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Nutrient loading is a leading cause of global seagrass decline, triggering shifts from seagrass- tomacroalgal-dom-
inance. Within seagrass meadows of Xincun Bay (South China Sea), we found that nutrient loading (due to fish
farming) increased sedimentmicrobial biomass and extracellular enzyme activity associatedwith carbon cycling
(polyphenol oxidase, invertase and cellulase), with a corresponding decrease in percent sediment organic carbon
(SOC), suggesting that nutrients primed microorganism and stimulated SOC remineralization. Surpisingly, how-
ever, the relative contribution of seagrass-derived carbon to bacteria (δ13Cbacteria) increased with nutrient load-
ing, despite popular theory being that microbes switch to consuming macroalgae which are assumed to
provide amore labile carbon source. Organic carbon sources of fungiwere unaffected by nutrient loading. Overall,
this study suggests that nutrient loading changes the relative contribution of seagrass and algal sources to SOC
pools, boosting sediment microbial biomass and extracellular enzyme activity, thereby possibly changing
seagrass blue carbon.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Seagrass ecosystems are globally-significant hotspots for organic
carbon (OC, ‘blue carbon’) sequestration and storage, estimated to
store up to 19.9 Pt C in their sediments - an amount equivalent to 10–
times that stored in the earth's terrestrial soils (Fourqurean et al.,
2012; Duarte et al., 2013; Greiner et al., 2013; Macreadie et al., 2014).
Sediment microorganisms have a prominent contribution in determin-
ing the balance between sediment organic carbon (SOC) storage and
remineralization processes within seagrass meadows (Sparling, 1992;
Chambers et al., 2016), and can also contribute to a significant propor-
tion of the seagrass SOC (30% of living C and over 8% of total OC for sur-
face sediments; Danovaro et al., 1994). The relative use of the different
sources of OC (seagrass, macroalgae, epiphytes, microphytobenthos,
terrestrial organic matter) by microbes living within seagrass sediment
is thought to depend primarily on the lability of OC (Jones et al., 2003;
Holmer et al., 2004). Microbes primarily stimulate important OC trans-
formation through the release of carbon-cycling extracellular enzymes,
which play an important role in all biogeochemical cycles as proximate
f Oceanology, Chinese Academy
agents in crucial processes such as OC decomposition and energy trans-
fer (Karaca et al., 2011; Shao et al., 2015).

Seagrass beds have been declining rapidly at a rate of 7% per year
(Waycott et al., 2009), mainly due to nutrient pollution (Green and
Short, 2003; Green et al., 2015). Increased nutrient loads to coastal
areas can trigger the overgrowth of algae, most commonly in the form
of epiphytes and macroalgae within seagrass beds (Hauxwell and
Valiela, 2004; Burkholder et al., 2007), causing increases in the relative
contribution of algae to the SOC pool within seagrass meadows
(Volkman et al., 2008; Macreadie et al., 2012). It is thought that bacteria
switch from seagrass to algal OC sources due to algal OC generally being
more labile (Holmer et al., 2004), and, consequently, algae materials
have relatively lower carbon burial efficiencies than seagrasses
(Cebrian, 1999; Banta et al., 2004). Indeed, López et al. (1998) found
that the addition of nutrient to seagrass sediment significantly in-
creased ammonification rates, microbial exo-enzymatic activities and
enhanced decomposition of SOC. However, empirical evidence of dis-
tinct shifts in sediment microbial communities, enzyme production
and microbial organic carbon sources within seagrass meadows in re-
sponse to nutrient loading is otherwise rare.

In this study, we investigated howmicrobial processes influence SOC
transformation in response to nutrient enrichment of a seagrassmeadow.
Our study site was a ~200 ha mixed seagrass meadow (dominated by
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Thalassia hemprichii) in the southern shallow waters of the Xincun Bay,
South China Sea (Huang et al., 2006). Xincun Bay has a long-history of ur-
banization and industrial development (Fig. 1),which has put pressure on
the seagrassmeadow, including highnutrient loading originated fromfish
farm expansion (Zhang et al., 2014; Liu et al., 2016). Liu et al. (2016) re-
ported that increased nutrient enrichment could enhance the relative
contributionof seagrass and alsomacroalgae and epiphyte to SOC, causing
elevationof SOC levels andmicrobial biomass inXincunBay.Whatwe still
don't know, however, is how microbial activities changes in response to
shifts in SOC sources and composition induced by nutrient loading.

Here we assessed phospholipid fatty acid (PLFA) profiles (Bossio and
Scow, 1998; Li et al., 2015; Chambers et al., 2016) and compound-specific
stable carbon isotope of PLFA (Boschker et al., 2000; Abraham and Hesse,
2003; Jones et al., 2003; Holmer et al., 2004; Bouillon and Boschker, 2006;
Kohl et al., 2015) to determine how microbial communities and the mi-
crobial OC sources change in response tonutrient enrichment. In addition,
we investigated how the extracellular enzyme activities, including poly-
phenol oxidase, peroxidase, invertase and cellulase, influence OC decom-
position (Waldrop et al., 2004; Yin et al., 2014; Li et al., 2015; Shao et al.,
2015). Our goal was to generate empirical data that could help under-
stand how nutrient loading affects the carbon-sink capacity of Xincun
Bay, thereby aiding resource managers to better manage anthropogenic
stressors that affect this nearly-closed bay.

2. Materials and methods

2.1. Study site

Xincun Bay (18°24′34″N–18°24′42″N, 109°57′42″E–109°57′58″E)
has only one narrow channel connecting to the South China Sea in the
southwest (Fig. 2). T. hemprichii grows on sediment consisting of sand
and terrigenousmud (Huang et al., 2006). In recent years, cage aquacul-
ture has developed rapidly, and the nutrient concentration is more than
twice higher at the seagrass bed nearest thefish farming area than at the
Fig. 1. Xincun Bay (Hainan Island, South China Sea) has a long history of anthropogenic impac
demands of households and local industry (B), and pollution (C); all of which have resulted in
farthest meadow, thereby providing a nutrient gradient along the
seagrass meadow (Zhang et al., 2014).

