

[image: Effects of wetland, tide, and season on benthic biofilms and related sediment properties in mangrove ecosystems]
Effects of wetland, tide, and season on benthic biofilms and related sediment properties in mangrove ecosystems





ORIGINAL RESEARCH

published: 10 November 2022

doi: 10.3389/fmars.2022.1043826

[image: image2]


Effects of wetland, tide, and season on benthic biofilms and related sediment properties in mangrove ecosystems


Lihua Yang 1, Qian Yang 1, Li Lin 2, Tiangang Luan 2, Qiong Yang 3, Pu Li 1* and Nora F. Y. Tam 4,5*


1 South China Sea Bio-Resource Exploitation and Utilization Collaborative Innovation Center, Guangdong Provincial Key Laboratory of Marine Resources and Coastal Engineering, School of Marine Sciences, Sun Yat-Sen University, Guangzhou, China, 2 State Key Laboratory of Biocontrol, School of Life Sciences, Sun Yat-Sen University, Guangzhou, China, 3 Neilingding-Futian National Nature Reserve of Guangdong Province, Shenzhen, China, 4 School of Science and Technology, Hong Kong Metropolitan University, Hong Kong, Hong Kong SAR, China, 5 State Key Laboratory of Marine Pollution and Department of Chemistry, City University of Hong Kong, Hong Kong, Hong Kong SAR, China




Edited by: 

Hao Cheng, South China Sea Institute of Oceanology (CAS), China

Reviewed by: 

Fulin Sun, South China Sea Institute of Oceanology (CAS), China

Ke Pan, Shenzhen University, China

*Correspondence: 

Pu Li
 lipu8@mail.sysu.edu.cn 

Nora F. Y. Tam
 bhntam@cityu.edu.hk

Specialty section: 
 This article was submitted to Marine Ecosystem Ecology, a section of the journal Frontiers in Marine Science


Received: 14 September 2022

Accepted: 24 October 2022

Published: 10 November 2022

Citation:
Yang L, Yang Q, Lin L, Luan T, Yang Q, Li P and Tam NFY (2022) Effects of wetland, tide, and season on benthic biofilms and related sediment properties in mangrove ecosystems. Front. Mar. Sci. 9:1043826. doi: 10.3389/fmars.2022.1043826



Sediment biofilms, mainly composed of diatoms, bacteria, and related extracellular polymeric substances (EPS), play important roles in mangrove ecosystems. In order to better understand the microbial biodiversity in marine environment, this study aims to clarify the effects of wetland, season, and tide on benthic biofilms and related sediment properties based on in situ investigation in two mangrove wetlands (Futian and Qi’ao) in the Pearl River Estuary, South China. Owing to the tide current, the northeastern Futian is more influenced by seawater than the southwestern Qi’ao. As a consequence of the salinity-driven accumulation of nutrients in sediments, Futian is more eutrophic than Qi’ao. Compared to Qi’ao, the higher nutrimental condition in Futian conserves higher abundance of eutrophic indicators of Nitzschia and Cyclotella, which results in higher values of all pigments and bound polysaccharide with varied monosaccharide composition. Compared to the seaward site, the landward site has higher abundance of benthic (pennate) diatoms but lower abundance of planktonic (centric) diatoms due to the varied settling velocity by tidal disturbance. This varied diatom composition leads to higher levels of bound polysaccharide and more monosaccharides in the landward site than in the seaward site. Compared to late spring (March), early summer (May) appears to have similar diatom abundance but more EPS fractions (except bound protein) and monosaccharides due to the higher level of light intensity and temperature. The observed lower bacterial abundance in May than in March might be due to the higher predation pressure. The baseline data on biofilm compositions in mangrove ecosystems from this study can improve the understanding of microbial biodiversity in response to the tidal, temporal, and spatial changes.
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Introduction

