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Abstract: Subterranean estuaries, the mixing zone between terrestrial groundwater and coastal 20 

seawater, are important biogeochemical hotspots. In the present study, organic carbon cycling and 21 

related drivers, including the characterization of different organic carbon pools and sediment 22 

microbial community, were investigated in a subterranean estuary seepage face. Within the first 20 23 

cm depth seepage face sediments, both production and removal of dissolved organic carbon (DOC) 24 

were observed, mainly driven by heterotrophic microbes. From spring to autumn, active DOC 25 

production occurred on the seepage face at the 15-20 cm depth, likely via aerobic degradation of 26 

sediment organic carbon (SOC) with subsequent release of dissolved fractions into the porewater. 27 

During winter, DOC production moved to a shallower depth of the seepage face due to increasing 28 

SOC content in the surface layer. DOC production rate depended on heterotrophic microbial 29 
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biomass (e.g. Proteobacteria) and was enhanced by high microbial activity and porewater advection. 30 

DOC removal frequently occurred at the 0-5 cm depth layer except in winter. The seasonal shift in 31 

carbon source utilization (SOC to DOC) in this layer likely resulted from the decrease in SOC pool, 32 

especially the labile portion of SOC and the increased availability of DOC due to production in the 33 

deeper sediment (15-20 cm). Given the similarity in microbial community structure along the 34 

sediment profile, this shift suggests SOC as the preferential carbon source for benthic microbes as 35 

well as adaptive flexibility in microbial carbon source utilization. DOC removal was also 36 

significantly tied to microbial activity and advection rate. Because DOC production rates were 37 

higher compared to DOC consumption the seepage face acted as a net source of DOC to the coastal 38 

ecosystem. 39 

Keywords: Microbiota; Organic carbon; Remineralization; Seepage face; Seasonal variation; 40 

Subterranean estuaries 41 

 42 

1 Introduction 43 

The coastal zone is the locus of interaction between terrestrial and marine ecosystems. 44 

Approximately 0.5 Pg C y−1 of terrestrial organic matter is delivered to the coastal ocean via 45 

continental surface loading (Bianchi, 2011). It is estimated that 30% of that amount is buried 46 

annually in coastal sediments (Bianchi, 2011), while the majority of the remaining fraction is 47 

consumed in coastal environments via a wide range of biogeochemical reactions, e.g. 48 

photobleaching, aerobic/anaerobic respiration, biological assimilation (Cebrian, 2002). Coastal 49 

zones are also subject to increasing human occupancy, and presently host more than 50% of the 50 

global population (Small and Nicholls, 2003). Coastal seas receive substantial amounts of terrestrial 51 

solutes derived from human activities via surface loadings, atmospheric deposition and submarine 52 

groundwater discharge (SGD; Moore, 2010). The significant contribution of land-borne nutrient and 53 

trace metals boosts primary productivity of coastal seas and despite low global surface area, coastal 54 

primary productivity accounts for more than 20% of net oceanic primary productivity (Probandt et 55 

al., 2017). This enhanced primary production node also accelerates carbon-dependent reactions. 56 

Currently, carbon turnover in coastal belts is acknowledged to be a major component of global 57 

carbon cycles and budgets (Bauer et al., 2013). Nevertheless, the fate of different forms of carbon 58 
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in coastal settings is poorly understood (Bauer et al., 2013), mainly due to relatively limited 59 

observation sets, but also to a complex network of highly variable environmental factors and drivers. 60 

Generally, coastal sediments can be divided into cohesive (muddy) and permeable (sandy) 61 

sediments according to grain size and permeability (Huettel et al., 2014). Cohesive sediments 62 

occupy approximately 40% of the global coastal shorelines. Given their high carbon sequestration 63 

capability, a large inventory of organic carbon is frequently recorded in cohesive sediments (e.g. 64 

fjord sediments: Smith et al., 2015; mangrove sediments: Jiang et al., 2017; estuarine sediments: 65 

Wu et al., 2019). Accordingly, carbon-dependent reactions in cohesive sediments are generally 66 

assumed to be highly active (Huettel et al., 2014). In contrast with cohesive sediments, permeable 67 

sediments evidence low carbon storage, frequently below the level of 0.1% by weight (e.g. Ibánhez 68 

and Rocha, 2016). However, permeable sediments play a key role in carbon cycling (Rocha, 2008; 69 

Huettel et al., 2014). Specifically, diffusion is the dominant pathway for solute transport in cohesive 70 

sediments, while advection, driven by thermal convection, gravity waves, inland pressure head, 71 

Bernoulli effects and tidal pumping, is the main path for the solute transport in permeable sediments 72 

(Boudreau et al., 2001). Compared with diffusion, the transport efficiency caused by advection is 73 

frequently 2 to 3 orders of magnitude higher (Huettel et al., 1998; Rocha, 1998; Moore 1999). The 74 

rapid delivery of reactants combined with fast removal of reaction products support high benthic 75 

reaction rates in permeable sediments and therefore, these are now known to be a ‘fast lane’ in 76 

carbon cycling (Rocha, 2008; Chipman et al., 2010; Seidel et al., 2014; Ibánhez and Rocha, 2016). 77 

Near the littoral zone, subterranean estuaries (STEs) are the mixing region of terrestrial 78 

groundwater and coastal seawater (Moore, 1999). The interaction between water with contrasting 79 

ionic strengths in this permeable zone makes STEs a node for the processing of both land-derived 80 

and pelagic carbon (Couturier et al., 2016), likely mediated by a wide range of microbes, e.g. 81 

Proteobacteria (Gamma‐, Delta‐, Alpha‐) and Actinobacteria (Schöttner et al., 2011; Marchant et 82 

al., 2017). The multiple drivers of porewater movement in permeable sediments accelerate water 83 

mixing and enhance reaction rates. In addition, regular exposure to the atmosphere due to tidal phase 84 

variation introduces dissolved oxygen (DO) into the intertidal area of STEs, thus feeding aerobic 85 

reactions (Charbonnier et al., 2013; Ibánhez and Rocha, 2016). Carbon turnover in STEs is expected 86 

to be rapid because of the additive influence of all active enhancing factors focused in one location. 87 
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Notwithstanding its importance, knowledge gaps in the carbon cycling in STEs still exist, 88 

particularly on its seasonality, the impact of environmental drivers and of the dynamic linkage 89 

between the benthic microbial community and carbon reactions. These gaps may hamper the 90 

understanding of carbon cycling in coastal zones as one of the most active carbon processors in the 91 

Earth system. In the present study, seasonal field campaigns were conducted at a seepage face, the 92 

outer region of STEs. The research aimed to address the following points: (1) seasonal variation of 93 

carbon turnover intensity in the seepage face; (2) potential linkage between sediment microbial 94 

community and organic carbon turnover in the seepage face; (3) the response of organic carbon 95 

processing and storage to terrestrial/pelagic inputs. 96 

 97 

2 Materials and Methods 98 

2.1 Sampling site 99 

The sampling site is located at a beach in the Sanggou Bay National Park, Rongcheng City, 100 