2.2. Sampling and sample preparation

Three stations (1, 2, and 3)were selected at varying distances from the
fish cage culture area (Fig. 2), representing a nutrient gradient from high
(Station 1) to low (Station 3). Station 1 was located near the bay's en-
trance andat a distance of about 800m from thefish cage culture systems,
while station 3 was located far from (about 3 km) the fish cage culture
systems. Station 2was between them. The distance between two stations
was about 1 km. Seawater was collected in December 2012, August 2013,
December 2013, and August 2014 at each station. An organic glass
hydrophore (KC Denmark A/S. Co., Denmark) was applied to collect the
surface-water samples (below surface 50 cm) during high tide periods
(water depths about 1.0–1.5 m). In August 2014, triple surface-sediment
(5 cm inner diameter) samples were also collected of the top 3 cm at low
tide at each stationwhere T. hemprichii grows. All the sampleswere stored
in an ice chest immediately after sampling until being transported to the
laboratory within a few hours.

The seawater was filtered by low vacuum filtration onto pre-
combusted GF/F filters (Whatman, 450 °C, 3 h). The filtrate was kept
in polyethylene bottles and stored at−20 °C for nutrient analysis. In ad-
dition, each sediment sample was divided into two subsamples. One
subsample was stored at 4 °C, while the other was stored in −20 °C
for sediment parameter analysis.

2.3. Laboratory analysis

The stored seawater was analyzed for dissolved inorganic nitrogen
(DIN = nitrate + nitrite + ammonium) and dissolved inorganic phos-
phate (DIP) using an AQ-2 Automated Discrete Analyzer.

The sediment sample stored at 4 °Cwas used for grain size, pH, elec-
trical conductivity (EC), enzyme activities (including polyphenol
t, including: fish farming and aquaculture (A), seafloor modification for to supply energy
poor water quality and fish kills (D).



Fig. 2. Sampling sites in Xincun Bay, Hainan Island, South China Sea.
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oxidase, peroxidase, invertase and cellulase) andmicrobial biomass car-
bon (MBC) analyses. Sediment grain sizewas analyzed using a laser par-
ticle size analyzer of Mastersize 2000. Sediment pH was measured in
1:2.5 sediment:water suspension and EC in 1:5 sediment: water sus-
pension using a Seven 2Go™ pH Meter and YSI-85 Conductivity
Meter, respectively (Lu, 1999). Polyphenol oxidase and peroxidase
were determined by the spectrophotometry of pyrogallic acid (Guan,
1986; Yin et al., 2014). Invertase and cellulase activities were measured
by the spectrophotometry of 3,5-dinitrosalicylic acid colorimetry (Yin et
al., 2014; Guan, 1986; Shao et al., 2015).MBCwas determined by the fu-
migation-extraction method (Vance et al., 1987; Yang et al., 2013). The
fumigated and non-fumigated moist sediments were extracted with
0.5MK2SO4 by shaking for 30min, and then the extract was vacuum fil-
tered through pre-combusted GF/F filters (Whatman, 450 °C, 3 h) into a
pre-combusted apragaz bottle (450 °C, 3 h) for total OC analysis. OC
content in the extracts was analyzed by TOC-Vcph (Shimadzu, Japan).
Sediment MBC was calculated according to the following equation:
MBC = (Cfumigated − Cnon-fumigated) / 0.38.

The frozen sediment sample was freeze-dried, ground and homoge-
nized using amortar and pestle. Sediment was acidified (1 N HCl) over-
night at room temperature to remove carbonate, followed by washing
with distilled water and drying at 40 °C in an oven. Sediment δ13C was
analyzed on an isotope ratio mass spectrometer (Thermo Scientific
MAT 253). The isotopic data were expressed in the conventional delta
notation (‰): δ13Csample = (Rsample / Rreference − 1) × 1000 where
R = 13C / 12C. The reference standard was Peedee Belemnite and the
analysis uncertainty was ≤0.2‰. In addition, organic carbon (OC) and
total nitrogen (TN) of sediment were determined using an elemental
analyzer (Vario EL).

The remaining freeze-dried sedimentwas used for phospholipid de-
rived fatty acids (PLFA) extraction and analysis. PLFA was extracted ac-
cording to the Ester-Linked method (Schutter and Dick, 2000), which
uses a mild alkaline transesterification methodology. The resulting
fatty acid methyl esters (FAME) were detected on a gas chromatograph
(Agilent HP 6890GC) equipped with a flame ionization detector and a
capillary column (Aligent DB-5MS 30 m × 0.25 mm; film thickness
0.25 μm). The GC temperature ramping increased at a rate of 5 °C per
minute from 80 to 240 °C, and final isotherm at 240 °C for 6 min.
Individual fatty acid was identified with a MIDI Sherlocks microbial
identification system (Microbial ID, Newark, DE). Concentration of
each PLFA was calculated based on the 19:0 standard concentrations.
Fatty acidswith b0.5% of the total relative abundancewere not included
in the data set. For each sample, the abundance of individual FAME was
expressed as nmol PLFA/g dry weight sediment. The PLFAs i14:0, 15:0,
i15:0, a15:0, i16:0, 16:1ω7c, 17:0, a17:0, i17:0, cy17:0, 18:1ω7 and
cy19:0 were chosen to represent the bacterial biomass (Zelles, 1999),
while the polyenoic, unsaturated PLFA 18:2ω6, 9c was used as a signa-
ture for fungi, as it is suggested to be the fungi origin in soil (Bååth,
2003). The fungal biomass to the bacterial biomass ratio (F/B) was cal-
culated using their molar concentration.

δ13C of each individual FAMEwas determined using a gas-chromato-
graph-combustion-interface isotope-ratio mass spectrometer (GC-c-
IRMS); a Thermo Scientific Trace GC Ultra GC connected to Delta V Ad-
vantage IRMS via a type III combustion interface from Thermo Finnigan.
Stable carbon-isotope ratios for individual PLFA were calculated from
FAME data by correcting for the one carbon atom in the methyl group
that was added during derivatization. The weight-averaged isotopic ra-
tios of i15:0 and a15:0 (i + a 15:0) were used to indicate bacterial δ13C
ratios after correction for isotopic fractionation in fatty acids (5.6‰)
(Boschker et al., 1999). The isotopic ratios of 18:2ω6, 9c was employed
to indicate fungal δ13C ratios (Abraham and Hesse, 2003; Kohl et al.,
2015), however, there was no information about the isotopic fraction-
ation of the 18:2ω6, 9c in seagrass meadows. Stable carbon-isotopes
are expressed in the delta notation relative to Vienna PDB as same as de-
scribed above.

