community.

Among seagrass beds, the relative abundance of ureolysis, aromatic compound
degradation, hydrocarbon degradation, aromatic hydrocarbon degradation, aliphatic
non-methane hydrocarbon degradation, and ligninolysis were substantially higher in
the E. acodoides bed than in other seagrass beds (p < 0.05), while that of oxygenic pho-
toautotrophy and cellulolysis was highest in T. hemprichii beds (p < 0.05, Figure 6 and
Table S7).

3.7. The Key Environmental Drivers of Sediment Cstocks

Pearson’s correlation demonstrated that both sediment Corg and Cstocks positively
related to MOC and TN content (n = 26, r > 0.40, p < 0.01) (Table 3). However, Corg
negatively correlated with sediment pH, grain size, DBD and seawater NH4

+-N (r < −0.26,
p < 0.05) (Table 3). Cstocks had a significant correlation with invertase activity (r = −0.22,
p < 0.05) (Table 3). Moreover, sediment MOC appeared to increase with increasing sediment
TN content, seawater N and P nutrients and seagrass below-ground tissue N (r > 0.23,
p < 0.05), while decline with sediment pH, grain size and below-ground tissue C/N ratio
(r < −0.24, p < 0.05). There was no significant correlation between any environmental factor
determined and sediment DOC (p > 0.05, Table 3).

Table 3. Pearson’s correlations between environmental factors and sediment Corg, Cstocks, MOC and
DOC (n = 26).

MOC DOC Corg Cstocks

Sediment

MOC – – 0.490 ** 0.418 **
DOC – – −0.036 −0.049
TN 0.276 ** −0.032 0.449 ** 0.409 **

Alkaline
phosphatase 0.178 0.015 −0.008 −0.035

Urease 0.055 0.091 −0.03 −0.012
Invertase −0.032 0.067 −0.181 −0.223 *
Cellulose −0.188 0.163 −0.075 −0.089

Polyphenol
Oxidase 0.105 0.008 −0.044 −0.042

pH −0.689 ** 0.147 −0.347 ** −0.449 **
Grain sizes −0.578 ** −0.044 −0.278 ** −0.306 **

DBD −0.068 −0.046 −0.308 ** 0.012
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Table 3. Cont.

MOC DOC Corg Cstocks

Seawater

NO3-N 0.585 ** −0.184 −0.015 −0.018
NH4

+-N 0.234 * 0.01 −0.256 * −0.208
DIN 0.553 ** −0.149 −0.071 −0.066
DIP 0.253 * −0.208 0.007 0.092

Seagrass above-ground tissue
C 0.135 −0.054 0.038 0.015
N 0.206 −0.012 −0.02 −0.047

C/N ratio −0.109 −0.024 0.059 0.054

Seagrass below-ground tissue
C 0.051 −0.094 0.017 −0.03
N 0.342 ** −0.108 −0.089 −0.095

C/N ratio −0.285 * 0.048 0.09 0.055

* p < 0.05, ** p < 0.01.

4. Discussion

It has been widely recognised that seagrass biomass is a determining predictor for
sediments Corg [50]. A total of 30–70% of the seagrass structural carbohydrate is composed
of cellulose and lignin [51], which are resistant to microbial decomposition, contributing
importantly to sediment Corg storage [34]. In this study, the biomass of seagrass were much
higher on Hainan Island than on the Xisha Islands (Figure 3), but the leaf and root C/N ra-
tios on Hainan Island were lower compared with the Xisha Islands (Figure 3 and Table S3).
These results support the conclusion that nutrient input improves seagrass primary produc-
tivity and biomass [21,22]. Moreover, nutrient enrichment could raise the nutrient content
in seagrass [52,53], leading to lower C/N ratios in seagrass tissues. Theoretically, the sedi-
ment Cstocks in the seagrass beds of Hainan Island should be higher than that on the Xisha
Islands, but actually, the average sediment Cstocks between the two regions was comparable
(Figure 2 and Table S1), suggesting that seagrass productivity and biomass were not the
only decisive factor for sediment Cstocks in these seagrass beds [54,55]. Consistent with our
results, the seagrass beds in Florida Bay had extremely high carbon storage potential, even
in nutrient-limited areas with low seagrass biomass or productivity [55].