Biofilms are defined as aggregates of microorganisms in which cells are frequently embedded in a self­produced matrix of extracellular polymeric substances (EPS) that are adherent to each other and/or a surface (Vert et al., 2012). As a “microbial skin”, biofilms drive crucial ecosystem processes and contribute to the biogeochemical cycling of carbon and nitrogen on Earth (Decho, 2000; Battin et al., 2016). Biofilms in intertidal sediments are complex systems with high cell densities ranging from 108 to 1011 cells/g wet weight and are typically composed of microalgae (mainly diatom) and prokaryotes (mainly bacteria) (Flemming et al., 2016; Stal et al., 2019). In biofilms, EPS act as crucial intermediaries that drive symbiotic interactions in bacterial–microalgal consortia, such as tolerance towards external stresses, cell–cell communication and collective behavior, and synergetic use of nutrients (Gerbersdorf et al., 2020; Perera et al., 2022). Epipelic diatoms (Bacillariophyceae) are the main producers of sediment EPS, and their composition depends on the environmental conditions and stresses (Smith and Underwood, 1998; Underwood et al., 2004; Bellinger et al., 2005).

Mangroves are intertidal forests along tropical and subtropical coastlines, providing a wide range of ecosystem services, such as fisheries support, coastal protection, and carbon sequestration (Lovelock et al., 2015). Although mangroves occupy only 0.5% of the global coastal area (~138,000 km2), they contribute 10%–15% (24 Tg C year−1) to coastal sediment carbon storage and export 10%–11% of the particulate terrestrial carbon to the ocean (Alongi, 2014). The Pearl River Delta (PRD) is currently considered as one of the highly polluted regions in South China. At the same time, it also conserves several subtropical mangrove forests. Historically, many urban and industrial centers were established adjacent to estuaries fringed by mangroves. Mangrove swamps had been used as convenient dumping sites for waste generated from human activities (Tam, 2006). The nutrients and contaminants from the upstream Pearl River and/or from flushing tidal water were likely to retain in these mangrove sediments (Wang et al., 2013; Liu and Wong, 2013; Zhang et al., 2014). As an intermediate habitat between terrestrial land and oceans, the mangrove wetland ecosystem has unique ecological functions, including purification of land-derived nutrients/pollutants and buffering wave actions to prevent coastal line erosion (Wang and Gu, 2021).

The sediment biofilms in mangrove ecosystems are likely to have a considerable capacity to withstand the inundation by tides and adjust to temporal and spatial changes. The gradient variations of bacterial diversity and metabolic function were observed from high tidal flat to mid/low tidal flat in in an artificial mangrove wetland (Yin and Yan, 2020) and mangrove-inhabited mudflat (Zhang et al., 2018). Microeukaryotic community structure was related to the spatial heterogeneity of mangrove sediment geochemistry due to tidal zonation and the rhizosphere effect (Zhu et al., 2018). Significant seasonal variations of the microphytobenthos community structure were observed in mangrove ecosystems along the southwest coast of India (Benny et al., 2021). Salinity and nutrients were the most significant variables related to diatom composition in surface sediments of Can Gio Mangrove Forest, Southern Vietnam (Costa-Boddeker et al., 2017). Besides microbial composition, the inhabited biofilms in mangrove sediments, especially EPS, are rarely characterized under the effects of environmental and spatiotemporal factors. To better understand the microbial biodiversity in marine environment, based on the in situ investigation in two mangrove wetlands (Futian and Qi’ao) in South China, this study clarified the effects of tide, season, and wetland on sediment biofilms and related sediment properties.



Materials and methods


Study areas and sample collection

As shown in Figure 1, Futian mangrove nature reserve (22°31’ N, 114°0’ E), situated at the northeastern coast of the estuary of the Pearl River Delta, South China, was selected as the representative sampling site. In the upstream Pearl River, the runoff during the wet season (from April to September) accounted for 75% of the annual flow and was nearly three times the runoff during the dry season (from October to March in the next year) (Zhen et al., 2016). Thus, two cruises in 2018 during moderate tide were carried out in March (temperature at 17–24°C and daylight hours of 12 h 2 min) and May (temperature at 25–31°C and daylight hours of 13 h 12 min), representing late spring and early summer, respectively.