2.4. Statistical analysis

Data were tested for normality and log transformed to meet the as-
sumptions for statistical analysis. One-way analysis of variance
(ANOVA) was used to determine the statistically significant differences
in seawater inorganic nutrient, sediment grain size, pH, salinity, SOC,
TN, ratios of SOC to sediment TN (C/N), MBC, ratios of MBC to SOC
(MBC/SOC), polyphenol oxidase, peroxidase, invertase, cellulase, total
PLFAs, bacterial PLFAs, fungal PLFA, F/B, and the δ13C values of SOC,
i + a 15:0 and 18:2ω6, 9c among stations. Isotopic mixing models,



Table 1
Variation of sediment variables among the three stations (mean±S.D.). The different cap-
ital letters (A, B) indicate significant differences among the three stations (S-N-K test,
p b 0.05).

Variables Station 1 Station 2 Station 3

Sand (%) 90.33 ± 9.69A 93.00 ± 7.39A 95.30 ± 6.38A

pH 8.12 ± 0.04B 8.24 ± 0.09AB 8.24 ± 0.02A

Electrical conductivity (dS/m) 4.00 ± 0.06A 3.33 ± 0.20B 3.32 ± 0.10B

SOC (%) 0.33 ± 0.10A 0.17 ± 0.03B 0.14 ± 0.01B

Sediment TN (%) 0.04 ± 0.01A 0.018 ± 0.003B 0.013 ± 0.003B

C/N (mol/mol) 9.61 ± 0.69B 11.18 ± 3.98AB 12.84 ± 1.71A

MBC (mg/kg) 300.54 ± 69.98A 74.77 ± 37.63B 61.11 ± 13.54B

MBC/SOC (%) 9.23 ± 1.51A 4.34 ± 1.37B 4.42 ± 0.48B

217S. Liu et al. / Marine Pollution Bulletin 117 (2017) 214–221
including a Bayesian approach, were applied with the software SIAR
(Parnell et al., 2010) to estimate the proportional contribution of
sources to the SOC, bacterial organic carbon (BOC) and fungal organic
carbon (FOC).·The δ13C values of possible SOC, BOC and FOC sources
were taken from Liu et al. (2016). Statistical analysis was performed
with IBM SPSS Statistics 19.0 software.

3. Results

3.1. Seawater nutrient and sediment variables

The average concentrations of DIN and DIP in the seawater were
4.81 ± 2.18 μmol and 0.55 ± 0.38 μmol in the four times sampling, re-
spectively (the first three seasons nutrient data come from Liu et al.,
2016). Variations of DIN and DIP among the stations were shown in
Fig. 3. There was significant difference in DIN concentrations among
the three stations (p b 0.05), but not for DIP (p N 0.05). The DIN and
DIP concentrations both showed a decreasing trendwith increasing dis-
tance to the fish farming area.

Sand content of the sediment at each station was N90%, indicating
that sandwas the dominant sediment type (Table 1). The electrical con-
ductivity, SOC, sediment TN, C/N ratios, MBC and MBC/SOC were found
to be significantly higher at station 1 than at station 3. Moreover, the
electrical conductivity, SOC and sediment TN presented a decreasing
trend from station 1 to station 3, but pH values and C/N ratios were
higher at station 3 than the other stations (Table 1).

3.2. Sediment oxidoreductase and hydrolase activities

The content ranges of polyphenol oxidase, peroxidase, invertase and
cellulase activities were 0.21–0.41 mg/g, 0.59–0.79 mg/g, 0.33–
0.92 mg/g and 0.13–0.97 mg/g, respectively, with the average activities
as 0.28 mg/g, 0.71 mg/g, 0.56 mg/g and 0.42 mg/g, respectively. The
polyphenol oxidase activity was significantly higher in station 1 than
the other stations (p b 0.05, Fig. 4 I). The peroxidase activity showed
the highest value in station 1, but was not pronounced among the sta-
tions (Fig. 4 II). The invertase and cellulose activities presented the
highest in station 1, which increased the invertase and cellulase activi-
ties by 1.20–1.22 and 2.52–4.66 fold compared to the other two stations,
respectively (p b 0.05, Fig. 4 III and IV). Moreover, polyphenol oxidase,
peroxidase, invertase, and cellulose activities exhibited the decreasing
trend from station 1 to 3 (Fig. 4).

3.3. Microbial community compositions

Analyses of total PLFAs, bacterial PLFAs and fungal PLFA, are widely
used to estimate the total microbial biomass, bacterial biomass and fun-
gal biomass, respectively (Frostegård and Bååth, 1996; Huang et al.,
2014). The total PLFAs, bacterial PLFAs, fungal PLFA and F/B ratio varied
Fig. 3. Station variations of DIN and DIP (mean ± S.D.; the first three seasons nutrient data co
significances among the stations (S-N-K test, p b 0.05).
significantly among stations (Fig. 5). Total PLFAs were significantly
higher in station 1 in contrast to other stations, with a ~50% decrease
in total PLFAs (p b 0.05, Fig. 5 I). Bacterial PLFAs and fungal PLFA
accounted for about 40% and 7% of total PLFAs in the present study. Sig-
nificantly higher bacterial PLFAs and fungal PLFA were also observed at
the sites closer to fish farms than at sites distant from fish farming area
(p b 0.05, Fig. 5 I, II). However, the F/B ratiosweremarkedly lower in sta-
tion 1 than station 3 (p b 0.05, Fig. 5 IV). Furthermore, bacterial PLFAs
showed a trend of station 1 N station 2 N station 3, while the F/B ratios
presented the opposite trend.

3.4. δ13C of sediment organic carbon, i + a 15:0 and 18:2ω6, 9c, and their
sources

δ13C of SOC (δ13CSOC) presented significant differences among the
stations (p b 0.05, Fig. 6). δ13CSOC showed a trend of station 1 N station
2 N station 3 with the average δ13CSOC as −13.44‰, −15.28‰ and −
15.47‰, respectively (Fig. 6). The average i + a 15:0 δ13C (δ13Cbacteria)
was −10.73‰, with more enriched values than the average δ13CSOC

(−14.73‰) (Fig. 6). δ13Cbacteria ranged from −8.72‰ to −12.01‰,
which δ13Cbacteria in station 1 was observed higher than other stations.
δ13C of PLFA 18:2ω6, 9c (δ13Cfungi) ranged between −25.24‰ and −
27.08‰ (without isotopic fractionation), and the variation of δ13Cfungi
was not significant among the stations (p N 0.05, Fig. 6).