Shandong Province, China (Fig. 1A). The beach is far away from docks and places of interest 101 

recreational, receiving low human interference. The sandy beach, composed of highly permeable 102 

sands, delineates the inner coastline of the bay with a length of approximately 7.5 km. The mean 103 

depth of Sanggou Bay is 7.5 m and the water surface area reaches 144 km2 (Zhu et al., 2017). The 104 

tidal range of the sampling beach varies from 2 m (spring) to 0.8 m (neap) with a typical semi-105 

diurnal pattern, producing an intertidal area of 20 km2 (Shi et al., 2013). Coupled with tidal variation, 106 

the bay water is intensively exchanged with the Yellow sea via the 11.5 km bay outlet (Wang et al., 107 

2014; Jiang et al., 2015). Water temperature within the bay ranges from 1.6 to 25.6°C, with the 108 

extreme values frequently recorded during February and August, respectively (Yang et al., 2005). 109 

The precipitation is approximately 820 mm yr-1, and the main rainy period lasts from May to 110 

September. 111 

Sanggou Bay is an important location for fishery and aquaculture (Jiang et al., 2015; Fang et 112 

al., 2016), especially kelp (Laminaria laminaria), pacific oyster (Crassostrea gigas) and scallops 113 

(Chlamys farreri). The economic benefit of the aquaculture products ranges from 13.2 to 25.2 114 

million Yuan (RMB) km-1 yr-1 (Shi et al., 2013). Diatoms dominate phytoplankton populations in 115 

Sanggou Bay, especially Paralia sulcata and Coscinodiscus oculus-iridis (Yuan et al., 2014). In 116 
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summer, the biomass of dinoflagellates significantly increases. The maximum cell abundance of 117 

phytoplankton is found in August (average 8.1 × 103 cells L−1) whereas minima are observed in 118 

October (average 2.6 × 103 cells L−1; Yuan et al., 2014). Four rivers discharge into Sanggou Bay: 119 

the Sanggan River, the Yetao River, the Gu River, and the Xiaoluo River. The Gu River presents 120 

the highest discharge rate of all, ranging from 1.7×108 to 2.3×108 m3 yr-1 (Wang et al., 2014). Apart 121 

from the Gu River, SGD, fed from the adjacent coastal aquifers (Hou et al. 2016), is also important 122 

for the transport of terrestrial solutes (Wang et al., 2014). Based on radium isotope data, the hot spot 123 

for SGD occurs at the inner side of the bay (Wang et al., 2014).  124 

  125 

2.2 Sample collection 126 

Sampling surveys were conducted in April 2018 (Spring), June 2018 (Summer), October 2018 127 

(Autumn) and February 2019 (Winter). All the sampling events were conducted during spring tides 128 

to eliminate the influence of tidal variation on porewater outflow rates (Rocha et al., 2009). Wave 129 

heights during the sampling events were 20-30 cm. The surveys were conducted at the beach 130 

seepage face, in three stations, located respectively in the higher intertidal, lower intertidal and at a 131 

mid-point on the intertidal profile (outlined in Fig. 1B).  132 

The distance from the higher intertidal station to the lower intertidal station was approximately 133 

15 m. During each sampling, porewater was extracted with an in-situ profiler based on the design 134 

of Ibánhez et al. (2011). The porewater profiler extended from the sediment surface (0 cm) to 20 cm 135 

depth (Fig. 1C), and contained 9 sampling ports in total (separated 2.5 cm from each other). At each 136 

depth, porewater was extracted, immediately filtered and stored in acid pre-washed bottles (60 mL). 137 

DOC samples were filtered with in-line syringe nylon filters (0.45 μm pore size) while samples for 138 

CDOM (colored dissolved organic matter)/FDOM (fluorescent dissolved organic matter) were 139 

filtered through polyethersulfone membrane filters (0.22 μm pore size). A small fraction of the 140 

filtrates was used for the determination of salinity in the laboratory (Multi 350i probe, WTW, 141 

Germany). The filtered samples were stored in pre-combusted amber glass bottles prior to laboratory 142 

analyses. Subsequently, porewater at 20 cm depth and 2 cm depth was extracted for DO 143 

measurements using a portable probe. Coupled with the porewater collection, a CTD-Diver (van 144 
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Essen Instruments, The Netherlands) was buried into the sand at a depth of 10 cm (Fig. 1C), 145 

recording water pressure and temperature every 30 seconds during the sampling period.  146 

After porewater collection, a sediment column (approximately 22 cm length) near the 147 

extraction site was collected via a sediment corer. After removing the top layer (approximately 1 148 

cm) to avoid shell debris, the sediment column was sliced into five sections, 1-4, 5-8, 9-12, 13-16 149 

and 17-20 cm depth. The sediment slices were placed into sterilized bags and kept at -20℃ until 150 

analysis. During the sampling events, seawater was collected on-site during high tides. Following 151 

the same procedure as for porewater samples, seawater DOC and CDOM/FDOM samples were 152 

collected. Moreover, seawater aliquots were filtered with pre-combusted GF/F filters (Whatman®, 153 

mean pore size: 0.7 μm) to determine chlorophyll a concentration. In summer and winter campaigns, 154 

water from the Gu River has also collected for DOC and CDOM/FDOM measurements. 155 

 156 

2.3 Water sample analyses 157 

DOC was determined in thawed water samples by high-temperature catalytic combustion using 158 

a Shimadzu TOC-LCPH total organic carbon analyzer (TOC-LCPH, Shimadzu, Japan) with an ASI-159 

L autosampler. Prior to injection, samples were acidified with 2 M HCL and purged with CO2-free 160 

oxygen to remove inorganic carbon. During the analyses, deep-sea water supplied by the University 161 

of Miami (provide by Dr. Hansell) was used as reference to ensure equipment consistency 162 

(approximately 4.2%). CDOM analyses were conducted on a spectrophotometer (PERSEE®, China, 163 

TU-1901) under the double channel mode. Deionized water purified with a Rephile® gradient 164 

system (resistivity: 18.2 mΏ·cm) was used as blank. The scanning wavelength ranged from 250 to 165 

750 nm with 1 nm intervals. The concentration of CDOM in the tested water samples was estimated 166 

by the absorption coefficient at 355 nm (Zhang et al., 2009):  167 

�����
��� = 2.303 × (������

��� − ������
��� × 355

700� ),                              (1) 168 

where �����
���  is the absorption coefficient at 355 nm, ������

���  and ������
���  are optical readings 169 

at 355 nm and 700 nm, respectively. In addition, the exponential spectral slope was estimated as: 170 

α����
� = α����

� exp(�(� − �)),                                              (2) 171 

where α����
�  is the absorption coefficient at ‘m’ nm wavelength, α����

�  is the adsorption 172 

coefficient at ‘n’ nm wavelength and S is the exponential spectral slope between n and m nm 173 
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wavelengths estimated through linear regression. In the present study, the spectral slope (��������) 174 

of the wavelength range 275 to 295 nm was calculated (i. e. 295 ≥ m > n ≥ 275). Generally, a 175 

large gradient indicates a small molecular weight of the CDOM, likely to be marine-derived solutes. 176 