Figure 1 | The sketch map showing sampling sites in Futian and Qi’ao mangrove wetlands. Sediments collected from sites 1, 2, and 3 in Futian were respectively marked as F1, F2, and F3 in spring samples and as SA1, SA2, and SA3 in summer samples, which were at the inner rim of the mature mangrove forest. In summer, the tidal gradient was additionally designed in each site with B in the middle (SB) and C in the outer rim (SC) of the mangrove forest. In Qi’ao, only summer samples were collected in three sites at the inner rim of the mature mangrove forest and labeled as Q1, Q2, and Q3.



In Futian, mangrove sediment samples were collected from three sites in the midtidal region, sites 1, 2, and 3, with a distance interval of approximately 1 km. All three sites were located at the inner rim of the mature mangrove forest near a wooden boardwalk. In addition, site 1 was adjacent to a ditch that was used as a drain outlet a decade ago (personal communication). The samples collected in March were marked as F1, F2, and F3 for sites 1, 2, and 3, respectively. Furthermore, the May samples were labeled as SA1, SA2, and SA3. In May, in addition to inner rim samples (SA), samples at a rectilinear direction to the seaward in each site were also collected to investigate the effect of tidal levels. They were labeled with prefixes SB and SC for samples collected in the middle and in the outer rim of the mangrove forest, respectively. Due to the difficulty in sampling in dense forest area, SB sample of site 3 (SB3) was not available. Comparatively, Qi’ao Island (22°26’ N, 113°37’ E), situated along the southwestern coasts of this estuary, was selected as another sampling site. In the Qi’ao mangrove wetland, samples were also collected only on May from three sites in the midtidal region, sites 1, 2 and 3, at the inner rim of the mature mangrove forest near a wooden board, and labeled as Q1, Q2, and Q3, respectively.

The mangrove sediments were collected under the canopy formed by the mature mangrove trees at low tides. Triplicate samples of approximately 0.5 kg fresh weight of 0–1 cm surface sediment in each site were randomly collected within a 1 × 1 m2 quadrat using stainless steel shovels. Salinity was determined in situ by a salinometer (Thermo Scientific™ Elite, Thermo Fisher Scientific, USA). Following the manual removal of stone, root, litter, and predators, the collected sediments were brought back to the laboratory at 4°C and stored in brown sampling bags. Each sediment sample was well mixed and then submitted to the same process for the determination of sediment properties, bacterial and diatom abundances, and EPS concentrations.



Determination of sediment properties including pigments

A portion of the sediments were freeze-dried and then submitted for the determination of sediment properties including pigments in all samples. Total organic matter (TOM) was measured by the loss on ignition of the freeze-dried sediment at 550°C in a muffle furnace. Elemental analysis of C and N by a Vario EL cube (Elementar, Germany) was performed at the Instrumental Analysis & Research Center in Sun Yat-Sen University (authorized by the Certification and Accreditation Administration of the PRC with MA 17002100896), while P was analyzed by inductively coupled plasma–atomic emission spectrometry (ICP-AES, iCAP6500Duo, ThermoFisher, USA). Pigments were extracted from the freeze-dried sediment using 90% acetone, incubated overnight in the dark, and centrifuged at 3,500 g, and the absorbance of pigment in the acetone extract was determined using a spectrophotometer (2600A, Unico, USA). Absorbance values were converted to the concentration of each pigment in the sediment (μg/g) following the ASTM international standard D3731-87 (2004) (ASTM International, 2004).



Abundance of bacteria and diatoms

The bacterial abundance was determined in fresh sediments in all samples by the direct counting method after 4′,6-diamidino-2-phenylindole (DAPI) staining (Porter and Feig, 1980; Yang et al., 2020). The bacterial number was counted using an epifluorescence microscope (Leica DM5000B, Wetzlar, Germany) with blue excitation light (450–490 nm) at a magnification of 10 × 100 under oil. Accurate amounts of 100 mg of freeze-dried sediments were digested by 37% hydrogen peroxide to remove organic matter, then by 10% hydrochloric acid to remove carbonate particles (Renberg, 1990). The digested sediments were diluted to 10 ml with ultrapure water. Permanent slides were prepared by pipetting the constant volume sample of 200 μl onto a coverslip and subsequently mounting onto a glass slide using the Naphrax® (refractive index = 1.7). For each sample, at least three slides were prepared and a total of 450–500 valves were counted. Diatoms in the slides were identified and calculated completely using an optical microscope equipped with a digital camera (DM 5000B, Leica, German). All diatoms were identified at 400× magnification to the taxonomic level of genus based on the morphologic characteristics of the frustules according to the Algaebase (https://www.algaebase.org/). The genus of diatoms was also confirmed under a scanning electron microscope (SEM, GeminiSEM 500, ZEISS, German), followed by gold coating.



