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Abstract

:

Mangroves are highly productive blue carbon ecosystems that preserve high organic carbon concentrations in soils. In this study, particle size, bulk elemental composition and stable carbon isotope were determined for the sediment cores collected from the landward and seaward sides of two mangrove forests of different ages (M1, ca. 60; M2, ca. 4 years old) to determine the effects of geomorphic setting and age (L1 = old mangrove and S1 = salt marsh stand in M1; L2 = young mangrove and S2 = bare mudflat in M2) on sediments and organic carbon accumulation. The objective of this study was to determine the feasibility of the northernmost human-planted mangroves in China to accumulate sediment and carbon. Our results showed that fine-grained materials were preserved well in the interior part of the mangroves, and the capacity to capture fine-grained materials increased as the forest aged. The biogeochemical properties (C/N: 5.9 to 10.8; δ13C: −21.60‰ to −26.07‰) indicated that the local organic carbon pool was composed of a mixture of autochthonous and allochthonous sources. Moreover, the accumulation of organic carbon increased with the forest age. The interior part of the old mangrove had the highest organic carbon stock (81.93 Mg Corg ha−1). These findings revealed that mangrove reforestation had positive effects on sediments and organic carbon accretion.
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1. Introduction


Mangroves occupy tropical and subtropical land–sea margins. They are highly complex ecosystems characterised by high primary productivity, efficient biological nutrient recycling and continuous material exchange with terrestrial and marine ecosystems [1]. Their unique morphological and physiological characteristics (e.g., aerating roots and salt-excreting leaves) favour their survival in waterlogged environments with high salinity and periodic tidal inundation [2]. Because of their high ecological and economic value and their capacity to capture and preserve carbon, mangroves are important blue carbon ecosystems which can help to counter the effects of climate change. These wetland ecosystems are increasingly receiving global attention due to current threats from anthropogenic activities and climatic effects [3,4].



Mangroves are carbon-rich ecosystems that have a more extensive carbon stock (956 Mg C ha−1) than other ecosystems, such as rainforests (241 Mg C ha−1), salt marshes (593 Mg C ha−1) and seagrasses (142.2 Mg C ha−1) [3]. Most organic carbon is stored in the soil and accounts for 77% of the total ecosystem carbon stock [3,5]. Mangroves receive and trap fine sediment materials (i.e., clay and silt) and organic matter from adjacent aquatic habitats (e.g., seagrass meadow) and terrestrial systems via river discharge [6]. Moreover, the friction effect induced by mangrove plants has an active influence on the accumulation of fine-grained materials [7,8]. Their carbon stocks are also markedly influenced by the hydrogeomorphic setting associated with tidal hydrodynamics [9], as tides carry an abundance of sediment into forests and control organic matter decomposition in mangrove soils [9]. Mangrove soils’ organic carbon stock varies significantly under different coastal environmental settings. As Twilley et al. [10] reported, mangrove soils’ carbon stock is highest in carbonate coastlines, followed by tide/wave-dominated and river-dominated settings. In river-dominated settings, more carbon is allocated to aboveground biomass due to more suitable soil conditions (e.g., low salinity and low water residence time) for plant growth [10]. In carbonate coastlines where river discharge is limited, more carbon is preserved in soil due to enhanced phosphorus foraging by roots [10,11,12]. In tide/wave-dominated settings, the allocation of carbon between aboveground and belowground biomass is more counterbalanced [10]. There is pronounced variation in carbon stocks even at the mesoscale level (e.g., fringe and interior locations) because of the different hydrodynamic conditions [13]. Interior mangrove locations, with less tidal flushing, are favourable for organic carbon accumulation compared to coastal fringe locations [13,14].



Knowledge of the sources of sedimentary organic carbon is important to better constrain the organic carbon dynamics [15]. Geochemical proxies such as C/N ratios and stable carbon isotope (δ13C) values have been used to indicate the sources of sedimentary organic carbon in coastal areas because they were considered to undergo little change during early diagenesis [16,17]. For example, as the contribution from land-derived organic carbon increases, C/N ratios increase and δ13C values become more depleted. There is a high variability in organic matter sources in mangrove sediments [18], which consist of two primary sources of allochthonous and autochthonous origins [19,20]. Allochthonous organic carbon originates from outside of mangroves, such as marine organic carbon transported through tides and terrestrial organic carbon imported from adjacent river systems. Autochthonous organic carbon results from the in-welling of local mangrove vegetation (e.g., mangrove leaves and branches). Mangrove-derived organic matter often accounts for a lower proportion at seaward fringe locations than landward interior locations [21,22]. Sedimentary organic carbon stocks are not only controlled by hydrogeomorphic settings but are also affected by mangrove species composition, vegetation structure, tree age and climate [23,24,25,26]. For example, in restored mangrove forests in Vietnam, as the maturity of the forest increases, the soil organic carbon stocks increase with an increase in the above- and below-ground carbon stocks [27].