In contrast, a small gradient indicates a large molecular weight, which was frequently characterized 177 

as terrestrial material (Zhang et al., 2009). FDOM analyses for all porewater and seawater samples 178 

were conducted on a fluorescence spectrometer (Hitachi F-4500) using 3-D matrix scanning. The 179 

excitation wavelengths ranged from 250 to 500 nm, while the emission wavelengths ranged from 180 

270 to 550 nm. The wavelength intervals for excitation and emission were 5 nm and 2 nm, 181 

respectively. After subtracting the blank (deionized water), the scanned data from the water samples 182 

were divided by the integration of the water Raman peak. Then, the unified data were analyzed 183 

through the PARAFAC modeling using the FDOM toolbox (Stedmon and Bro, 2008). The 184 

PARAFAC modeling results were validated by the split-half analysis function in the toolbox.  185 

 186 

2.4 Sediment physico-chemical analyses 187 

A fraction of the sliced sediment samples was dried at 60℃. The difference between dry weight 188 

and initial weight was used in the quantification of sediment porosity following Jiang et al. (2018). 189 

The dry samples were used to determine particle size and sediment organic carbon (SOC). 190 

Specifically, the grain size was measured directly from sediment subsamples using a Coulter LS 191 

100Q (Coulter Company, USA). The sediment grain size distribution was described as the 192 

proportions of clay (<4 μm), silt (4–63 μm), and sand (>63 μm) in each sample. Concentrations of 193 

sediment organic carbon (SOC) were analyzed using a CHNOS Elemental Analyzer (Vario EL III) 194 

with a relative precision of ±5%. The weight percentage of organic carbon in the sediment samples 195 

was analyzed after removing the carbonate fraction with 1 M hydrochloric acid acidification during 196 

24 hours (Wu et al., 2019). Hydraulic conductivity was determined according to Rocha et al. (2005). 197 

Approximately 1 g of fresh sediment samples were used to quantify chlorophyll a content based on 198 

the 90% acetone cold extraction (4℃ in a fridge), with air-tight non-additive vacutainers (Jiang et 199 

al., 2017). The absorbance of the extracted solutes at 665 nm was used to calculate the concentration 200 

of sediment chlorophyll a (unit: μg g-1 dry sediment; Castle et al., 2011). Chlorophyll a content in 201 

the filtered GF/F filters were determined with the same analytical approach. In addition, 202 
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exchangeable organic carbon (EOC) on the sediment particle surface was extracted with 0.5 M 203 

potassium chloride solution (12 h). DOC and CDOM/FDOM in the extraction solution were then 204 

quantified following the methods aforementioned.  205 

 206 

2.5 Benthic microbiota 207 

The microbial activity of the sliced sediment was quantified as the fluorescein diacetate (FDA) 208 

hydrolysis potential according to Jiang et al. (2016) based on the tight linkage between hydrolysis 209 

reactions and organic matter decomposition (Bianchi, 2011). The hydrolysis potential of the 210 

sediment was determined via incubation of 1 g fresh sediment with 200 μg FDA in phosphors buffer 211 

solution (pH=7.3) for 1 h. The reaction was terminated with acetone and the hydrolyzed FDA in the 212 

solution was quantified spectrophotometrically at 490 nm.  213 

For characterization of the benthic microbiota, total DNA was extracted from approximately 214 

0.3 g fresh sediment taken from the surface (2 cm depth) and bottom (17 cm) parts of the profile. 215 

Subsequently, the V3-V4 regions of microbial 16S rRNA genes in the extracted DNA were 216 

amplified. The PCR fragments were then extracted with 2% agarose gels, purified and quantified. 217 

The KAPA Hyper Prep Kit (Roche) was used for the 16S rDNA gene amplicon library construction. 218 

The library was paired-end sequenced (2*300 bp) on an Illumina Miseq system. 219 

The obtained fastq files were demultiplexed with the barcode sequences adapted to the primers. 220 

After removing low-quality (score<5) 4 bp or shorter than 150 bp reads, USEARCH 221 

fastq_mergepairs command (version 9.2.64) with the default parameters was used to merge the 222 

paired-end reads (Edgar and Flyvbjerg, 2015). The primer sequences in the merged reads were 223 

trimmed. The Operational Taxonomic Units (OTUs) were clustered at 97% identity cutoff with 224 

USEARCH UPARSE. The chimeric sequences were abandoned based on the UPARSE pipeline 225 

analysis (Edgar 2013). The USEARCH SINTAX algorithm was used to analyze phylogenetic 226 

affiliation of the obtained 16S rRNA gene sequences with the RDP training set (version v16) 16S 227 

rRNA database as the reference and 0.8 as the confidence threshold (Edgar 2016). The data were 228 

deposited into Sequence Read Archive (SRA) of the NCBI database with the accession numbers of 229 

(PRJNA593874).  230 

 231 
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2.6 Mathematical calculations 232 

Discharge rate (cm h-1) at each sampling station, identified as the advection rate, was estimated 233 

according to Darcy’s law as following (Ma et al., 2015): 234 

� = δ��(
�������������

�
− ���),                                                (3) 235 

where �  is the discharge rate, ��  is the hydraulic conductivity, ������  and ����  are the 236 

pressure of porewater and atmosphere in the sampling site, expressed in cm of the water column. � 237 

is the distance between the sensor and the sediment surface (10 cm here). The term ‘������ −238 

���� − �’ defines the hydraulic head. δ, � and �� are constants. δ is 0.955, � is 7.143×10-4 and 239 

�� is 28.7 (Ma et al., 2015). With advection rates, reaction rates of DOC and DO along the sampled 240 

vertical profiles can be calculated according to a box model under stationary state assumptions:  241 

� = �
��������

�
,                                                             (4) 242 

where R is the reaction rate for DOC or DO (nmol cm-3 h-1), ��� and ���� are input and output 243 

concentrations, and � is the edge length of the box (5 cm here).  244 

Statistical analyses, such as linear regression and one-way ANOVA, were conducted in Minitab 245 

(version 17). The alpha diversity of the microbial community, including Shannon index and 246 

equitability, Lefse LDA (Linear Discriminant Analysis) test for variability of microbiota, and PCA 247 

(Principal Component Analysis)/RDA (Redundancy Analysis) was calculated in the R environment. 248 

The statistical significance for all tests was assumed to be α=0.05. The plots of porewater and 249 

sediment profiles were constructed with SigmaPlot (version 12.5).  250 

 251 

3. Results 252 

3.1 Seawater and river water composition 253 

Seawater salinity at high tides was approximately 34 in all seasons, while the seasonal variation 254 

of water temperature was much larger (Table 1). Seawater was always either saturated or 255 

oversaturated in DO. POC content fell within the range of 18.7 to 26.4 μmol L-1. Concentrations of 256 

chlorophyll a were 3.24 to 4.86 μg L-1, with the lowest values found in autumn. DOC concentrations 257 

ranged from 142 to 155 μM, with relative enrichment of labile materials compared to humic solutes 258 