Extraction and determination of EPS fractions

Colloidal and bound EPS in all samples were extracted from fresh sediment immediately after collection based on the Dowex-resin method (Takahashi et al., 2009; Yang et al., 2020). Twenty milliliters of artificial seawater (ASW) was added to 20 ml of fresh sediment, continuously agitated for 1 h at 4°C in the dark, and centrifuged at 3,500 rpm at 4°C for 15 min, and the supernatant was considered as colloidal fraction. The sediment pellet was then added with 20 ml of ASW and 1 g of activated Dowex 50WX8 (hydrogen form, 200–400 mesh, Sigma-Aldrich, MO, USA), mixed gently for 1 h in the dark, and centrifuged to obtain the supernatant representing the bound fraction. The colloidal and bound EPS were precipitated with the addition of −20°C ethanol and gently mixed overnight. The precipitate was obtained by centrifuging and then freeze-dried for further analysis. The polysaccharide concentration was quantified by a phenol sulfuric acid assay using glucose as the standard (DuBois et al., 1956). The protein concentration was determined using a modified bicinchoninic acid (BCA) protein assay kit (Sangon Biotech, China) with bovine serum albumin (BSA) as the standard (Smith et al., 1987). The limits of detection for polysaccharides and proteins were 2.63 and 2.46 mg/g (w/w, dry weight basis of EPS), respectively.



Neutral monosaccharide analysis

The monosaccharide composition in colloidal and bound EPS in all samples was determined according to the method from Pierre et al., 2010. Ten milligrams of lyophilized EPS was re-dissolved in 1 ml of 2 M HCl, added with 20 μl of 1 M myo-inositol (purity > 98%, Sigma) and heated at 90°C for 4 h in a water bath. The preparation was then dried by gentle nitrogen flow and derivatized at 60°C for 60 min with the addition of 50 μl of derivatization reagent (BSTFA:TMCS = 99:1) and 50 μl of pyridine. The derivatized products were identified and determined by an Agilent 7890A gas chromatograph coupled with a 5975C mass spectrometer (GC-MS) using a DB-5-MS capillary column (30 m × 0.25 mm × 0.25 mm). Quantification was based on the peak area and retention time of a mixed monosaccharide standard (purity > 99.9%, Supelco) with myo-inositol as the internal standard. The LODs of D(−)ribose (RIB), D(+)xylose (XYL), D(−)arabinose (ARA), D(+)galactose (GAL), D(+)mannose (MAN), and D(+)glucose (GLU) were 5.7, 3.5, 1.7, 4.6, 7.8, and 10.9 μg/g (w/w, dry weight basis of EPS), respectively. The monosaccharides in colloidal and bound EPS were abbreviated in the following text as C_ and B_, respectively.



Statistical analyses

The statistical analyses and graphics were performed based on Origin 8.5, Spyder (Python 3.8), and RStudio (R 3.6.1). In each sediment and each parameter, mean ± standard deviation (s.d.) of three replicates were calculated. The differences in each parameter among three tidal gradients in Futian (SA, SB, and SC) were tested by a parametric one-way analysis of variance (ANOVA), and post-hoc test was performed to determine exactly where the differences were if the ANOVA was significant at p < 0.05. The assumption of the parametric test was checked and no data transformation was needed. The differences between two mangrove wetlands (SA and Q), as well as between the two sampling times in Futian (SA and F), were determined by Student’s t-test. Sediment properties, microbial abundance, and EPS components were compared using nonmetric multidimensional scaling (NMDS) analysis by means of Bray–Curtis similarities. The analysis of similarities (ANOSIM) with 999 random permutations was also performed to assess the distance of samples based on Bray–Curtis similarities.