In addition to seagrass biomass, nutrient inputs profoundly influenced the carbon
storage of seagrass sediments [55]. We found that sediment MOC was considerably higher
on Hainan Island (Figure 2), and positively correlated with seawater N and P nutrients
(Table 3). Similarly, previous studies also proposed that an increase in seawater nutrient
loads induced the increase of active organic carbon in seagrass beds [35,56]. Sediment
MOC mainly consisted of low-molecular weight, relatively nutrient-rich organic carbon
originating from sedimentary organic particles, algae detritus, seagrass faded tissues and
root exudates. In the seagrass beds of Hainan Island, the N and P nutrient loading was
accompanied by organic particles input, such as farming residual feed and excrement.
Moreover, nutrient enrichment would lead to excess nutrients being stored in seagrass
tissues as amino acids or proteins, and reduce the transfer of carbon from above-ground
to below-ground tissues, thus increasing the proportion of labile organic carbon (LOC)
in seagrass tissues [53,57]. Additionally, nutrient enrichment enhanced the release of
dissolved organic matter from seagrass leaf litters [57]. All of these contribute to high
sediment MOC in the eutrophic seagrass beds of Hainan Island. Nonetheless, ammonia
enrichment appeared to reduce carbon storage in seagrass sediments [35,52], which was
supported by the negative correlation between sediment Corg and seawater NH4

+-N in our
study (Table 3). As mentioned above, N enrichment induced a larger ratio of labile organic
carbon pools into seagrass sediments, which is easily decomposed by microorganisms. On
the other hand, the LOC supply can promote the degradation of recalcitrant organic carbon
(ROC) through priming effects, that is, improving the enzyme activities and biomass of
bacteria, and accelerating carbon efflux from the sediments [55].

Apart from seawater nutrients, sediment characteristics could regulate seagrass carbon
sink potential [25,58]. Our results showed that sediment pH was significantly lower on
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Hainan Island than on the Xisha Islands (Figure 2 and Table S1), and negatively correlated
with MOC, Corg and Cstocks (Table 3). Decomposition of labile organic matter enhanced
the release of CO2, which apparently reduced the pH of sediments on Hainan Island.
Furthermore, the ability of mineral phases to adsorb Corg intensively decreased with the
increase in pH value [59]. Due to the sedimentation of amounts of allochthonous organic
particles and hydrological and geological features, Hainan Island had finer sediments
than the Xisha Islands (Figure 2 and Table S1) [38,60]. Sediment Corg and Cstocks were
significantly negatively correlated with grain size (Table 3). Sediment grain size determined
the sediment adsorption capacity of organic matter with finer sediments holding more
organic matter [58]. Besides, the grain size was an important factor for regulating oxygen
concentration in sediments, and indirectly influences microbial activities of degrading
Corg [58,61]. Contrary to the negative effect of seawater N nutrients on sediment Cstocks,
we were surprised to find that sediment TN content had significantly positive correlations
with sediment Corg and Cstocks across all samples (Table 3). This result was in line with
the results of Fourqurean et al. (2012) and Li (2018) [15,62]. Neff et al. (2002) reported
that nitrogen addition strongly accelerated decomposition of LOC fraction, while further
stabilizing the ROC fraction in heavier mineral-related compounds with multidecadal to
century lifetimes [63]. In addition, some studies displayed that the increase of sediment
TN significantly reduced the abundance and diversity of genes related to the production
of extracellular enzymes involved in the degradation of ROC, resulting in a decrease in
microbial activities, which then has a positive impact on sediment Cstocks [64,65]. Sedi-
ment enzymes were the direct executors of decomposing organic matter in sediments [32].
Among all enzymes determined in this study, the activity of invertase remarkably nega-
tively correlated with sediment Cstocks (Table 3). Invertase could hydrolyze sucrose into
glucose and fructose [45,66] and accelerate the loss of sediment organic carbon.