According to the δ13C data of primary producers in Xincun Bay (Liu
et al., 2016), the average δ13C of seagrass, macroalgae and epiphyte,
and suspended particulate organic matter (SPOM) were −8.99‰, −
13.61‰ and−19.08‰, respectively (Fig. 6). The average relative contri-
butions of primary producers to SOC and BOC were shown in Table 2.
SOC sources were mainly composed of macroalgae and epiphyte as
well as SPOM. The relative contribution of seagrass, and macroalgae
and epiphyte to SOC increased from station 3 to 1, but SPOM showed
the opposite trend. BOC mainly originated from seagrass, and the rela-
tive contribution of seagrass to BOC in station 1 was about 1.6 times
compared with other two stations. In addition, the relative contribution
me from Liu et al., 2016). Different capital letters (A, B) over the bars indicate statistical



Fig. 4. Station variations of polyphenol oxidase (I), peroxidase (II), invertase (III) and cellulas (IV) activities (mean± S.D.). Different capital letters (A, B) over the bars indicate statistically
significances among the stations (S-N-K test, p b 0.05).
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of macroalgae and epiphyte tended to be similar (34%), while that of
SPOMwas about 16% lower than the other two stations.

4. Discussion

4.1. Changes of organic carbon sources in sediment

The nutrient concentrations were generally higher in Xincun Bay
than other seagrass beds reported in the literature (the DIN ranged
Fig. 5. Station variations of total PLFAs (I), bacterial PLFAs (II), fungi PLFA (III) and F/B ratio (IV) (
among the stations (S-N-K test, p b 0.05).
from b0.37 to 3.17 μM, and the DIP ranged from 0.06 to 0.64 μM;
Ziegler and Benner, 1999; Ziegler et al., 2004; Kiswara et al., 2009;
Apostolaki et al., 2010), indicative of high nutrient loading within the
seagrass bed. Moreover, significantly higher nutrient concentrations of
T. hemprichii tissue P contents and root N contents (Zhang et al.,
2014), epiphytic algae and macroalgae biomass (Liu et al., 2016) were
observed near the fish farms, implying that the T. hemprichii seagrass
bed was experiencing higher nutrient loading stress in the area closest
to the nutrient sources.
mean±S.D.). Different capital letters (A, B) over the bars indicate statistically significances



Fig. 6. δ13C of SOC, bacterial biomarker i + a 15:0 PLFA and fungal biomarker 18:2ω6, 9c
among the stations (mean ± S.D.). Light grey stripes represented the SOC possible
sources δ13C values in Xincun Bay from Liu et al. (2016) (mean ± S.D.). Different capital
letters (A, B) over the bars indicate statistically significances among the stations (S-N-K
test, p b 0.05).
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The relative contribution of seagrass, and macroalgae and epiphyte
to SOC gradually increased with decreasing distance from fish farms.
This was mostly caused by high nutrient enrichment, which in turn en-
hanced the contribution of macroalgae and epiphyte as well as seagrass
leaf litter to SOC. This finding is in agreement with a previous study in
Xincun Bay (Liu et al., 2016).

Despite a variety of SOC sources available to bacteria (incl. seagrass,
macroalgae and epiphyte, and SPOM), the δ13Cbacteria values indicated
that the primary BOC source likely originated from local seagrass pro-
duction (i.e. autochthonous carbon). That is, the relative contribution
of macroalgae and epiphytes to bacteria tended to be similar, though
the contribution of macroalgae and epiphytes to SOC pools increased
with elevated nutrient load. This finding challenges the notion that
algal carbon is preferentially metabolized over seagrass detritus due to
seagrass being more refractory and therefore less palatable (Hill et al.,
2015; Trevathan-Tackett et al., 2015). It also contrasts the findings of
Boschker et al. (2000) and Holmer et al. (2004) who reported a shift
in the relative contribution to BOC from seagrass detritus to easily
decomposed external sources (phytoplankton, macroalgae, seston)
under organic and nutrient enriched conditions. The question is: why
did bacteria in this study maintain their fidelity to seagrass as a primary
carbon source for their metabolism despite increases in increased avail-
ability of (presumably) more labile forms of macroalgal and epiphytic
forms of carbon?

To explain this finding, we suggest that seagrass OC at this particular
site is more bioavailable or provides a more sustaining energy source
than macroalgal and epiphytic carbon at the site. Holmer et al. (2001)
found that in T. hemprichii sediment δ13Cbacteria values resembled that
of the seagrass (about −12‰), though δ13CSOC values were around
−22‰. In addition, Chiu et al. (2013) reported that 55% of T. hemprichii
leaf litter would be decomposed but only 5% could be stored in seagrass
beds, indicating that T. hemprichii seagrass leaf litter has a high bioavail-
ability for bacteria. Since Xincun Bay is a nearly closed bay, the stimulat-
ed T. hemprichii leaf litter production due to the high nutrient would
have been mostly retained in situ (Liu et al., 2016). The T. hemprichii
Table 2
Isotopic mixingmodels results based on δ13C (%) values, the estimated 95% confidence in-
tervals with mean in bracket are given for each possible source.

Type Station Seagrass Macroalgae & epiphyte SPOM

SOC 1 1%–43% (23%) 0%–65% (34%) 19%–65% (43%)
2 0%–26% (11%) 0%–56% (29%) 35%–85% (60%)
3 0%–25% (10%) 0%–54% (28%) 37%–87% (62%)

BOC 1 32%–88% (60%) 0%–59% (30%) 0%–23% (10%)
2 13%–62% (39%) 0%–68% (35%) 4%–46% (26%)
3 13%–62% (38%) 0%–67% (35%) 5%–47% (27%)
leaf detritus is likely to be a continuously-supplied source of bioavail-
able dissolved organic carbon to the SOC pool (Lavery et al., 2013),
thereby elevating the relative contribution of seagrass to bacteria in
the high nutrient area.