Most studies of sedimentary organic carbon stocks and dynamics in Chinese mangroves have been conducted in lower latitude areas of China, including the Hainan [28], Guangxi [29], Guangdong [30] and Fujian [26] provinces. Mangrove forests in Ximen Island, Zhejiang Province, are currently the northernmost location of mature mangrove ecosystems in China. Since the introduction of the mangrove plant (Kandelia obovata Sheue, H.Y.Liu & J.W.H.Yong, 2003) from Fujian Province in 1957, the Ximen Island mangroves have undergone mixed flourishing and deterioration periods. The coverage area of the mangrove forests increased from 0 to 150 ha during the initial 20–30 years and then drastically decreased to 3 ha after some decades because of natural disasters (e.g., extreme cold temperature) and human disturbance (e.g., fishpond construction). Owing to the restoration work that began in 2001, these mangroves currently cover an area of approximately 100 ha on Ximen Island. Studies on mangrove ecosystems in Ximen Island have mainly focused on botany, ecology and the historical development of mangrove based on remote sensing techniques [31,32]. However, to our knowledge, no studies have been conducted on sedimentary organic carbon stocks and dynamics in Ximen Island mangroves. A warm and wet tropical climate is more suitable for mangrove survival. Hence, their survival is threatened by abiotic stress in high latitude, especially from cold temperatures and dry conditions during winter [33]. Mangrove restoration and protection has been given great emphasis in recent years [34], with scientific groups continually trying to expand mangrove areas to higher latitudes [35,36,37]. Improving the understanding of sedimentary organic carbon stock and dynamics can provide useful insights into the prospects of high-latitude mangrove expansion work. Therefore, in this study, we applied particle size, bulk elemental composition (total organic carbon (TOC) and total nitrogen (TN)) and stable carbon isotope analyses to determine the sources, and the vertical and spatial distribution of sedimentary organic carbon along four sediment cores collected from locations with different geomorphic settings (mangroves, salt marsh stand and bare mudflat) and forest ages (60 and 4 years old). The objective of this study was to determine the ability of human-planted mangrove systems in sub-tropical island climatic zones to accumulate sediment and carbon.




2. Materials and Methods


2.1. Study Area


Calabash-shaped Yueqing Bay is a semi-enclosed sea bay located north of the Ou River estuary in Zhejiang Province and facing the East China Sea (Figure 1a). Spanning approximately 47 km from north to south and 15 km from west to east, Yueqing Bay covers an area of approximately 463.6 km2 with a coastline of 220 km and a total catchment area of 1470 km2. More than 30 mountainous rivers discharge into the bay, such as the Dajin and Qing rivers, and all these rivers produce a mean annual runoff of 10.3 × 104 m3 [31]. The bay is characterised by a northern subtropical oceanic climate. The mean annual temperature is 17–18 °C, and the annual rainfall is 1700 mm [38]. The tides in the bay are irregular and semidiurnal, with average and maximum ranges of 4.2 and 8.34 m, respectively [31,38].



Ximen Island is a special marine-protected area situated at the northern end of Yueqing Bay. Mangrove communities in Ximen Island are a result of human introduction from Fujian Province since 1957. The mangrove ecosystems on Ximen Island represent the northernmost successful artificially cultivated mangrove wetland in China at present. Most of them are found in the upper and middle intertidal zones. Kandelia obovata is the only mangrove species here; it has developed well at a high latitude because of its resistance to cold. As a consequence of the introduction of a typical salt marsh vegetation, Spartina alterniflora, in 1993, mixed communities comprising mangrove and marsh plants are a characteristic feature of the study area [38,39]. According to the degree of vegetation maturity, they can be classified into two categories: young mangrove communities, which occupy the western part of Ximen Island, where the mangrove trees reach 0.5–0.8 m in height with a vegetation coverage of approximately 20%, and old mangrove communities, which are concentrated on the northeastern side of the island, where the trees have an average height of 2 m and vegetation coverage of approximately 85% [39].




2.2. Sampling and Samples Pre-Treatment


Sediment cores were collected during low tide on 28 and 29 May 2021 from two mangrove systems, old mangrove (M1) and young mangrove (M2) (Figure 1b), using a gouge auger sampler (1 m (length) × 6 cm (internal diameter)) with minimal compaction. Mangrove M1 (121°11′25′′ E, 28°21′5′′ N) is covered by an older mangrove forest with an average age of approximately 60 years and an average height of approximately 2 m, with Spartina alterniflora distributed along the fringe of the mangrove forest on the seaward side, thus forming a vegetation transition zone. Sediment cores were collected from two locations in M1: one on the landward side of the older mangrove forest (L1) and the other in the seaward vegetation transition zone which has Spartina alterniflora (S1) (Figure 1c). Mangrove M2 (121°10′19′′ E, 28°20′38′′ N) is dominated by younger mangroves with an average age of approximately four years and an average height of 1.0 m; no other plant species were observed in the area. Along mangrove M2, two sampling locations were selected: one on the landward side covered by the younger mangroves (L2) and the other adjacent to a piece of non-vegetated mudflat on the seaward side (S2; Figure 1d).