Results


Sediment properties including pigments

Insignificant differences of salinity were observed among SA, SB, and SC, and between SA and F, indicated that sediment salinity in Futian exhibited limited tidal and seasonal difference (Figure 2A). However, Futian was more influenced by seawater than Qi’ao, as shown by salinity, which was higher at 3 ± 0.7‰ in SA than at 1‰ in Q. Pearson correlation analysis showed positive correlation between salinity with TC, TN, and TP (Figure S1). Concentrations of TOM and nutrimental elements (TC, TN, and TP) were also significantly higher in Futian (SA) than in Qi’ao (Q) (Figures 2B–E), indicating more eutrophic environment in the Futian mangrove wetland. In Futian, these nutrimental elements appeared to have an insignificant difference along with tidal and seasonal conditions, while TOM was significantly higher in May (SA) than in March (F). Among all samples, SA1 appeared to have the highest concentrations of TOM, TC, and TN but not TP (Figure S2). The reason might be SA1 is located near a ditch and historically received discharges from human activities. It was worth noting that the concentrations of TOM in SA1 (255.3 ± 43.0 μg/g) were exceptionally higher than those in the other samples (81.3 to 163.3 μg/g).




Figure 2 | Differences of properties in 0- to 1-cm surface sediments among tidal levels in Futian (SA, SB, and SC), between sampling times (SA vs. F), and between Futian and Qi’ao wetlands (SA vs. Q). Different letter shows significant differences among tidal levels at p < 0.05 according to one-way ANOVA, while * and *** indicate significant differences between times, as well as between mangrove wetlands at p < 0.05, and 0.001, respectively, ns indicates not significant difference, according to Student’s t-test: (A) salinity; (B) TC; (C) TN; (D) TP; (E) TOM; (F) Chl a; (G) Chl b; (H) Chl c; and (I) carotenoid.



The summed concentrations of the four pigments (including Chl a, b, c, and carotenoid) varied from 31.6 to 140.2 μg/g in all sediment samples (Figure S3). Among these pigments, Chl a was the most dominant with a composition percentage ranging from 58.3% to 73.5%. Comparatively, the composition percentages of carotenoid, Chl b, and Chl c were only 15.1%–24.0%, 4.7%–17.4%, and 2.4%–10.0%, respectively. The concentrations of all pigments appeared to have significant differences in Futian (SA) compared to Qi’ao (Q), with higher concentrations in SA (Figures 2F–I). In Futian, significant tidal effects were found in Chl b and carotenoid with higher concentrations in the landward (SA or SB) than in the seaward (SC) sites. In addition, significant seasonal effects were observed in carotenoid with higher value in May (SA) than in March (F).



Abundance of diatoms and bacteria

The differences in the total abundance of diatoms among different tidal levels (SA, SB, and SC) and between seasons (SA vs. F) were insignificant (Figure 3A). However, an obvious variation was observed with a higher abundance of the total diatoms in Futian (SA, 13.2 ± 2.5 × 106 cells/g) than in Qi’ao (Q, 6.5 ± 1.2 × 106 cells/g). The bacterial number did not indicate any significant differences among different tidal levels and between Futian and Qi’ao wetlands in samples collected in May, with values ranging from 1.5 to 14.0 × 108 cells/g (Figure 3B). However, the bacterial number exhibited a significant difference between two sampling times, with up to one order of magnitude higher at (27.9–57.4) × 108 cells/g in March samples (F).




Figure 3 | Microbial composition in 0- to 1-cm surface sediments and differences of microbial abundance among tidal levels in Futian (SA, SB, and SC), between sampling times (SA vs. F), and between Futian and Qi’ao wetlands (SA vs. Q). Different letter shows significant differences among tidal levels at p < 0.05 according to one-way ANOVA, while *, **, and *** indicate significant differences between times, as well as between mangrove wetlands, at p < 0.05, 0.01, and 0.001, respectively, ns indicates not significant difference, according to Student’s t-test: (A) diatoms; (B) bacteria; (C) Navicula; (D) Cyclotella; and (E) Nitzschia.