The δ13Cfungi values observed in the current study were depleted by
10–12‰ relative to δ13CSOC, which was higher than that of Kohl et al.
(2015) who reported 2–4‰ depletion relative to bulk biomass in fungal
cultures. Indeed, the PLFA of 18:2ω6, 9 is generally enriched in 13C rela-
tive to fungal biomass in culture (−0.3–+2.5‰) (Abraham and Hesse,
2003). Since these available data all come from terrestrial ecosystems
or laboratory cultures, therewas no information about the isotopic frac-
tionation of fungal PLFA within seagrass beds. Thus we cannot detect
the relative contribution of primary producers to FOC. Nonetheless,
the similar δ13Cfungi among the stations also indicated similar relative
contribution of each possible source to FOC.

4.2. Changes of sediment microbial community and enzyme activities

In Xincun Bay, nutrient load induced amounts of plant-derived OC
input enhanced the SOC and also the labile organic carbon incoming
(Liu et al., 2016), and consequently elevated the microbial biomass, in-
cludingboth thebacterial and fungal biomass, and theMBC composition
in SOC (Bååth, 2003; Bossio and Scow, 1998). Therefore, significant
stimulations of polyphenol oxidase, invertase and cellulase activities
were observed neighboring to the cage culture area,which should be as-
cribed to abundantmicroorganisms excrete (Zhang et al., 2011; Shao et
al., 2015). Each enzyme has its own substrate and ability to catalyze spe-
cific biochemical reactions (Song et al., 2012). Polyphenol oxidase could
promote lignin degradation (Deforest et al., 2004;Waldrop et al., 2004),
which directly reduce the refractory organic carbon in seagrass litter
(Mateo et al., 2006). Cellulases are enzyme systems that degrade cellu-
lose and release reducing sugars as the end products through providing
more labile OC substrate for sediment heterotrophic microorganisms
(Alvarenga et al., 2008; Zhang et al., 2011),while invertase catalyzes hy-
drolysis of sucrose releasing glucose and fructose as highly active meta-
bolic compounds (Stemmer et al., 1998). Furthermore, polyphenol
oxidase is also associated with eliminating phenolic compound, which
could increase the activity of hydrolase enzymes and thus stimulate
OC decomposition (Freeman et al., 2001).

Therefore, the enhanced seagrass as well as macroalgae and epi-
phyte derivedOC in high nutrient load area, containing abundant lignin,
cellulose, starch, sucrose and others (Mateo et al., 2006; Carlsson et al.,
2007; Touchette and Burkholder, 2007; Lee et al., 2011), should have
higher decomposition rates due to the elevated extracellular enzyme
activities. This supports the above idea of higher transformation of
seagrass to bacteria under higher nutrient loads. Whereas, peroxidase
tended to be similar under different nutrient levels, even though there
was significantly higher fungal biomass under high nutrient load. This
might be due to high N availability blocking the expression of lignin-
degrading peroxidases in some fungal taxa (Hammel, 1997).

In contrast to microbial, bacterial and fungal biomass, the F/B ratios
were observed to bemarkedly higher in lower nutrient content area, in-
dicating changes ofmicrobial community structure. As a result of higher
growth yield efficiency of fungi compared to bacteria, the higher F/B ra-
tios implied higher OC storage potential and slower SOC turnover rate at
sites distant from nutrient sources (Six et al., 2006; Malik et al., 2016).
However, the SOC contentwas observed higher in the elevated level nu-
trient region, which seemed to be contradictory to the above results.
SOC storage is a complex process controlled by OC input and output
(Cheng et al., 2010; Yang et al., 2013), and thus the details of sediment
core OC characteristics require further research.

5. Conclusion

We found that higher nutrient loads to a seagrass meadow elevated
the meadow's sediment microbial biomass, extracellular enzyme
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activities and the relative contribution of seagrass to bacteria, but con-
siderably decreased F/B ratios compared to the low nutrient condition.
These findings imply that high nutrient enrichment can enhance pro-
duction of plant-derived OC to sediment, and thus increased microbes
as well as its SOC transformation efficiency, which will presumably
change seagrass blue carbon sequestration and storage capacity. What
is unknown, however, is how the net carbon budget changes in re-
sponse to nutrient loading, since, on the one hand, increases in plant-
derived OC could enhance SOC content, yet, on the other hand, in-
creased microbial transformation of OC could trigger net losses of OC
(Sayer et al., 2011). Further work is needed to develop greenhouse gas
budgets and core sediment OC characteristics across the nutrient gradi-
ent, as well a trace the fate of the different sources of carbon within the
seagrass meadows.
Acknowledgments

This researchwas supported by theNational Basic Research Program
of China (2015CB452905, 2015CB452902), the National Natural Science
Foundation of China (nos. 41306108, 41406128), the National Special-
ized Project of Science and Technology (2015FY110600). PM was sup-
ported by an Australian Research Council DECRA Fellowship
(DE130101084) and a Linkage Project (LP160100242).

References

Abraham, W.-R., Hesse, C., 2003. Isotope fractionations in the biosynthesis of cell compo-
nents by different fungi: a basis for environmental carbon flux studies. FEMS
Microbiol. Ecol. 46, 121–128.

Alvarenga, P., Palma, P., Gonçalves, A.P., Baião, N., Fernandes, R.M., de Varennes, A., Vallini,
G., Duarte, E., Cunha-Queda, A.C., 2008. Assessment of chemical, biochemical and eco-
toxicological aspects in a mine soil amendedwith sludge of either urban or industrial
origin. Chemosphere 72, 1774–1781.

Apostolaki, E., Holmer, M., Marbà, N., Karakassis, I., 2010. Metabolic imbalance in coastal
vegetated (Posidonia oceanica) and unvegetated benthic ecosystems. Ecosystems
13, 459–471.

Bååth, E., 2003. The use of neutral lipid fatty acids to indicate the physiological conditions
of soil fungi. Microb. Ecol. 45, 373–383.

Banta, G.T., Pedersen, M.F., Nielsen, S.L., 2004. Decomposition of marine primary pro-
ducers: consequences for nutrient recycling and retention in coastal ecosystems. In:
Nielsen, S.L., Banta, G.T., Pedersen, M.F. (Eds.), Estuarine Nutrient Cycling: The Influ-
ence of Primary Producers. Kluwer Academic Publishers, Dordrecht, pp. 187–216.