(Table 1). DOC concentrations and α355 in the samples taken from the river were much higher than 259 
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values from the bay water. However, S275-295 in the river was much smaller than the seawater and 260 

the recalcitrant DOM was enriched in the Gu river (Table 1). 261 

3.2 Porewater profiles at the seepage face 262 

Salinity in the porewater collected at the seepage face ranged from 29.6 to 34.1 throughout the 263 

year (Table 2). The saltier porewater was found in the higher intertidal of the seepage face due to 264 

accumulation of recirculated seawater (Fig. 1B). In the medium and lower intertidal, porewater 265 

salinity decreased, especially in the deeper layer that was sampled, indicating the presence of 266 

terrestrial groundwater. The hydraulic head ranged from 2.7 to 10.9 cm, producing a discharge rate 267 

of 4.2 to 28.3 cm h-1 (Table 2). The porewater at the surface layer (0-2 cm depth) presented DO 268 

levels ranging from 70% to 86% saturation (Fig. S1). The difference in porewater DO saturation 269 

between the surface and bottom (20 cm) reached 13.9% in summer, indicating a significant DO 270 

consumption. In contrast, the lower value was obtained in winter.   271 

DOC concentration in the sampled profiles ranged from 317 to 395 μM in spring (Fig. 2). Both 272 

DOC consumption (removal) and production (addition) were obtained during this season (Fig. 3A). 273 

The deep region (15-20 cm depth) acted as a DOC production zone, while the surface was active in 274 

DOC removal. A similar vertical distribution of DOC reaction rates was found in summer and 275 

autumn (Fig. 3B & 3C); nevertheless, DOC production shifted to the seepage face surface during 276 

winter (Fig. 3D). DOC reaction rates ranged from -54.9 (removal) to 68.9 (production) nmol C cm-277 

3 h-1 in spring (Fig. 3A). In summer, the porewater DOC concentration significantly decreased (Fig. 278 

2 & Fig. 3F) while both production and removal rates increased (Fig. 3G). From autumn to winter, 279 

DOC reaction rates shrank. Among higher, medium and lower stations, both production and removal 280 

rates markedly varied in each season (Table S1). From spring to autumn, DOC removal in surface 281 

sediments was significantly weaker at the higher intertidal station compared to the other stations 282 

(Fig. 3H). Similar pattern was found in the production rate (bottom of the seepage face), whereas 283 

the large standard deviation led to insignificant differences among stations (p=0.18). 284 

The index of CDOM levels α355 varied between 1.4 to 2.0 in spring (Fig. 4). The increase in 285 

α355 was linked to DOC production (deep zone) and vice versa. In summer, α355 decreased in all 286 

profiles while the pattern remained (Fig. 4). For S275-295, from spring to autumn, high values 287 

appeared in the bottom zone while low readings were found in the surface. In winter, both α355 and 288 
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S275-295 increased values were found in the sub-surface layer. Moreover, a significantly linear 289 

correlation between α355 and S275-295 was observed (R2=0.53, p<0.01, n=108; Fig. S1). Four types 290 

of FDOM solutes (two amino acid-like solutes and two humic-like materials) were identified with 291 

the PARAFAC analysis (detailed information in Table S2). During spring, tryptophan and tyrosine-292 

like FDOM varied from 0.09 to 0.17 R.U. in the bottom of the studied sediment layer (20 cm depth). 293 

When depth decreased, the relative concentration of these two compounds increased, while a 294 

marked drop in the relative concentration in the surface (0-2 cm depth) was found. The relative 295 

concentrations of these labile compounds were tightly linked to α355 values in the porewater 296 

(R2=0.64, p<0.01, n=108; Fig. S1). For humic-like materials (terrestrial and bacterial degradation), 297 

low concentrations were observed in the deeper sediment layer (<0.18 R.U.). Towards the seepage 298 

face surface, a gradual accumulation of both humic materials in porewater was found (Fig. 4), 299 

peaking at the lower intertidal station. Similar vertical distributions of FDOM components in the 300 

porewater was found in the remaining sampling events. 301 

 302 

3.3 Sediment physico-chemical parameters 303 

In spring, SOC concentration varied between 77 and 116 μmol g-1 (Fig. 5A) and the mean SOC 304 

concentration was 95 μmol g-1, significantly higher than that of summer and autumn. Vertically, the 305 

higher levels of SOC were observed in the bottom at the three sampling stations within the seepage 306 

face from spring to autumn, while SOC enrichment shifted to the surface layer of the sediment in 307 

winter (Fig. S2). Similar to SOC, EOC concentration was also higher in the bottom and decreased 308 

towards the sediment surface (Fig. 5B). The mean EOC content ranged from 6.7 to 8.7 μmol g-1 309 

among four seasons, less than 10% of the SOC inventory (Fig. 5E). The highest EOC concentration 310 

was also observed during spring, while the sediments in winter were relatively scarce in EOC (Fig. 311 

5E). Chlorophyll a content ranged from 2.6 to 4.3 μg g-1 in the sediment during spring (Fig. 5C). 312 

Apart from summer, the difference in mean sediment chlorophyll a concentration between the 313 

remaining seasons was statistically insignificant (Fig. 5F). Similar to SOC distribution in the 314 

sediment profile, both vertical EOC and chlorophyll a content increased with sediment depth from 315 

spring to autumn. In addition, these two organic pools were significantly correlated with SOC 316 

(EOC:SOC R2=0.31, p=0.01, n=60; Chlorophyll a:SOC R2=0.59, p<0.01, n=60, Fig. S1), indicating 317 
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the importance of a pelagic source for the local SOC pool through seawater infiltration. In terms of 318 

the variation between different zones in the seepage face, minor differences in SOC, EOC and 319 

chlorophyll a were obtained. The value of α355 in the extraction solutions was also variable among 320 

the four seasons (Fig. S3). α355 increase was observed in the bottom (17-20 cm depth) in the seepage 321 

face, concomitantly with a reduction in the surface layer (spring, summer and autumn). Similar 322 

patterns were found in the distribution of S275-295 and the two amino acid-like FDOM, while the 323 

difference of the two extracted humic-like FDOM materials between the surface and bottom 324 

sediments was minor (Fig. S3) 325 

 326 

3.4 Benthic microbiota 327 

Sediment microbial activity, quantified by the FDA hydrolysis potential, ranged from 22.4 to 328 

31.5 μg g-1 h-1 in spring (Fig. 5D). The highest microbial activity was found in the deeper end (17-329 

20 cm depth) of the lower intertidal station. During summer, microbial activity significantly 330 

increased compared to the remaining seasons (Fig. 5F), peaking at 40.3 μg g-1 h-1. OTUs of the 331 

sediment microbes ranged from 1145 to 1411 in spring (Table 3). During summer, OTUs markedly 332 

increased, reaching 4524 in the sediment surface. Coupled with an increase in OTUs, the 333 