Three sediment cores were taken from a triangular plot of approximately 50 cm × 50 cm at each location. Each core was separated into five segments with a 20 cm interval (i.e., 0–20, 20–40, 40–60, 60–80 and 80–100 cm). Each sediment sample was pooled from the same depth from the three cores. All subsamples were stored in plastic bags and kept under 4 °C before further analyses. The mangrove plant (Kandelia obovata) and salt marsh plant (Spartina alterniflora) tissues were also collected from around the coring sites. The leaves and branches of mangrove trees were separated, and all plant samples were cleaned under running water and oven-dried at 50 °C for 2–3 days; then, they were ground with a grinder to pass through a 50-mesh (355 µm) sieve and stored at room temperature until laboratory analyses [30].




2.3. Sediment and Plant Tissue Analyses


Grain size analyses were conducted using a laser particle size analyser (Mastersizer 2000, Malvern, England), with the measurement size ranging from 0.02 to 2000 µm. Prior to the analyses, the subsamples were treated with 40% H2O2 to remove organic matter and 1N HCl to eliminate the inorganic fraction. Each subsample was fractionated into three classes: clay (<4 µm), silt (4 µm–63 µm) and sand (63 µm–2 mm). The Udden–Wentworth grain-size scale was applied as the standard for the objective description of sediment sizes. The moment parameters of grain size distribution, including mean grain size, standard deviation, skewness and kurtosis, were calculated as described in McManus [40] using GRADISTAT for Microsoft Excel (version 9.1, UK) written by Blott and Pye [41].



Prior to the TOC, TN and stable carbon isotope analyses, the ground sediment samples were treated with 1N HCl to remove inorganic carbon. On the following day, the acid was removed and the sediments were oven-dried. Plant samples were determined for the TOC, TN and stable carbon isotope analyses without HCl treatment. TOC and TN contents were measured using an elemental analyser (EA3000, Euro Vector, Italy). The C/N ratio was defined as the TOC/TN molar ratio. Furthermore, stable carbon isotope ratios (δ13C) were measured with an isotope ratio mass spectrometer (Delta Plus, Thermo Fisher Scientific, Waltham, MA, USA), with an average precision of ±0.1‰. The δ13C values are expressed in per mil units (‰) by using the following equation:


δ13C (‰) = (Rsample/Rstandard − 1) × 103,



(1)




where R = 13C/12C, Rsample is the corresponding ratio of the sample and Rstandard is the isotope ratio of a standard referenced to Pee Dee Belemnite (PDB).




2.4. Sediment Organic Carbon Stock Calculation


Dry bulk density (DBD) was determined after the mass of the weighted subsamples became constant after oven drying at 105 °C for one week, as follows:


DBD (g cm−3) = Md (g)/Vw (cm3),



(2)




where Md is the mass of the dry samples and Vw is the total volume of the wet samples.



The sediment organic carbon stock of each 2 cm layer (OCstock) was calculated using the following equation:


OCstock (Mg Corg ha−1) = 100 × TOClayer (g) ÷ A (cm2),



(3)






TOClayer (g) = DBD (g cm−3) × H (cm) × A (cm2) × TOC (%) × 0.01,



(4)




where DBD is the dry bulk density; TOC is the total organic carbon content; TOClayer is the mass of organic carbon in each subsample; A is the area of the sample corer and H is the thickness of the sediment (each subsample had a thickness of 2 cm).



To determine OCstock in each 20 cm segment and the whole core, we used the following equation:


OCstock (Mg Corg ha−1) = DBDaverage (g cm−3) × TOCaverage (%) × H′ (cm),



(5)




where DBDaverage and TOCaverage are the average values of DBD and TOC for all 2 cm subsamples in each 20 cm segment and H′ is the thickness of each 20 cm segment.




2.5. Statistical Analyses


Considering that only standard deviation, skewness and dry bulk density passed the normality test (Shapiro−Wilk test), we used the Mann–Whitney U test to compare the differences in the measured parameters among distinct transects and different sampling stations along the same transect. Spearman’s correlation analysis was conducted to measure the correlations among the different parameters. A value of p < 0.05 was considered significant for the statistical analyses. All statistical analyses were performed using IBM SPSS Statistics for Windows (Version 26.0, IBMCorp, Armonk, NY, USA). All drawings were completed using OriginPro (Version 2021, OriginLab Corporation, Northampton, MA, USA).