Boschker, H.T.S., de Brouwer, J.F.C., Cappenberg, T.E., 1999. The contribution of macro-
phyte-derived organic matter to microbial biomass in salt-marsh sediments: stable
carbon isotope analysis of microbial biomarkers. Limnol. Oceanogr. 44, 309–319.

Boschker, H.T.S., Wielemaker, A., Schaub, B.E.M., Holmer, M., 2000. Limited coupling of
macrophyte production and bacterial carbon cycling in the sediments of Zostera
spp. meadows. Mar. Ecol. Prog. Ser. 203, 181–189.

Bossio, D.A., Scow, K.M., 1998. Impacts of carbon and flooding on soil microbial commu-
nities: phospholipid fatty acid profiles and substrate utilization patterns. Microb. Ecol.
35, 265–278.

Bouillon, S., Boschker, H.T.S., 2006. Bacterial carbon sources in coastal sediments: a cross-
system analysis based on stable isotope data of biomarkers. Biogeosciences 3,
175–185.

Burkholder, J.M., Tomasko, D.A., Touchette, B.W., 2007. Seagrasses and eutrophication.
J. Exp. Mar. Biol. Ecol. 350, 46–72.

Carlsson, A.S., van Beilen, J.B., Möller, R., Clayton, D., 2007. Micro- and Macro-algae: Utility
for Industrial Applications. CPL Press, UK.

Cebrian, J., 1999. Patterns in the fate of production in plant communities. Am. Nat. 154,
449–468.

Chambers, L.G., Guevara, R., Boyer, J.N., Troxler, T.G., Davis, S.E., 2016. Effects of salinity
and inundation on microbial community structure and function in a mangrove peat
soil. Wetlands 36, 361–371.

Cheng, X., Luo, Y., Su, B., Zhou, X., Niu, S., Sherry, R., Weng, E., Zhang, Q., 2010. Experimen-
tal warming and clipping altered litter carbon and nitrogen dynamics in a tallgrass
prairie. Agric. Ecosyst. Environ. 138, 206–213.

Chiu, S.-H., Huang, Y.-H., Lin, H.-J., 2013. Carbon budget of leaves of the tropical intertidal
seagrass Thalassia hemprichii. Estuar. Coast. Shelf Sci. 125, 27–35.

Danovaro, R., Fabiano, M., Boyer, M., 1994. Seasonal changes of benthic bacteria in a
seagrass bed (Posidonia oceanica) of the Ligurian Sea in relation to origin, composi-
tion and fate of the sediment organic matter. Mar. Biol. 119, 489–500.

Deforest, J.L., Zak, D.R., Pregitzer, K.S., Burton, A.J., 2004. Atmospheric nitrate deposition,
microbial community composition, and enzyme activity in northern hardwood for-
ests. Soil Sci. Soc. Am. J. 68, 132–138.

Duarte, C.M., Kennedy, H., Marbà, N., Hendriks, I., 2013. Assessing the capacity of seagrass
meadows for carbon burial: current limitations and future strategies. Ocean Coast.
Manag. 83, 32–38.
Fourqurean, J.W., Duarte, C.M., Kennedy, H., Marbà, N., Holmer, M., Mateo, M.A.,
Apostolaki, E.T., Kendrick, G.A., Krause-Jensen, D., McGlathery, K.J., Serrano, O.,
2012. Seagrass ecosystems as a globally significant carbon stock. Nat. Geosci. 5,
505–509.

Freeman, C., Ostle, N., Kang, H., 2001. An enzymic ‘latch’ on a global carbon store. Nature
409, 149.

Frostegård, A., Bååth, E., 1996. The use of phospholipid fatty acid analysis to estimate bac-
terial and fungal biomass in soil. Biol. Fertil. Soils 22, 59–65.

Green, E.P., Short, F.T. (Eds.), 2003. World Atlas of Seagrasses. University of California
Press, Berkeley.

Green, L., Lapointe, B.E., Gawlik, D.E., 2015. Winter nutrient pulse and seagrass epiphyte
bloom: evidence of anthropogenic enrichment or natural fluctuations in the lower
Florida Keys? Estuar. Coasts 38, 1854–1871.

Greiner, J.T., McGlathery, K.J., Gunnell, J., McKee, B.A., 2013. Seagrass restoration enhances
“blue carbon” sequestration in coastal waters. PLoS One 8:e72469. http://dx.doi.org/
10.1371/journal.pone.0072469.

Guan, S., 1986. Soil Enzyme and Research Method. Agricultural Press, Beijing (in Chinese).
Hammel, K., 1997. Fungal degradation of lignin. In: Cadisch, G., Giller, K.E. (Eds.), Driven

by Nature: Plant Litter Quality and Decomposition. CAB International, Wallingford,
pp. 33–46.

Hauxwell, J., Valiela, I., 2004. Effects of nutrient loading on shallow seagrass-dominated
coastal systems: patterns and processes. In: Nielsen, S.L., Banta, G.T., Pedersen, M.F.
(Eds.), Estuarine Nutrient Cycling: The Influence of Primary Producers. Kluwer Aca-
demic Publishers, Dordrecht, pp. 59–92.

Hill, R., Bellgrove, A., Macreadie, P.I., Petrou, K., Beardall, J., Steven, A., Ralph, P.J., 2015. Can
macroalgae contribute to blue carbon? An Australian perspective. Limnol. Oceanogr.
60, 1689–1706.

Holmer, M., Andersen, F.Ø., Nielsen, S.L., Boschker, H.T.S., 2001. The importance of miner-
alization based on sulfate reduction for nutrient regeneration in tropical seagrass sed-
iments. Aquat. Bot. 71, 1–17.

Holmer, M., Duarte, C.M., Boschker, H.T.S., Barrón, C., 2004. Carbon cycling and bacterial
carbon sources in pristine and impacted Mediterranean seagrass sediments. Aquat.
Microb. Ecol. 36, 227–237.

Huang, X., Huang, L., Li, Y., Xu, Z., Fong, C., Huang, D., Han, Q., Huang, H., Tan, Y., Liu, S.,
2006. Main seagrass beds and threats to their habitats in the coastal sea of South
China. Chin. Sci. Bull. 51, 136–142.