Equitability and Shannon index increased (Table 3), suggesting benthic microbial diversity increase 334 

in metabolic reactions. The smallest OTU quantity was found in winter.  335 

At the phylum-level, the most abundant species was Proteobacteria, accounting for 54% to 67% 336 

in the microbiota in spring (Fig. 6A). Actinobacteria, Bacteroidetes, and Firmicutes were also 337 

abundant in the sediment in spring. In other seasons, Proteobacteria was also the dominant species; 338 

nevertheless, the relative abundance decreased to approximately 48% (summer). The opportunity 339 

species markedly varied among seasons, outlined by the Lefse LDA results (Fig. 7A). Compared 340 

with spring, the composition of Acidobacteria, Actinobacteria and Thaumarchaeota significantly 341 

increased in another 3 seasons. Accordingly, on the Bray Curtis tree and PCA analysis, sediment 342 

microbiota collected from different seasons were clearly separated at the phylum-level (Fig. 6A and 343 

Fig. 7B). The significantly seasonal difference was also observed at the class, order and family 344 

level for the determined sediment microbiota (Fig. S4). 345 
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At the genus-level, the Pseudoalteromonas was the dominant species (9.6% to 20.2% for the 346 

top-30 genus) in surface sediments in spring (Fig. 6B), while its portion slightly decreased in the 347 

deep zone. In comparison, Marinobacter, Colwellia and Sphingobium were enriched in the deep 348 

zone compared to the surface layer. RDA analysis revealed a tight linkage between sediment 349 

microbiota (OTU) and porewater DOC concentration (Fig. 7C). During summer, the dominant 350 

species shifted to Nitrosopumilus at the genus-level (4.5% to 16.5%) in sediments. Thioprofundum 351 

was also an important species, accounting for 5.5% to 6.3% in all sediment microbes. The variation 352 

in the microbial community led to a clear separation on the cluster analysis. Furthermore, the linkage 353 

between sediment microbiota and humic materials was found during summer (Fig. 7C), indicating 354 

an active DOM degradation induced by heterotrophic microbes. During autumn, Nitrosopumilus 355 

was still the dominant species at the genus-level, while the relative abundance of Gp10, 356 

Ilumatobacter and Gp22 markedly increased, ranging from 0.96% to 4.81% (Fig. 6B). In winter, 357 

the relative abundance of all species at the genus-level was < 10%. Nitrosopumilus, Thioprofundum, 358 

Gp10, and Ilumatobacter were main components in the sediment microbial community.   359 

 360 

4. Discussion 361 

4.1 Active carbon turnover in the STE 362 

STEs are the mixing zone between terrestrial groundwater and seawater and can be subject to 363 

significant advective transport (Rocha et al., 2009). In the present study, the discharge rate measured 364 

by the buried CTD-Diver in the seepage face ranged from 4.2 to 28.3 cm h-1 (Table 1). This record 365 

is comparable to peak discharge rates measured in the Ria Formosa Lagoon, Portugal (> 15 cm h-1; 366 

Ibánhez and Rocha, 2016). It is also in line with the record of modeling results in a homogeneous 367 

beach (5.2 cm h-1; Evans and Wilson, 2016) and similar to the discharge rate measured by acoustic 368 

seepage meters (<12.5 cm h-1) and the dye dilution method (<6.3 cm h-1) in Waquoit Bay and Shelter 369 

Island, USA (Sholkovitz et al., 2003). Integrating the discharge rate measured along the seepage 370 

face, these ranged from 9.2 (winter) to 16.1 (summer) m2 d-1, which were similar to the recirculated 371 

seawater discharge rate estimated by de Sieyes et al. (2008) in Stinson Beach, U.S. (22.9 to 31.7 m2 372 

d-1). The strong advection in place continuously transports solutes and benefits benthic reactions in 373 

SOC-limited sediments (Huettel et al., 2014). As a response, the STE acted as an active reaction 374 
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node for DOC transformation. DOC production rates varied from 2.3 to 91 nmol cm-3 h-1. The results 375 

are in line with those determined under controlled conditions (8.3 to 74.2 nmol cm-3 h-1) by Ibánhez 376 

and Rocha (2014) in Ria Formosa sediments. These rates are also comparable to the DOC 377 

production rates determined experimentally with sandy sediments from Dublin Bay, Ireland (1.5 to 378 

6.2 nmol cm-3 h-1; Jiang et al. submitted). Simultaneously, the surface sediment acted as a sink for 379 

DOC. DOC consumption was also observed in surface sediments of the Ria Formosa Lagoon 380 

(Ibánhez and Rocha, 2014). The DOC removal rates found here (< 102 nmol cm-3 h-1) are similar to 381 

DOC consumption rate (113 nmol cm-3 h-1) obtained with sediments from Ria Formosa with 382 

porewater amended with glucose (Jiang et al., 2018). These DOC production and consumption rates 383 

show that the STE in Sanggou Bay has the capacity to significantly modulate SGD-derived DOC 384 

fluxes from the beach aquifer to coastal waters. 385 

 386 

4.2 DOC production in the seepage face 387 

 From spring to autumn, DOC production was observed in the 15 to 20 cm depth layer of the 388 

studied seepage face. Increases in porewater DOC levels are usually linked to (1) desorption from 389 

sediment particles, driven by temperature and/or salinity variation, and (2) decomposition of the 390 

SOC, especially EOC, and subsequent release of dissolved fractions. Diel porewater temperature 391 

variations due to sunlight exposure are not expected in depth since all samplings occurred in evening. 392 

Furthermore, the salinity of the seeped water is generally lower than the surface seawater. Salinity 393 

decreases usually promotes the adsorption of DOC to sediment particles, potentially leading to a 394 

decline in porewater DOC concentration (Setia et al., 2013). Consequently, the contribution of 395 

desorption to the DOC increases observed in the seepage face is deemed negligible. Alternatively, 396 

SOC decomposition or degradation seems to be the main source of porewater DOC. The progressive 397 

accumulation of humic-like FDOM along the flow path, verified during all the surveys in the three 398 

stations, further supports the idea of active heterotrophic processing of organic matter in the studied 399 

sediment column. 400 

The most significant feature is the enrichment of SOC in the bottom sediment. This fraction 401 

might result from the infiltration of suspended particles during tidally-driven porewater-seawater 402 

exchange together with sediment reworking by waves, as suggested by the in-depth maximum of 403 
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chlorophyll a observed. Seawater can intrude into the seepage face at high tides if the pressure 404 

balance between the coastal aquifer and surface seawater permits, or directly into the undersaturated, 405 

upper intertidal. Particulate organic matter is thus retained within the sediment, leading to the 406 

periodical supply of new SOC, including labile fractions, such as phytoplankton debris and feces 407 

from clams and abalone culture. SOC is then decomposed and degraded producing DOC via 408 

heterotrophic metabolism as suggested by the significant correlation between SOC and microbial 409 

activity (Fig. S1).  410 

 During each season (excluding winter), the difference in SOC and EOC concentration in the 411 

bottom sediments among three stations was minor (e.g. Fig. 5A & 5B). Concurrently, microbial 412 

activity and community structure, e.g. dominant species, were also similar in the bottom among the 413 

three intertidal stations (Fig. 6A). Theoretically, this similarity could lead to a minor variation in 414 

the DOC production rate among stations. In contrast, DOC production rates obtained in the deeper 415 

studied sediment (20 cm) in the medium and the lower intertidal were frequently higher than values 416 

found in the higher intertidal station, especially autumn (c.f. Fig. 3A to 3C). The mean production 417 

rate (spring to autumn) at the higher intertidal station was also smaller than the remaining seasons 418 