3. Results


3.1. Grain Size Analyses


Sediments from all sub-samples showed a singular clay–silt type, which was dominated by the silt (65.75% ± 3.43%) and clay (34.17% ± 3.44%) fractions, followed by a small sand fraction (0.07% ± 0.13%) (Appendix A Table A1). The mean grain size (Mz) ranged from 7.00 φ to 7.63 φ, with an average value of 7.37 φ ± 0.12 φ. The standard deviation (σ) ranged from 1.31 φ to 1.56 φ, with a mean value of 1.44 φ ± 0.04 φ, indicating poor sorting. The skewness (Sk) and kurtosis (Ku) showed mean values of 0.46 ± 0.09 (0.19–0.73) and 2.68 ± 0.14 (2.46–3.16), respectively, suggesting fine-skewed and mesokurtic grain size distribution. All subsamples along each core showed a single peak (Figure 2), and the grain size parameters showed a narrow range, implying a relatively small change in the local sedimentary environment in general.



The value of Mz along the surficial sediments of the old mangrove M1 decreased from land (7.51 φ) to seaward (7.32 φ). The value of Sk increased from 0.41 to 0.55 seaward, indicating a coarser fraction on the seaward side; σ and Ku showed no apparent difference between the two sampling stations L1 and S1 (Figure 3). An opposite trend was observed along mangrove M2: the landward area dominated by young mangrove plants (L2) showed a coarser mean grain size of 7.12 φ than the seaward area covered by mudflat (S2) free of vegetation, which had a mean grain size of 7.33 φ. The value of σ increased from land (1.35 φ) to the seaward side (1.50 φ), while that of Ku decreased from 3.00 to 2.55; the value of Sk showed no change.



Mz at the landward location of mangrove M1 (L1) showed a vertical increasing trend from the bottom to the top layer, while the opposite trend was observed at the landward location of mangrove M2 (L2). No significant variation was observed along the vertical profile at the seaward locations of both mangroves (stations S1 and S2). The value of σ at stations along transect M1 increased from the bottom to the top layers, indicating a weakening of the hydrodynamic environment. At stations along transect M2, σ showed a similar vertical trend of increasing from the 80–100 to 40–60 cm segment and then decreasing to the 0–20 cm segment, indicating a change in the hydrodynamic condition. Sk at station L1 showed no clear variation trend. At stations S1 and S2, Sk increased from the bottom layer to the upper layer, while it decreased from 80–100 cm to 60–80 cm and then increased to the 0–20 cm segment at L2. The value of Ku at station L2 decreased from 80–100 cm to 40–60 cm and then increased to the 0–20 cm segment, while other stations had a general increasing trend from the bottom to the top layer.




3.2. Bulk TOC, TN and δ13C


Results of TOC, TN and δ13C are given in Appendix A (Table A2). The TOC and TN ranged from 0.56% to 2.04% and 0.094% to 0.220% for all subsamples along the sediment cores. Along the old mangrove M1, the TOC and TN contents of the surface sediments displayed a significant decreasing trend from land (L1) to seaward (S1), but no significant trend was observed along the young mangrove M2 (Figure 4a,b). The vertical profiles along the different cores showed that the TOC content at station L1 increased from 20–40 cm to 0–20 cm, but the increasing trend at S1 and L2 was relatively small, and the TOC content was constant along S2. The TN content showed an increasing trend from the bottom to the top layer at stations L1, S1 and L2, with the trend at station L1 being more significant. The TN content at station S2 decreased from the 80–100 cm to the 40–60 cm segment and then increased to the 0–20 cm segment.



The C/N value ranged from 5.9 to 10.8 and averaged to 7.0 ± 0.7. The C/N value showed the same distribution pattern along the two mangrove systems, with a higher value on the landward side (Figure 4c). Station L1 had a relatively obvious trend of decreasing C/N from the 80–100 to the 40–60 cm segment and then increased from the 40–60 cm to the 0–20 cm segment along the core, but the trend along S2 was small. The C/N value increased from the bottom to the top layer at L2, whereas it was constant at station S2. The δ13C value ranged from −21.60‰ to −26.07‰, with a mean value of −22.66‰ ± 0.67‰. δ13C was enriched from land to seaward in the surface sediments along M1, while a small difference was observed along the younger mangrove (Figure 4d). Station L1 had a significant decreasing trend of δ13C values from the bottom to the topmost layer. At the other stations, slightly increasing trends of δ13C values toward the surface layer were observed throughout the vertical profiles.