To our knowledge, this was the first study linking microbial communities and potential
functions to sediment Cstocks in seagrass bed systems (Figure 7). Interestingly, our results
showed that the fast-growing bacteria Proteobacteria were largely enriched (>29%) on the
Xisha Islands (Figure 4a and Table S5). Proteobacteria primarily consumed more LOC,
rather than ROC, by aerobic digestion [67,68]. In addition, the well-known ROC-degrading
bacteria Bacteroidota (Bacteroidetes), which produces enzymes targeting complex organic
polymers such as cellulose, hemicellulose, lignin and protein [69], occurred more frequently
on the Xisha Islands (Figure 4a and Table S5). These bacterial groups could contribute
significantly to carbon loss in the oligotrophic environment. On the contrary, Acidobacte-
riota, Chloroflexi and Desulfobacterota prevailed on Hainan Island (Figure 4a and Table
S5). Trivedi et al. (2013) supplied a metagenomic evidence that higher sediment Corg was
associated with bacterial communities dominated by Acidobacteriota, and showed that
the group promoted sediment Cstocks not only due to its slow growth and lower metabolic
activities, but also through the production of polysaccharides for sediment structural stabil-
ity [67]. In the seagrass beds of Hainan Island, a high proportion of labile organic matter
stimulated the growth and aerobic respiration of heterotrophic bacteria, consuming O2,
and possibly leading to an anaerobic and reduced condition in sediments. Chloroflexi
and the sulfate-reducing bacteria Desulfobacterota could degrade organic matter under
anaerobic conditions [70,71], which was a low-efficiency way of consuming organic matter
compared with aerobic digestion [72]; hence, more organic carbon could be retained in
sediments in Hainan seagrass beds. FAPROTAX results further showed that a significantly
higher proportion of phototrophy, photoautotrophy and cellulolysis (hydrolyzing cellu-
lose, the main structure carbon of seagrass tissue) was present in the seagrass beds of the
Xisha Islands (Figure 6 and Table S7); nonetheless, various carbon metabolic processes
including aromatic compound/hydrocarbon degradation, ureolysis, and ligninolysis were
more active in seagrass sediments of Hainan Island, suggesting that there were distinct
carbon metabolic processes in seagrass sediments between the eutrophic and oligotrophic
environments, and allochthonous organic matter contributed importantly to the sediment
carbon pools of Hainan Island seagrass beds.
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The fungal community impacts the decomposition of recalcitrant litter and carbon
sequestration in sediments [73,74]. It was generally believed that fungi (particularly
Ascomycota and Basidiomycota) dominated the decomposition of lignin, cellulose and
hemi-cellulose, all of which were important components of Corg in seagrass bed sys-
tems [36,75–77]. In this study, we newly found distinctly higher fungal diversity and
relative abundances of Ascomycota and Basidiomycota (30.29–40.54%) on Hainan Island
compared with the Xisha Islands (7.76–15.81%) (Figure 4b and Table S5). This phenomenon
could be attributed to high nutrients, seagrass biomass and sediment MOC on Hainan
Island, since previous reports had suggested that nitrogen supplementation could stimu-
late fungal growth [78]. Conversely, Chytridiomycota dominated (more than 33%) fungal
communities on the Xisha Islands (Figure 4b and Table S5), which was similar to the re-
sults found in Bohai and the North Yellow Sea [79]. Chytridiomycota or chytrids are a
polyphyletic group of mobile water fungi that are pathogens of phytoplankton and am-
phibians [79–81]. Recently, a few studies have found Chytridiomycota in coral-associated
fungi [82,83], which even accounted for a fairly high proportion (69.4%) of coral (Pocillopora)
substrates revealed with 18S rDNA metabarcoding [83]; however, the ecological roles of
chytrids in corals remain unknown. We speculated that the abundant Chytridiomycota in
seagrass sediments of the Xisha Islands could be derived from coral substrates.

5. Conclusions

In the present study, we compared the sediment carbon stocks in seagrass beds
between Hainan Island, which is affected by intense human activities, and the Xisha
Islands, which have little human interference, and deeply analyzed the factors driving
the distinction in sediment Cstocks between the two environments. We found that despite
seagrass biomass being much higher on Hainan Island than on the Xisha Islands, the
amount of sediment Cstocks was similar in the two regions. Apart from seagrass biomass,
seawater nutrients, sediment properties and enzymes were involved in the regulation of
sediment carbon storage. Importantly, we first explored the effects of sediment microbes
on Cstocks in seagrass bed systems. It should be noted that although sediment Cstocks was
comparable, Hainan Island had a significantly higher ratio of MOC/Corg in sediments than
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the Xisha Islands, meaning that carbon in Hainan Island seagrass beds was more likely to
escape if the system was disturbed (Figure 7). Our study highlighted the mechanism of
carbon storage in seagrass beds, which will be an important reference for evaluating the
carbon sink capacity of seagrass systems, and informative for managing and conserving
seagrass beds.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr11020456/s1. Table S1: Comparison of sediment characteristics of
seagrass beds between Hainan Island and the Xisha Islands (t-test, mean± S.E.), Table S2: Comparison
of seagrass biomass between above-ground and below-ground tissues (t-test, mean ± S.E.), Table S3:
Comparison of seagrass tissue biomass between Hainan Island and the Xisha Islands (t-test, mean ±
S.E.), Table S4: Sediment enzyme activities of seagrass beds on Hainan Island and the Xisha Islands
(mean ± S.E.), Table S5: Relative abundance (%) of the main bacterial and fungal phyla in seagrass
bed sediments of Hainan Island and the Xisha Islands (mean ± S.E.), Table S6: ANOSIM analysis of
bacterial (a) and fungal (b) communities among study regions and seagrass species, Table S7: Relative
abundance (%) of predicted bacterial functions related to the carbon cycle in seagrass beds of Hainan
Island and the Xisha Islands (mean ± S.E.), Figure S1: Variations of alkaline phosphatase (a), urease
(b), invertase (c), cellulase (d) and polyphenol oxidase (e) activities in seagrass beds between Hainan
Island and the Xisha Islands, and among different seagrass species (mean ± S.E.).
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