(Fig. 3F). This apparent contradiction reveals the significance of advection rate on the coupling 419 

between SOC degradation and DOC production (Ehrenhauss and Huettel, 2004). In particular, in 420 

the medium and lower intertidal, advection rate was significantly higher compared to the upper 421 

beach levels, because of the large hydraulic head (Table 1). Increasing advection delivers higher 422 

quantities of reactants for microbially mediated reactions (e.g. DO from surface seawater) while 423 

removing metabolic products benefiting microbial reactions on the particle surface (Boudreau et al., 424 

2001; Ibánhez and Rocha, 2017). 425 

Apart from the spatial difference along the intertidal, seasonal variations in the DOC 426 

production rate were also observed (Fig. 3A to 3D), probably as the result of changes in porewater 427 

temperature and advection rate (Thamdrup et al. 1998; Brin et al. 2015; Ibánhez and Rocha 2016). 428 

More importantly, changes in the benthic microbial community also seemed to influence DOC 429 

processing. Carbon utilization preference varies markedly among different species. For instance, at 430 

the phylum-level, during spring, Proteobacteria ranged from 54.5% to 67.2% while 431 

Thaumarchaeota was minor (Fig. 6A). In contrast, during autumn, Proteobacteria decreased to 432 
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38.1%, while the abundance of Thaumarchaeota markedly increased, peaking at 16.9%. Generally, 433 

the majority of Proteobacteria are heterotrophic, requiring an external energy supply (Kersters et 434 

al., 2006), while Thaumarchaeota oxidizes NH4
+ to sustain metabolism (Kozlowski et al., 2016). 435 

The enrichment of Proteobacteria benefits SOC decomposition and a fraction of DOC, including 436 

labile fractions, might be released into the porewater. At the genus-level, Pseudoalteromonas, the 437 

dominant species in spring, is characterized as highly active in degradation of large molecular 438 

organic fractions, such as fucoidan (Bakunina et al., 2002) and chitin (Techkarnjanaruk and 439 

Goodman, 1999), suggesting that Pseudoalteromonas might be suitable for the degradation of 440 

refractory SOC. In contrast, Nitrosopumilus might be active in the use of small molecular 441 

compounds, e.g. glucose, mannose and inositol (Könneke et al., 2012), and organic pollutants, e.g. 442 

pentabromodiphenyl ether (Yan et al., 2017). These characteristics suggest that benthic microbes in 443 

spring are more efficient in SOC decomposition-DOC production compared with the microbes in 444 

autumn. The RDA analysis further reinforced the tight linkage between DOC production and 445 

sediment microbiota during spring (Fig. 7C). The microbial activity also influences DOC 446 

production. During summer, microbiota was similar to that observed in autumn at both phylum-447 

level and genus-level (Fig. 6A). The low abundance of Proteobacteria suggests a slow DOC 448 

production rate. However, the microbial activity in summer was the highest measured (Fig. 5F). 449 

Such high activity could drive a rapid transformation of SOC, leading to a significant DOC 450 

accumulation in porewater. Thus, the stimulated microbial activity might play more vital role in 451 

DOC production compared to the benthic microbial community structure. 452 

A seasonal shift in the depth of the net DOC production zone was also observed. From spring 453 

to autumn, the DOC production occurred in 15-20 cm depth, while it moved to the surface in winter 454 

(Fig. 3). Considering the similar wave height and tidal amplitude during each sampling and the 455 

minor difference in the grain size among seasons, the shift likely results from the change in the 456 

pelagic input, especially plankton debris because of the tight relationship between SOC and 457 

chlorophyll a. In particular, the microbial and phytodegradation of phytoplankton debris (large 458 

pieces to small pieces) would be higher in the warmer bay waters (summer) and lower during the 459 

winter (Chen and Wangersky, 1996). A similar reaction pattern could be found in the feces from 460 

clam and abalone. The active microbial breakdown in the bay water likely produces smaller pieces 461 
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of the detritus, which could easily seep into the deep layer of the seepage face during recharge 462 

(outlined in Fig. 1B). In contrast, mild degradation produces a large piece of particles, only deposing 463 

on the surface of the sediment. Besides degradation, phytoplankton species variation might also be 464 

an explanation. In Sanggou Bay, the dominant species is diatom, while dinoflagellates rapidly 465 

increase in spring and summer (Yuan et al., 2014). Compared to diatoms, the size/diameter of 466 

dinoflagellates is frequently much smaller (Hitchcock, 1982), suggesting the potential for transport 467 

deeper into the sediments. 468 

 469 

4.3 DOC removal in the seepage face 470 

 In contrast with winter, a fraction of produced DOC was rapidly removed in the sediment 471 

surface from spring to autumn. The removal of DOC in surface sediments was also reported in the 472 

Lake Umersee, Switzerland (Davis, 1982) and the Ria Formosa Lagoon, Portugal (Ibánhez and 473 

Rocha, 2016). DOC removal in sandy sediments might result from adsorption, as aforementioned. 474 

However, compared to the bottom layer (15-20 cm depth), both SOC and EOC of the surface 475 

sediment were lower, suggesting that DOC sorption might be low. Alternatively, aerobic respiration 476 

could be an important pathway for DOC removal, particularly under the high DO levels measured 477 

in the studied sediment column in all the sampling events (Fig. 2A). As aforementioned, microbes 478 

at the phylum of Proteobacteria, is heterotrophic. At the genus-level, dominant species of 479 

Pseudoalteromonas and Nitrosopumilus are also heterotrophic, especially microbes of 480 

Nitrosopumilus strongly rely on the supply of labile organic carbon in the culture medium (Elling 481 

et al., 2014). For the opportunity species, apart from Thioprofundum that is chemolithoautotrophic 482 

(Mori et al., 2011), Colwellia and Gp10 are in significant requirement of exogenous organic matter 483 

(Huston et al., 2004; Liu et al., 2014). Apart from the accumulation of humic-like FDOM along the 484 

flow path in the entire sediment column studied that suggests active organic matter processing, labile 485 

FDOM was also being produced in the deeper sediment layers. Nevertheless, in the sediment surface, 486 

net DOC consumption occurs concomitantly with labile FDOM consumption. This suggests a 487 

change in the organic matter source used for heterotrophic processes. Along the flow path, 488 

progressively lower SOC, EOC and chlorophyll a, suggesting a shortage of the labile proportion in 489 

the SOC, and increased DOC and labile FDOM in the porewater promote a shift towards higher 490 
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utilization of DOC for heterotrophic processes towards the sediment surface. In laboratory culture, 491 