3.3. Organic Carbon Stocks


The organic carbon stock (OCstock) ranged from 1.08 Mg Corg ha−1 to 3.43 Mg Corg ha−1 and averaged to 1.45 Mg Corg ha−1 ± 0.30 Mg Corg ha−1 for all subsamples (Appendix A Table A2). In the surface layer, OCstock decreased from land to seaward along M1, but no difference was observed between stations along M2. The vertical profiles of OCstock at stations L1 and S1 increased from the bottom to the upper layer, particularly from the 20–40 cm to the 0–20 cm segment, while no clear variation was observed at stations L2 and S2. The results showed that OCstock along the whole core was the highest at station L1 (81.93 Mg Corg ha−1) and the lowest at station L2 (65.53 Mg Corg ha−1). The values of OCstock at stations S1 and S2 were 71.72 and 69.52 Mg Corg ha−1, respectively. The 0–20 cm segment accounted for a major part of the organic carbon stock at stations S1 (22.6%), L1 (31.9%) and L2 (19.4%), while OCstock at S2 was slightly higher in the bottom than in the upper segment.





4. Discussion


4.1. Sediment Accumulation in Mangroves


Mangroves play a crucial role in regulating sediment transportation and accretion [8,42]. Fine-grained sediments are easily transported by tides as suspended materials are carried landward through tidal pumping [43]; this transport, however, is bidirectional since fine-grained sediments can move back offshore. The friction effect of sediments caused by vegetation (e.g., tree densities and prop roots) has been considered the main factor for the settlement of fine particles in mangrove forests [7,8].



The Mz values were significantly different between mangroves M1 and M2 (p-value < 0.05, Mann–Whitney U tests). The higher mean rank at M1 suggested that the particle size at M1 (7.42φ ± 0.09φ) was finer than that at M2 (7.31φ ± 0.13φ). Additionally, along mangrove M1, particle size in surficial sediments increased from land to seaward, while there was an inverse trend along mangrove M2. These results showed that the old mangrove forest (M1) had a more substantial capacity to ‘catch hold’ of fine-grained sediments than the younger mangrove forest (M2). Old mangrove vegetation can cause a larger reduction in water velocity, thus inducing the deposition of more fine-grained sediments transported into the interior zone. Van Santen et al. [43] showed that current velocity reduced to nearly zero on the mudflat near a mangrove system in the Ba Lat estuary, Vietnam. A study conducted in the Zhangjiang Estuary, Fujian Province, showed that tidal current speed deflected by mangroves had an evident reduction up to 30%−40% [44]. Moreover, in the Tong King delta, Vietnam, Mazda et al. [45] found that the rate of wave reduction in a well-established mangrove area was 6.67–20 times higher than the area with young and sparse vegetation.



Vegetation can create flow obstacles, such as induced complex currents, including jets, eddies and stagnation regions [7,8]. Large flocs consisting of clay and fine silt formed in suspended sediments during tidal inundation remained in suspension because of the turbulence, and then settled during the slack high tide in the forest. Owing to the current sluggishness during ebb tides, the sediments cannot be re-entrained. In addition, the stagnation zones can enhance the trapping effect when the suspended sediments are transported into the forest during spring tide. With stronger friction, old mangroves can trap more fine-grained sediments. Additionally, the Mz value increased from the bottom to the top layers at the landward site (L1) of mangrove M1, suggesting the potential ability to promote siltation and land-building as the capability to capture fine-grained sediments became stronger as the mangroves aged. Zhu et al. [46] also found that the sediment grain size in the Gaoqiao mangrove, Zhanjiang, Guangdong Province, became finer from the bottom to the upper layers.



Our results showed that unlike Mz and Ku, σ and Sk were limited in their ability to distinguish the sedimentary environment between the two mangrove systems because of the insignificant difference (p-value > 0.05; Mann–Whitney U tests). Ku measured sorting at the tail portion relative to the central portion of the grain size distribution. Excessively well-sorted sediments often have a leptokurtic grain size distribution, while a platykurtic distribution occurs in poorly sorted sediments [47]. Ku presented a significant negative correlation with σ (Spearman’s r = −0.452, p < 0.001) in all sediment subsamples, suggesting that Ku can be substituted for σ, which serves as a proxy to indicate the energy condition of the deposition agent. A lower mean rank of Ku at M1 where Ku had a mean value of 2.63 ± 0.06 than that at M2 where Ku had a mean value of 2.73 ± 0.18 indicated a lower energy sedimentary environment in transect M1. This showed that the older mangrove system was more favourable for the deposition of fine-grained particles than the younger mangrove system. This conclusion was supported by the sedimentation rate measurement in Bedono Village, Demak, as Sihombing et al. [48] reported that lowest mangrove density area (600 trees/ha) had the highest sedimentation rate of 30.935 mg/cm2/day, while the lowest sedimentation rate of 4.891 mg/cm2/day was found at the highest density area (3100 trees/ha). Van Santen et al. [43] also stated that the densely vegetated area was more sustainable to deposition as it is a more stable area with fewer erosive events.