Furthermore, significant tidal differences were found in the dominant diatom genera, with more Navicula and Nitzschia in landward (SA) than in seaward (SB or SC) sites (Figures 3C, D), while an opposite trend was observed for Cyclotella with a lower concentration in SA (Figure 3E). An obvious wetland difference was observed between Futian (SA) and Qi’ao (Q) with higher abundance of Nitzschia and Cyclotella in SA than in Q, and comparable abundance of Navicula. The abundance of the three dominant taxa was relatively stable between the two sampling times (SA vs. F).



Bound protein and saccharides

The concentration of protein in bound EPS ranged from 22.6 to 38.4 mg/g and maintained insignificant difference among tidal, seasonal, and wetland samples (Figure 4A. However, polysaccharide in bound EPS appeared to have significant differences among three tidal levels (SA vs. SC), two sampling times (SA vs. F), and two wetlands (SA vs. Q), with higher concentrations in SA (17.5 ± 8.4 mg/g) than in SC (8.5 ± 3.4 mg/g), F (5.3 ± 1.3 mg/g), and Q (6.5 ± 2.1 mg/g) (Figure 4B). The most monosaccharides in bound EPS, except XYL, were significantly affected by tidal conditions with lower concentrations in seaward (SC) than in landward (SA or SB) sites in Futian (Figures 4C–H). In addition, the concentrations of GAL, ARA, and XYL in bound EPS were higher in SA than in F, while GAL, RIB, and XYL were lower in SA than in Q.




Figure 4 | Differences of EPS constituents in bound fraction in 0- to 1-cm surface sediments among tidal levels in Futian (SA, SB, and SC), between sampling times (SA vs. F), and between Futian and Qi’ao wetlands (SA vs. Q). Different letter shows significant differences among tidal levels at p < 0.05 according to one-way ANOVA, while * and ** indicate significant differences between times, as well as between mangrove wetlands, at p < 0.05 and 0.01, respectively, ns indicates not significant difference, according to Student’s t-test: (A) B_protein; (B) B_polysaccharide; (C) B_GLU; (D) B_GAL; (E) B_MAN; (F) B_RIB; (G) B_ARA; and (H) B_XYL.





Colloidal protein and saccharides

The concentration of protein in colloidal EPS was higher at 17.5 ± 7.2 mg/g in the SB sample in Futian than the comparable level of SA (7.6 ± 1.9 mg/g) and SC (8.1 ± 2.3 mg/g) (Figure 5A). Protein in colloidal EPS exhibited an insignificant difference between two mangrove wetlands, while significantly seasonal differences were higher in May (SA) than in March (F) samples. The differences of polysaccharide in colloidal EPS among different tidal locations and between the two mangrove wetlands were insignificant, with concentrations at 9.7–14.1 mg/g (Figure 5B). However, colloidal polysaccharide was also significantly affected by seasonal conditions with higher concentrations in May (SA) than in March (F) samples. Almost all monosaccharides in colloidal EPS were significantly affected by tidal, seasonal, and wetland conditions, with lower concentrations in seaward (SC) than in landward sites (SA and SB), higher concentrations in May (SA) than in March (F), and higher values in Futian (SA) than in Qi’ao (Q) (Figures 5C–H).




Figure 5 | Differences of EPS constituents in colloidal fraction in 0- to 1-cm surface sediments among tidal levels in Futian (SA, SB, and SC), between sampling times (SA vs. F), and between Futian and Qi’ao wetlands (SA vs. Q). Different letter shows significant differences among tidal levels at p < 0.05 according to one-way ANOVA, while *, **, and *** indicate significant differences between times, as well as between mangrove wetlands at p < 0.05, 0.01, and 0.001, respectively, ns indicates not significant difference, according to Student’s t-test: (A) C_protein; (B) C_polysaccharide; (C) C_GLU; (D) C_GAL; (E) C_MAN; (F) C_RIB; (G) C_ARA; and (H) C_XYL.





Assemblage analysis

The NMDS plots were acceptable with a stress of 0.1490 for sediment properties, 0.1193 for microbial abundance, and 0.0970 for EPS components (Figures 6A–C). A large overlap among samples of SA, SB, and SC in the three sub-figures indicated that the dissimilarities among different tidal levels of sediment properties, microbial abundance, and EPS components were not significant. However, SA was well separated from F in Figures 6B, C, indicating significant seasonal effects in microbial abundance and EPS components. The separation between SA and Q was clear in Figures 6A, C, indicating significant effects from wetland conditions on the sediment properties and the EPS components.