Huang, X., Liu, S., Wang, H., Hu, Z., Li, Z., You, Y., 2014. Changes of soil microbial biomass
carbon and community composition throughmixing nitrogen-fixing species with Eu-
calyptus urophylla in subtropical China. Soil Biol. Biochem. 73, 42–48.

Jones, W.B., Cifuentes, L.A., Kaldy, J.E., 2003. Stable carbon isotope evidence for coupling
between sedimentary bacteria and seagrasses in a sub-tropical lagoon. Mar. Ecol.
Prog. Ser. 255, 15–25.

Karaca, A., Cetin, S.C., Turgay, O.C., Kizilkaya, R., 2011. Soil enzymes as indication of soil
quality. In: Shukla, G., Varma, A. (Eds.), Soil Enzymology. Springer-Verlag, Berlin, Hei-
delberg, pp. 119–148.

Kiswara, W., Behnke, N., van Avesaath, P., Huiskes, A.H.L., Erftemeijer, P.L.A., Bouma, T.J.,
2009. Root architecture of six tropical seagrass species, growing in three contrasting
habitats in Indonesian waters. Aquat. Bot. 90, 235–245.

Kohl, L., Laganière, J., Edwards, K.A., Billings, S.A., Morrill, P.L., Van Biesen, G., Ziegler, S.E.,
2015. Distinct fungal and bacterial δ13C signatures as potential drivers of increasing
δ13C of soil organic matter with depth. Biogeochemistry 124, 13–26.

Lavery, P.S., McMahon, K., Weyers, J., Boyce, M.C., Oldham, C.E., 2013. Release of dissolved
organic carbon from seagrass wrack and its implications for trophic connectivity.
Mar. Ecol. Prog. Ser. 494, 121–133.

Lee, S., Oh, Y., Kim, D., Kwon, D., Lee, C., Lee, J., 2011. Converting carbohydrates extracted
from marine algae into ethanol using various ethanolic Escherichia coli strains. Appl.
Biochem. Biotechnol. 164, 878–888.

Li, X., Hou, L., Liu, M., Lin, X., Li, Y., Li, S., 2015. Primary effects of extracellular enzyme ac-
tivity and microbial community on carbon and nitrogen mineralization in estuarine
and tidal wetlands. Appl. Biochem. Biotechnol. 99, 2895–2909.

Liu, S., Jiang, Z., Zhang, J., Wu, Y., Lian, Z., Huang, X., 2016. Effect of nutrient enrichment on
the source and composition of sediment organic carbon in tropical seagrass beds in
the South China Sea. Mar. Pollut. Bull. 110, 274–280.

López, N.I., Duarte, C.M., Vallespinós, F., Romero, J., Alcoverro, T., 1998. The effect of nutri-
ent additions on bacterial activity in seagrass (Posidonia oceanica) sediments. J. Exp.
Mar. Biol. Ecol. 224, 155–166.

Lu, R., 1999. AnalysisMethods of Soil and Agro-chemistry. China Agriculture Press, Beijing
(in Chinese).

Macreadie, P.I., Allen, K., Kelaher, B.P., Ralph, P.J., Skilbeck, C.G., 2012. Paleoreconstruction
of estuarine sediments reveal human-induced weakening of coastal carbon sinks.
Glob. Chang. Biol. 18, 891–901.

Macreadie, P.I., Baird, M.E., Trevathan-Tackett, S.M., Larkum, A.W.D., Ralph, P.J., 2014.
Quantifying and modelling the carbon sequestration capacity of seagrass meadows-
a critical assessment. Mar. Pollut. Bull. 83, 430–439.

Malik, A.A., Chowdhury, S., Schlager, V., Oliver, A., Puissant, J., Vazquez, P.G.M., Jehmlich,
N., von Bergen, M., Griffiths, R.I., Gleixner, G., 2016. Soil fungal: bacterial ratios are
linked to altered carbon cycling. Front. Microbiol. 7:1247. http://dx.doi.org/10.3389/
fmicb.2016.01247.

Mateo, M.A., Cebrián, J., Dunton, K., Mutchler, T., 2006. Carbon flux in seagrass ecosys-
tems. In: Larkum, A.W.D., Orth, R.J., Duarte, C.M. (Eds.), Seagrasses: Biology. Ecology
and Conservation. Springer, Dordrecht, pp. 159–192.

Parnell, A.C., Inger, R., Bearhop, S., Jackson, A.L., 2010. Source partitioning using stable iso-
topes: coping with too much variation. PLoS One 5:e9672. http://dx.doi.org/10.1371/
journal.pone.0009672.

Sayer, E.J., Heard, M.S., Grant, H.K., Marthews, T.R., Tanner, E.V.J., 2011. Soil carbon release
enhanced by increased tropical forest litterfall. Nat. Clim. Chang. 1, 304–307.

http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0005
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0005
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0005
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0010
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0010
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0010
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0015
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0015
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0015
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0020
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0020
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0025
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0025
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0025
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0025
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0030
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0030
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0030
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0035
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0035
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0035
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0040
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0040
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0040
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0045
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0045
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0045
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0050
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0050
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0055
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0055
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0060
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0060
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0065
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0065
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0065
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0070
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0070
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0070
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0075
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0075
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0080
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0080
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0080
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0085
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0085
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0085
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0090
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0090
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0090
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0095
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0095
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0100
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0100
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0105
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0105
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0110
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0110
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0115
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0115
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0115
http://dx.doi.org/10.1371/journal.pone.0072469
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0125
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0130
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0130
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0130
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0135
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0135
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0135
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0135
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0140
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0140
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0140
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0145
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0145
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0145
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0150
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0150
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0150
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0155
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0155
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0160
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0160
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0160
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0165
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0165
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0165
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0170
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0170
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0170
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0175
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0175
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0180
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0180
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0180
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0180
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0185
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0185
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0185
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0190
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0190
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0190
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0195
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0195
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0195
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0200
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0200
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0200
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0205
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0205
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0205
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0210
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0210
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0215
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0215
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0215
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0220
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0220
http://dx.doi.org/10.3389/fmicb.2016.01247
http://dx.doi.org/10.3389/fmicb.2016.01247
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0230
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0230
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0230
http://dx.doi.org/10.1371/journal.pone.0009672
http://dx.doi.org/10.1371/journal.pone.0009672
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0240
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0240


221S. Liu et al. / Marine Pollution Bulletin 117 (2017) 214–221
Schutter, M.E., Dick, R.P., 2000. Comparison of fatty acidmethyl ester (FAME)methods for
characterizing microbial communities. Soil Sci. Soc. Am. J. 64, 1659–1668.