4.2. Sources and Decay of Sedimentary Organic Matter


The C/N ratio and δ13C value have been widely used in the wetland ecosystem to trace the sources of sedimentary organic carbon (e.g., ref. [49]). As lignin and cellulose are the dominant components in terrestrial plant tissues, terrestrial plants generally have a high C/N value (>12) relative to aquatic plants, bacteria and algae, which typically have lower C/N values (<10) [50]. Because of the different carbon dioxide fixation pathways, C3 plants commonly showed more depleted δ13C (−21‰ to −32‰) than C4 plants (−9‰ to −17‰) and marine algae (−16‰ to −23‰) [50]. As the only mangrove species on Ximen Island, fresh Kandelia obovata tissues showed a high C/N value (24.2 for leaves and 40.8 for branches) and depleted δ13C (−28.16‰ for leaves and −27.76‰ for branches), within the range typical of C3 plants. The fresh Spartina alterniflora tissues within the mangrove community had a high C/N value of 27.1 and enriched δ13C of −14.74‰ for leaves, as the C4 plants. The measured C/N and δ13C values of fresh tissues were similar with results from previous studies (Table 1). The C/N and δ13C values of the sediments across the two mangroves, M1 and M2, showed significant differences (p-value < 0.05; Mann–Whitney U tests). The mean C/N value along mangrove M1 (7.2 ± 0.9) was higher than the mean C/N along M2 (6.7 ± 0.4), while the δ13C value at M1 (−23.02‰ ± 0.75‰) was lower than that at M2 (−22.30‰ ± 0.25‰). This indicates that there was more contribution originating from autochthonous materials derived from mangrove plants in the sedimentary organic carbon pool within M1. The older mangrove forest with thicker trunks and denser canopies posed a barrier to prevent autochthonous matter from out-welling; this can explain the significant difference in the two transects.



Compared to the C/N value, the δ13C value was considerably more appropriate and precise for tracing the organic matter source in our study. The C/N value of 10.8 in surficial sediments of the landward site (L1) of mangrove M1 was much lower than that of the fresh tissues of Kandelia obovata. This low C/N value can be induced by the preferential loss of carbon over nitrogen from little leaves during early diageneses because of leaching or mineralisation when the exogenetic material inputs were excluded [53,54]. The loss of carbon was up to 95% relative to fresh leaves, whereas the loss of nitrogen was up to 88% in surficial sediments at station L1, which is similar to the findings of Muzuka and Shunula [55]. Moreover, the intercept on the TN axis on the plot of TOC versus TN (Figure 5) was approximately 0.056%, implying the presence of inorganic nitrogen, further suggesting that mineralisation played an important role. However, the measured δ13C value was −26.07‰ in surficial sediments at station L1, which was close to the δ13C value in the fresh tissues of Kandelia obovata. The δ13C value exhibited approximately 2‰ enrichment in decomposing mangrove leaves over time [54]. This indicates that the organic matter in surficial sediments underwent a high diagenetic stage before being incorporated into the sediment matrix when the other sources of organic matter were not considered. The relatively stable vertical trends of the C/N and δ13C values were observed in the mudflat core (station S2), indicating the limited influence of microbial activities on organic matter after burial. Therefore, the characteristics of sedimentary organic matter are largely dependent on its nature before incorporation into the sediment texture. If we ignore the contribution of other sources, and only consider the decomposition of mangrove-derived organic matter, the C/N value in the surface sediments at station L1 will show a larger difference relative to the mangrove plant tissues than the δ13C value, which was also observed in the study conducted by Fourqurean and Schrlau [54]. When we only consider the effects of the mixed sources without considering the effect of decomposition, directly using the C/N value has potential issues in quantifying contributions from different sources. For example, using the C/N value of fresh mangrove tissues as an end-member value to quantify the mangrove-derived organic carbon would significantly underestimate the portion derived from mangroves. Hence, the C/N value should be carefully used when applied for quantification, relative to the δ13C value, which shows only a small shift during decomposition. Kennedy et al. [56] also stated that the δ13C value could provide more rigorous source information because of the similar δ13C values obtained from setting particles and sediments contrary to the C/N value.



Given that the δ13C values for fresh Spartina alterniflora tissues were fairly enriched (ranging from −14.74‰ to −15.5‰; this study and [31]), the relatively more depleted δ13C value of sedimentary organic carbon in both mangroves (ranging from −21.6‰ to −26.7‰) suggested a minor contribution from Spartina alterniflora to the local sedimentary organic carbon pool. This might be related to the geographic location of Spartina alterniflora, which was mostly distributed along the coastal fringes of the mangrove forest. The organic carbon from Spartina alterniflora was more easily transported by tides, hence the insufficient accumulation of materials. Although there are several watersheds, including the Ou River, around Yueqing Bay, a previous study suggested that seasonal river discharge accounts for a minor portion of the sediments delivered to the bay due to the small drainage areas and runoff, especially given that most sediments from the Ou River are deposited around the estuarine area next to the river’s mouth [57]. Instead, the sediment materials from the Yangtze River and the inner shelf of the East China Sea, which were transported through the southerly Zhejiang–Fujian coastal current, were the dominant contributors to the sediments of the bay [57]. The measured δ13C value for sedimentary organic carbon in the mudflat (S2) varied from −21.6‰ to −22.5‰, which was within the range of δ13C values in the surface sediment of the inner shelf of the East China Sea obtained by Tan et al. ([58]; −20.8‰ to −22.9‰), Xing et al. ([59]; −20.1‰ to −22.7‰) and Wang et al. ([60]; −19.2‰ to −23.3‰).