Figure 6 | Non-metric multidimensional scaling (NMDS) plot depicting Bray–Curtis dissimilarity among these groups in (A) sediment properties including pigments, (B) microbial abundance, and (C) EPS components.



ANOSIM results indicated significant differences in sediment properties (R = 0.308, p = 0.001), microbial abundance (R = 0.742, p = 0.001), and EPS components (R = 0.505, p = 0.001) among all samples (Table 1). Furthermore, significant tidal effect was found in microbial abundance between SA and SC, in EPS components between SB and SC as well as SA and SC. Significant seasonal and wetland effects were also observed in sediment properties, microbial abundance, and EPS components.


Table 1 | ANOSIM results based on Bray–Curtis distance showing the influences of tide, season, and wetland on sediment properties, microbial abundance, and EPS components.






Discussion


Higher nutrients in Futian than in Qi’ao conserve more diatom abundance and B_polysaccharide concentration

With higher values of salinity and nutrimental elements, Futian (SA) was more influenced by seawater and more eutrophic than Qi’ao (Q). The tide current analysis in this estuary indicated that freshwater outflow occurred via the western channel, while the salt water intrusion occurred mainly via the eastern channel (Mao et al., 2004). This water circulation led to the more significant effects from overlying seawater to the northeastern part (Futian wetland) than the southwestern part (Qi’ao) of the estuary. Due to the “salting-out effect”, the aqueous solubility of chemicals would reduce and more chemicals would attract to the non-aqueous phase of suspended particles and sediment (Yang et al., 2016). The positive correlation between salinity and nutrimental elements indicated this salinity-driven accumulation of nutrients in mangrove sediment by seawater, which led to the observation that Futian was more eutrophic than Qi’ao. The concentrations of nutrients and organic matter in sediments reflected the net results of interactions among many biogeochemical factors, including pollutant inputs, plant uptake, releases from litter decomposition and microbial transformation, tidal flushing, and leaching (Tam, 2006). In addition, the higher concentrations of nutrients in SA1 might be attributed to the historic input of untreated wastewater from surrounding factories and illegally constructed houses at the landward side of Futian mangrove wetland in previous years (based on personal communication from a senior staff member in this reserve).

Due to the limited mobility, the growth of diatoms was primarily driven by region-specific parameters such as nutrients (TC, TN, and TP). Compared to Qi’ao, the eutrophic Futian appeared to have higher abundance of the total diatoms and thus higher values of all pigments, accompanied by higher abundance of Nitzschia and Cyclotella and comparable abundance of Navicula. Several diatom species belonging to Nitzschia and Cyclotella were indicators for eutrophic conditions. Therefore, the abundance of these groups was higher at sampling sites with higher nutrient concentrations. Compared to the centric diatom, pennate diatoms with raphes were the main EPS producers with prominent roles in the process of sediment biostabilization (de Brouwer et al., 2005). B_polysaccharide and almost all colloidal monosaccharides appeared to have significant differences between two mangrove wetlands with higher amounts in Futian than in Qi’ao. The EPS biosynthesis of these monosaccharide components in colloidal fraction might be favored by the higher nutrient concentrations and diatom abundance in Futian. The other possible reason was attributed to the difference in monosaccharide composition between the two wetlands, as indicated by the significant difference in all C_monosaccharides and the insignificant variation in C_polysaccharide. However, such wetland difference in B_monosaccharides was contrary to the difference in B_polysacharide. This indicated significant variations in the monosaccharide composition between these two wetlands.