Shao, X., Yang, W., Wu, M., 2015. Seasonal dynamics of soil labile organic carbon and en-
zyme activities in relation to vegetation types in Hangzhou bay tidal flat wetland.
PLoS One 10:e0142677. http://dx.doi.org/10.1371/journal.pone.0142677.

Six, J., Frey, S.D., Thiet, R.K., Batten, K.M., 2006. Bacterial and fungal contributions to car-
bon sequestration in agroecosystems. Soil Sci. Soc. Am. J. 70, 555–569.

Song, Y., Song, C., Yang, G., Miao, Y., Wang, J., Guo, Y., 2012. Changes in labile organic car-
bon fractions and soil enzyme activities after marshland reclamation and restoration
in the Sanjiang Plain in Northeast China. Environ. Manag. 50, 418–426.

Sparling, G.P., 1992. Ratio of microbial biomass carbon to soil organic carbon as a sensitive
indicator of changes in soil organic matter. Aust. J. Soil Res. 30, 195–207.

Stemmer, M., Gerzabek, M.H., Kandeler, E., 1998. Organic matter and enzyme activity in
particle-size fractions of soils obtained after low-energy sonication. Soil Biol.
Biochem. 30, 9–17.

Touchette, B.W., Burkholder, J.M., 2007. Carbon and nitrogen metabolism in the seagrass,
Zostera marina L.: environmental control of enzymes involved in carbon allocation
and nitrogen assimilation. J. Exp. Mar. Biol. Ecol. 350, 216–233.

Trevathan-Tackett, S.M., Kelleway, J., Macreadie, P.I., Beardall, J., Ralph, P., Bellgrove, A.,
2015. Comparison of marine macrophytes for their contributions to blue carbon se-
questration. Ecology 96, 3043–3057.

Vance, E.D., Brookes, P.C., Jenkinson, D.S., 1987. An extraction method for measuring soil
microbial biomass-C. Soil Biol. Biochem. 19, 703–707.

Volkman, J.K., Revill, A.T., Holdsworth, D.G., Fredericks, D., 2008. Organic matter sources in
an enclosed coastal inlet assessed using lipid biomarkers and stable isotopes. Org.
Geochem. 39, 689–710.
Waldrop, M.P., Zak, D.R., Sinsabaugh, R.L., Gallo, M., Lauber, C., 2004. Nitrogen deposition
modifies soil carbon storage through changes in microbial enzymatic activity. Ecol.
Appl. 14, 1172–1177.

Waycott, M., Duarte, C.M., Carruthers, T.J.B., Orth, R.J., Dennison, W.C., Olyarnik, S.,
Calladine, A., Fourqurean, J.W., Heck, K.L., Hughes, A.R., Kendrick, G.A., Kenworthy,
W.J., Short, F.T., Williams, S.L., 2009. Accelerating loss of seagrasses across the globe
threatens coastal ecosystems. Proc. Natl. Acad. Sci. U. S. A. 106, 12377–12381.

Yang,W., Zhao, H., Chen, X., Yin, S., Cheng, X., An, S., 2013. Consequences of short-term C4
plant Spartina alterniflora invasions for soil organic carbon dynamics in a coastal wet-
land of Eastern China. Ecol. Eng. 61, 50–57.

Yin, R., Deng, H., Wang, H.L., Zhang, B., 2014. Vegetation type affects soil enzyme activities
and microbial functional diversity following re-vegetation of a severely eroded red
soil in sub-tropical China. Catena 115, 96–103.

Zelles, L., 1999. Fatty acid patterns of phospholipids and lipopolysaccharides in the char-
acterisation of microbial communities in soil: a review. Biol. Fertil. Soils 29, 111–129.

Zhang, C., Liu, G., Xue, S., Song, Z., 2011. Rhizosphere soil microbial activity under different
vegetation types on the Loess Plateau, China. Geoderma 161, 115–125.

Zhang, J., Huang, X., Jiang, Z., 2014. Physiological responses of the seagrass Thalassia
hemprichii (Ehrenb.) Aschers as indicators of nutrient loading. Mar. Pollut. Bull. 83,
508–515.

Ziegler, S., Benner, R., 1999. Nutrient cycling in the water column of a subtropical seagrass
meadow. Mar. Ecol. Prog. Ser. 188, 51–62.

Ziegler, S., Kaiser, E., Benner, R., 2004. Dynamics of dissolved organic carbon, nitrogen and
phosphorus in a seagrass meadow of Laguna Madre, Texas. Bull. Mar. Sci. 75,
391–407.

http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0245
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0245
http://dx.doi.org/10.1371/journal.pone.0142677
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0255
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0255
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0260
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0260
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0260
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0265
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0265
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0270
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0270
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0270
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0275
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0275
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0275
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0280
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0280
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0285
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0285
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0290
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0290
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0290
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0295
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0295
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0295
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0300
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0300
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0305
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0305
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0305
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0310
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0310
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0310
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0315
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0315
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0320
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0320
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0325
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0325
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0325
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0330
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0330
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0335
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0335
http://refhub.elsevier.com/S0025-326X(17)30080-2/rf0335

	Effects of nutrient load on microbial activities within a seagrass-�dominated ecosystem: Implications of changes in seagras...
	1. Introduction
	2. Materials and methods
	2.1. Study site
	2.2. Sampling and sample preparation
	2.3. Laboratory analysis
	2.4. Statistical analysis

	3. Results
	3.1. Seawater nutrient and sediment variables
	3.2. Sediment oxidoreductase and hydrolase activities
	3.3. Microbial community compositions
	3.4. δ13C of sediment organic carbon, i+a 15:0 and 18:2ω6, 9c, and their sources

	4. Discussion
	4.1. Changes of organic carbon sources in sediment
	4.2. Changes of sediment microbial community and enzyme activities

	5. Conclusion
	Acknowledgments
	References