4.3. Storage of Sedimentary Organic Carbon


In China’s mangrove forest, 81.74% of the estimated carbon is stored in the top 1 m soil [61]. Compared to the top 1 m sedimentary organic carbon stock at different stations, station L1 stored the highest sedimentary organic carbon, followed by vegetation transition zone S1 (Figure 6). Stations L1 (81.93 Mg Corg ha−1) and S1 (71.72 Mg Corg ha−1) held higher carbon stock in the top meter than in the mudflat (station S2; 69.52 Mg Corg ha−1), respectively, which is similar to the findings of previous studies conducted in other regions (e.g., in the Yinluo Bay, Guangdong ([62]); Shenzhen Bay, Guangdong ([63]) and Dongzhai Bay, Hainan ([28])). Furthermore, the carbon stock in the young mangrove forest was lower than in the mudflat, which was in accordance with expectation, because of the weaker capacity to capture carbon owing to the lower vegetation abundance. The offshore current could bring relatively more fine-grained sediments coupled with organic matter to the mudflat stand. Additionally, the top 40 cm carbon stock was the main reason for the highest carbon stock found in the interior of the old mangrove forest (station L1). The root system and history of mangrove colonisation could be the reasons for this. In contrast to the mangrove plants in a tropical area whose developed root system might extend to 3–5 m, the root system of the mangrove forest has a limited distribution in the subtropical zone. This agrees with the observation that the amount of root debris drastically reduced in the sediment subsamples after 40–50 cm. Mangroves on Ximen Island were introduced in 1957 and have a development history of 64 years. The sedimentation rate in the mudflat was assumed to be 6.0 mm year−1 based on the average sedimentation rate in the inner shelf of the East China Sea reported by Liu et al. [64]. The sedimentation rate in the forest is often lower than that in the mudflat and marginal seas [15]. Hence, the top 40 cm depth could cover the history of mangroves on Ximen Island. As the mangroves age, the carbon stocks increase, as also supported by the evidence from a 66-year chrono-sequence in French Guiana’s mangrove forests, according to which soil stocks increase as the forests age [65].



In our study, the sediment carbon sequestration in the old mangrove forest (81.9 Mg Corg ha−1) was similar to the estimated soil organic carbon stocks in India (81.3 Mg Corg ha−1) and New Zealand (73.5 Mg Corg ha−1) but considerably lower than the estimated global mean value of 565.4 ± 25.7 Mg Corg ha−1 [66]. On Ximen Island, the mangrove community was composed of only one mangrove species. As reported, mixed mangroves had 20% higher soil carbon stocks than monotypic mangroves [23]. Additionally, climate plays a vital role in the size of mangrove carbon stocks. Mangroves in tropical areas usually have higher soil carbon storage than those in subtropical areas [23,67]. Moreover, the total mangrove area on Ximen Island was not large because of the limited planted area of the mangrove plants. As human activities (e.g., pond reconstruction) and the invasion of Spartina alterniflora become increasingly intensive, the mature mangrove forest becomes smaller. These observed patterns can explain the lower soil carbon sequestration in our study area. Accordingly, the development and implementation of management plans to protect and restore mangroves on Ximen Island need to consider the current declining trends in soil TOC storage and the expansion of saltmarshes into mangrove wetlands.





5. Conclusions


Our study evaluated both sediment accumulation and sedimentary organic carbon spatiotemporal patterns in mangroves characterized by different forest age and geomorphological settings. Fine-grained sediment deposition and accumulation were greater in older mangroves (~60 years) than in younger forests (~4 years) as a result of lower tidal flushing, especially in the inland low-energy sedimentation environment. Similarly, sedimentary organic carbon derived from autochthonous sources was also higher in sites with older mangroves. This study showed that mangrove restoration and protection have a positive effect on the accumulation of fine-grained sediments and the increase in soil organic carbon stocks. These biogeochemical processes need to be considered when implementing mitigation plans to ameliorate the threat posed by sea-level rise and global warming.
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Table A1. Results of Mz, σ, Sk, Ku and DBD.