Higher benthic diatoms in landward than in seaward sites leads to higher B_polysaccharide concentration

In Futian, the differences in the total abundance of diatoms among different tidal levels were insignificant. However, significant differences were observed in dominant diatom genera with more benthic (pennate) diatoms of Navicula and Nitzschia in landward (SA) than in seaward (SB or SC) sites, while an opposite trend was found in planktonic (centric) diatom of Cyclotella. Navicula and Nitzschia were highly motile taxa and tended to be benthic in sediment while Cyclotella was mostly planktonic (Kuczynska et al., 2015). Compared to planktonic taxa, more abundance of benthic (pennate) diatoms accumulated in landward than in seaward sites. This was probably due to the higher capacity of benthic (pennate) diatoms attaching onto different types of substrates (e.g., sediments and plants). This might also be caused by the effects of environmental factors (e.g., hydrodynamics, turbidity, and grain size) on the settling of planktonic taxon from water column to sediment. Microalgae characteristically found in benthic habitats with greater specific gravities might settle faster than those usually present as planktonic (Stevenson, 1996). This might lead to more benthic species accumulated in the high-tide line while more planktonic species in the low-tide line after the ebb. Compared to the centric diatom, pennate diatoms with raphes were the main EPS producers with prominent roles in the process of sediment biostabilization (de Brouwer et al., 2005). The higher abundance of pennate diatoms in landward than in seaward sites led to the observed higher levels of B_polysaccharide and most monosaccharides in the landward site. The tidal effect on diatom composition mentioned above might be attributed to the tidal effect on monosaccharides in bound fraction, as monosaccharide composition considerably differed in each pennate and centric diatom (Gugi et al., 2015). Hanlon et al. (2006) reported the potential loss of the carbohydrate components by washaway during tidal cover over the tidal emersion–immersion period. This might be another reason for the lower concentration of carbohydrates in seaward than in landward sites in this study.



Higher bacterial abundance but lower EPS concentrations in March than in May

In Futian, comparable diatom abundances were observed in early summer (May, SA) and late spring (March, F). However, significantly different (up to one order of magnitude) bacterial abundances were observed in these two seasons. Sivri et al. (2012) also observed that the bacterial density in the Gulf of Gemlik (Marmara Sea) reduced from spring to summer. Orvain et al. (2014) found that the lower abundance of bacteria in summer coincided with a high abundance of the gastropod Peringia ulvae having intense grazing at the Brouage mudflat (France). In this study, the lower bacterial abundance in the mangrove sediment in May was possibly due to the higher predation pressure. Most EPS fractions and related monosaccharides, except bound protein, were significantly affected by seasonal conditions in Futian with higher concentrations in summer than in spring. A similar seasonal effect was also reported in the freshwater biofilms cultured in summer with the highest polysaccharide and proteins, while the spring biofilms contained the lowest value (Wang et al., 2019). More C_protein was found during summer in surface sediments of a diatom-dominated intertidal mudflat (Marennes–Oléron, France) (Pierre et al., 2014). In order to dissipate excess energy and connect to dissimilatory metabolic pathways, colloidal EPS was probably produced as a result of unbalanced growth (Stal, 2010). As the abundance and composition of diatoms maintained at relatively stable values between two sampling times, it might be possible that the more optimal condition with higher light intensity and temperature in May favored the production of polysaccharide in benthic microalgae. The lower abundance of bacteria in May than March samples might be another key factor contributing to the time difference of B_polysaccharide, as bacteria were found to be the main consumer of EPS (Miyatake et al., 2014).




Conclusion

This research investigated the biofilm compositions and sediment properties at different tidal levels, two sampling times, and two mangrove wetlands in South China. Futian was more influenced by seawater and eutrophic than Qi’ao, leading to higher values of diatom abundance, related pigments, B_polysaccharide, and monosaccharides in Futian. B_protein was the most dominant fraction in EPS and was maintained at relatively steady levels in mangrove sediments, while the other EPS fractions (including C_protein, C_polysaccharide, and B_polysaccharide) accompanied by their monosaccharide components varied considerably with tidal levels, sampling times, and wetlands. More pennate diatoms accumulated in landward than in seaward sites, but the seaward site had more centric diatoms. This difference of diatom composition and potential tidal loss led to the lower concentrations of B_polysaccharide and more monosaccharide components in the seaward site. Comparable abundance of diatoms but less bacteria was observed in May than in March, which contributed to the higher concentrations of fresh OMs and most EPS fractions and their monosaccharide components in May. This is the first study reporting the baseline data on sediment biofilms and related environmental parameters in mangrove sediments in response to the variation of wetland, tide, and season.
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