Nitrosopumilus directly utilize DOC from the culture medium (Könneke et al., 2012). Gp22 492 

(Actinobacteria) is in favor of small molecular organic acids in soils (Li et al., 2014). These key 493 

species could be versatile in benthic environments, shifting between SOC and DOC utilization on 494 

the basis of availability (concentration and labile fractions).  495 

Similar to DOC production, a seasonal variation in the DOC removal rate in the sediment 496 

surface occurred. During summer, the DOC concentration and CDOM levels were the lowest 497 

compared to porewater obtained in both spring and autumn. The labile fractions, such as amino-acid 498 

like FDOM, were also minor in summer (Fig. 2), concomitantly with the highest DOC removal rates 499 

found (Fig. 3E). Such discrepancy can be explained by temperature-dependent microbial activities. 500 

More importantly, given the positive correlation between benthic microbes and humic materials as 501 

revealed by the RDA result (Fig. 7C), the sediment microbiota may also play a key role in the DOC 502 

removal during summer. In particular, soil/sediment microbes have a wide selection of carbon 503 

sources, ranging from small molecular compounds, e.g. fatty acids (Slater et al., 2005), organic acids 504 

(Li et al., 2014), to polymers, e.g. lignin (Yu et al., 2018). The low supply of labile compounds 505 

might trigger the enhancement in degradations of large molecular DOM via accelerating the 506 

synthesis of related enzymes (e.g. glucose–lactose diauxie experiments; Inada et al. 1996). 507 

Furthermore, a number of sediment microbes might be associated with a series of metabolism 508 

reactions. The products, e.g. Fe2+ and Mn2+ from reduction, could be important reactants for carbon 509 

oxidation (Canfield et al., 1993). During summer, the highest OTU number, Shannon index and 510 

Equability were found (Table 3), indicating a higher diversity of sediment microbes participated in 511 

the benthic metabolism. Adding these together, the low porewater DOC concentration produced the 512 

highest reaction rate.  513 

During winter, DOC production dominated in the surface sediment, concomitantly with the 514 

higher SOC levels available along the sediment vertical profile. It suggests that the degradation of 515 

labile SOC, e.g. phytoplankton detritus, is the preferable source of carbon and electrons for benthic 516 

microbes. Furthermore, the microbial activity in the surface sediment was lower than the value in 517 

the deep layer (production zone). It reinforced that SOC plays an important role in benthic reactions 518 

due to the direct contact with sediment microbes (Jiang et al., 2018), while DOC may not be the 519 
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primary target in the microbe-mediated biogeochemical reactions if high-level SOC, especially EOC 520 

and labile DOM, are available. 521 

 522 

4.4 Estimates of SGD-borne DOC fluxes to the coastal zone 523 

SGD contributes a significant quantity of DOC in many coastal systems worldwide (e.g. Okatee 524 

River estuary, U.S.A., Porubsky et al., 2014; Korogoro Creek, Australia; Sadat-Noori et al., 2016; 525 

Maowei Sea, China; Chen et al., 2018). Here, DOC concentration in the outflowing porewater 526 

increased compared to surface seawater due to strong DOC production within the seepage face. 527 

DOC loading via SGD ranged from 0.39 to 1.85 g m-2 d-1 in the different intertidal stations sampled 528 

in the Sanggou Bay seepage face (Fig. 8A). These rates fall in a similar range to results obtained in 529 

the sub-tropical coastal line of the Maowei Sea (3 to 3.7 g m-2 d-1; Chen et al., 2018) and the Okatee 530 

Estuary, USA (2.0 g m-2 d-1; Moore et al., 2006), where intensive primary production was observed. 531 

In addition, compared to the turnover rate obtained from temperate zones, such as the Yarra River 532 

estuary, Australia and the Hampyeong Bay, Korea, the DOC production in the Sanggou Bay is 533 

markedly higher (Fig. 8B). These comparisons reinforced the rapid carbon turnover in the seepage 534 

face at Sanggou Bay, stimulated with the periodical tidal supply of abundant phytoplankton and 535 

detritus to the seepage face. 536 

Integrating the sampled beach profile, the magnitude of SGD borne DOC flux to Sanggou Bay 537 

ranged from 28.5 to 43.3 g C m-1 d-1, peaking in summer due to the high discharge rate. Compared 538 

to the DOC loading via the Gu River (Fig. 8C & 8D), SGD was a minor contributor to the bay DOC 539 

inventory (varying between 8.6% in summer to 12.5% and winter). In addition, the river was a net 540 

source of POC, while the STE acted as a net reactive sink for POC. Because of the strong 541 

degradation, a significant accumulation of labile fractions of DOM was observed in porewater and 542 

the seepage outflow. This is in contrast to the findings suggesting SGD is mainly a source of 543 

recalcitrant DOM from karst systems into the sea (e.g. Kinvara Bay, Ireland; Kelly 2018), 544 

suggesting an important transformative role played by non-karstic STEs in labile DOM production 545 

and export. Therefore, the environmental function of the STE in Sanggou Bay is a ‘filter’ for POC 546 

and a source of labile DOC. In the bay, POC would have accumulated in the benthos, potentially 547 

increasing local oxygen consumption. The removal in subterranean estuary may decrease the 548 
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possibility of carbon-dependent hypoxia occurrence. The produced DOC, especially the labile 549 

fraction, is likely to be rapidly utilized by primary producers and heterotrophic prokaryotes along 550 

the coastal belts, sustaining the ecological and environmental functions in the bay.  551 

 552 

5 Conclusions 553 

The seepage face in Sanggou Bay is an active benthic reactor for carbon cycling, hosting 554 

detritus degradation-based DOC production and aerobic respiration/biological assimilation-based 555 

DOC removal. The porewater flow rate was the key driver for the rates of these reactions, explaining 556 

marked variations observed between stations and seasons. Changes in the microbiota also impact 557 

benthic microbial reactivity. An increase in relative abundance of exclusive heterotrophic species 558 

(e.g. Pseudoalteromonas and Nitrosopumilus) accelerates carbon transformation rates, especially 559 

when the sediment microbial activity was stimulated by porewater high temperature. Spatial 560 

separation between net DOC production (15-20 cm depth) and net DOC removal (0-5 cm surface) 561 

was observed year around except in winter, likely resulting from variations in the quantity and 562 

quality of the SOC pool. During winter, the location of the net DOC production zone moved to the 563 

surface, in parallel with a shift in the zone of higher SOC content. Among four seasons, the STE in 564 

Sanggou Bay acted as a source of DOC, via active processing of infiltrated pelagic POC. This 565 

pelagic POC consumption reduces the likelihood of benthic hypoxia driven by carbon accumulation 566 

in the bay bottom zone.  567 
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Table 1 Physic-chemical characters of seawater collected at high tide and Gu river water. 780 

 High tide seawater Gu river water 

 Spring Summer Autumn Winter Summer Winter 

Salinity 34.2 34.1 34.5 34.5 0 0 

Temp. (℃) 16.5 27.4 18.9 4.6 27.6 4.8 

DO (%) 100.2 102.5 96.8 99.7 93.2 96.7 

Chlorophyll a (μg L-1) 4.11 4.86 3.24 3.58 ---- ---- 

DOC (μM) 145 133 148 137 289 345 

α355 0.87 0.79 0.82 0.82 1.68 1.52 

S275-295 35.2 34.6 35.3 36.7 24.9 23.6 

Amino acid (R.U.) 0.11 0.09 0.12 0.11 0.14 0.12 

Amino acid (R.U.) 0.08 0.08 0.09 0.08 0.12 0.11 

Terrestrial humic (R.U.) 0.07 0.09 0.09 0.10 0.21 0.20 

Bacterial humic (R.U.) 0.06 0.07 0.07 0.08 0.16 0.14 

Table 2 Porewater salinity (mean values from each profile), pressure head (cm), and 781 

calculated discharge rate (cm h-1) in different sampling sites in the seepage face among four 782 

seasons. 783 

 Salinity Pressure Head Discharge rate 

 Higher Medium Lower Higher Medium Lower Higher Medium Lower 

Spring 34.1 33.1 31.5 3.5 7.2 5.9 9.0 18.4 15.3 

Summer 32.4 31.9 31.2 6.3 10.9 8.9 16.1 28.3 22.8 

Autumn 33.9 32.8 32.6 2.7 7.8 7.3 4.2 20.2 18.7 

Winter 34.2 34.0 33.5 2.9 6.5 5.7 7.1 16.8 14.5 

Table 3 Microbial OTU number, Shannon index and related Equitability in surface (2 cm 784 

depth) and bottom (17 cm depth) sediments in the seepage face among four seasons. 785 

Samples Surface (2-5 cm) Bottom (17-20 cm) 

 OTUs Shannon Equitability OTUs Shannon Equitability 

Spring-Higher 1411 8.52 0.815 1312 7.99 0.772 

Spring-Medium 1145 7.43 0.731 1411 8.19 0.783 

Spring-Lower 1288 7.33 0.709 1393 8.47 0.811 

Summer-Higher 4524 9.42 0.776 3469 9.60 0.817 

Summer-Medium 3974 9.23 0.772 4084 9.11 0.759 

Summer-Lower 4354 9.22 0.762 2887 8.89 0.774 

Autumn-Higher 2895 9.42 0.819 2604 8.98 0.791 

Autumn-Medium 2938 9.36 0.812 2861 9.40 0.819 

Autumn-Lower 2454 8.29 0.736 2417 8.90 0.792 

Winter-Higher 934 8.03 0.814 6060 9.48 0.754 

Winter-Medium 1262 8.50 0.825 4956 9.12 0.743 

Winter-Lower 4279 9.33 0.774 4722 9.32 0.763 
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Figure 1 Location of Sanggou Bay (A). It highlights the location of the sampling beach in the 788 

Sanggou Bay and the main regions for the culture of scallop and kelp in the bay. It also shows 789 

the location of Gu River, i.e. the largest river to the Sanggou Bay system. This figure is 790 

adapted from Zhu et al. (2017); The sketch of the sampling beach (B), which highlights three 791 

sampling sites in the seepage face: higher intertidal station ; medium intertidal station and 792 

lower intertidal station; the sampling depth (20 cm) and location of the buried CTD Diver is 793 

outlined in (C).  794 

Figure 2 DOC concentration, α355 and S275-295 in the porewater profile from three zones 795 

(higher, medium and lower) in the seepage face among four seasons. 796 

Figure 3 DOC reaction rate (nmol C cm-3 h-1) in the sediment profile from spring (A) to 797 

winter (D). Positive rates indicate DOC addition while the negative rates indicate DOC 798 

removal. Mean reaction rates and deviation in three stations from spring to summer, 799 

highlighting the shift from DOC production to DOC removal along the sediment profile (E). 800 

Comparison of mean DOC reaction rates (F) between surface (0-2 cm, two layers) and bottom 801 

(15-17 cm, two layers) sediment and mean DOC concentrations and α355 and in porewater 802 

among four seasons (G). Comparison of mean DOC reaction rates among stations (H). 803 

Among four seasons, different characters, such as A and B, are added on top of bars. The 804 

difference in characters denotes a statistical significance (p<0.05) between two groups.  805 

Figure 4 Tryptophan like solute, Tyrosine like solute, Bacterial degradation produced humic 806 

material and Terrestrial humic in the porewater profile from three zones (higher, medium and 807 

lower) in the seepage face among four seasons. 808 

Figure 5 SOC content (A), EOC content (B), Chlorophyll a content (C) and microbial activity 809 

(D) in sediment profiles during spring; (E) Comparisons of mean SOC and EOC among four 810 

seasons; (F) comparisons of sediment Chlorophyll a and microbial activity among four 811 

seasons. Different characters on top of bars, such as A and B, suggest a statistical significance 812 

(p<0.05) between two groups.  813 

 814 
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Figure 6 Microbial community structure (relative abundance) on the phylum level among four 815 

seasons (A). It also highlights the seasonal variation in the community structure in the Bray-816 

Curtis tree. In the figure, L. indicates the lower intertidal site, M. indicates the medianl 817 

intertidal site, H. indicates the higher intertidal site, S. indicates the surface (2 cm) and B. 818 

indicates the bottom (17 cm); (B) relative abundance of benthic microbes (genus level) among 819 

four seasons. It also shows the cluster results for the tested sediments. 820 

Figure 7 Seasonal comparison of sediment microbiota using Lefse (lda) test at the phylum 821 

level (A); (B) is PCA result for sediment microbial variability (n=24) at the phylum level. (C) 822 

is RDA result for indentification the linkage between carbon factors and sediment microbiota 823 

(OTUs). To reduce the collinearity, a fraction of carbon factors was removed in the RDA 824 

analysis. In the figure, Chl. is chlorophyll a, Try. is tryptophan, Tyr. is Tyrosine, Terr. is 825 

terrestrial humic, Bact. is bacterial humic. 826 

Figure 8 (A) the magnitude of DOC flux from the seepage face to the Bay; (B) a global 827 

comparison of SGD borne DOC loading among the present study and other coastal systems: 828 

Hat Head (Sadat-Norri et al., 2016); Maowei Sea (Chen et al., 2018); Okatee Estuary (Moore 829 

et al., 2006); Hampyeong Bay (Kim et al., 2005); Moreton Bay (Maher et al., 2013); North 830 

Inlet (Goñi and Gardner, 2003) and Masan Bay (Oh et al., 2017); (C) and (D) show the 831 

comparison of SGD derived DOC loading (7.5 km STE length) to the Gu River derived DOC 832 

loading in the summer and winter, respectively. The magnitude of DOC flux from the 833 

subterranean estuary was estimated as the intergration of DOC loading from the seepage face 834 

and a multiplication constant (2; Li et al., 2008).  835 
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