Table A1. Results of Mz, σ, Sk, Ku and DBD.





	
Depth

	
Mz

	
σ

	
Sk

	
Ku

	
DBD




	
cm

	
φ

	
φ

	

	

	
g cm−3






	
S1

	

	

	

	

	




	
Surface

	
7.32

	
1.40

	
0.55

	
2.73

	
0.96




	
0–20

	
7.39 ± 0.06

	
1.43 ± 0.02

	
0.45 ± 0.07

	
2.67 ± 0.04

	
0.97 ± 0.03




	
20–40

	
7.37 ± 0.08

	
1.45 ± 0.03

	
0.46 ± 0.05

	
2.63 ± 0.06

	
1.01 ± 0.07




	
40–60

	
7.37 ± 0.07

	
1.44 ± 0.02

	
0.49 ± 0.06

	
2.65 ± 0.04

	
0.99 ± 0.04




	
60–80

	
7.38 ± 0.09

	
1.44 ± 0.01

	
0.46 ± 0.09

	
2.67 ± 0.06

	
1.19 ± 0.03




	
80–100

	
7.47 ± 0.02

	
1.44 ± 0.01

	
0.40 ± 0.01

	
2.59 ± 0.02

	
1.12 ± 0.07




	
L1

	

	

	

	

	




	
Surface

	
7.51

	
1.39

	
0.41

	
2.74

	
0.84




	
0–20

	
7.53 ± 0.07

	
1.39 ± 0.00

	
0.45 ± 0.04

	
2.66 ± 0.05

	
0.93 ± 0.08




	
20–40

	
7.39 ± 0.08

	
1.44 ± 0.01

	
0.48 ± 0.08

	
2.67 ± 0.04

	
1.06 ± 0.11




	
40–60

	
7.44 ± 0.12

	
1.45 ± 0.02

	
0.44 ± 0.04

	
2.58 ± 0.04

	
0.99 ± 0.06




	
60–80

	
7.39 ± 0.11

	
1.45 ± 0.02

	
0.49 ± 0.07

	
2.61 ± 0.07

	
1.06 ± 0.04




	
80–100

	
7.45 ± 0.08

	
1.46 ± 0.04

	
0.44 ± 0.05

	
2.55 ± 0.02

	
1.18 ± 0.02




	
S2

	

	

	

	

	




	
Surface

	
7.33

	
1.50

	
0.49

	
2.55

	
0.91




	
0–20

	
7.27 ± 0.10

	
1.41 ± 0.05

	
0.52 ± 0.13

	
2.87 ± 0.15

	
0.95 ± 0.06




	
20–40

	
7.35 ± 0.15

	
1.43 ± 0.08

	
0.49 ± 0.13

	
2.72 ± 0.24

	
1.00 ± 0.08




	
40–60

	
7.30 ± 0.20

	
1.48 ± 0.03

	
0.46 ± 0.18

	
2.74 ± 0.21

	
1.14 ± 0.03




	
60–80

	
7.30 ± 0.14

	
1.45 ± 0.03

	
0.50 ± 0.08

	
2.76 ± 0.14

	
1.13 ± 0.08




	
80−100

	
7.27 ± 0.13

	
1.44 ± 0.04

	
0.47 ± 0.11

	
2.74 ± 0.14

	
1.15 ± 0.05




	
L2

	

	

	

	

	




	
Surface

	
7.12

	
1.35

	
0.49

	
3.00

	
0.82




	
0–20

	
7.27 ± 0.17

	
1.42 ± 0.05

	
0.43 ± 0.03

	
2.79 ± 0.22

	
0.83 ± 0.02




	
20–40

	
7.34 ± 0.13

	
1.44 ± 0.05

	
0.43 ± 0.08

	
2.70 ± 0.18

	
0.89 ± 0.04




	
40–60

	
7.34 ± 0.17

	
1.51 ± 0.03

	
0.41 ± 0.11

	
2.56 ± 0.10

	
1.08 ± 0.05




	
60–80

	
7.39 ± 0.10

	
1.48 ± 0.04

	
0.36 ± 0.13

	
2.65 ± 0.13

	
1.04 ± 0.06




	
80–100

	
7.33 ± 0.06

	
1.44 ± 0.04

	
0.54 ± 0.04

	
2.76 ± 0.11

	
0.97 ± 0.03
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Table A2. Results of TOC, TN, C/N, δ13C and OCstock.






Table A2. Results of TOC, TN, C/N, δ13C and OCstock.





	
Depth

	
TOC

	
TN

	
C/N

	
δ13C

	
OCstock




	
cm

	
%

	
%

	

	
‰

	
Mg Corg ha−1






	
S1

	

	

	

	

	




	
Surface

	
0.91

	
0.127

	
8.3

	
−23.17

	
1.73




	
0–20

	
0.84 ± 0.21

	
0.126 ± 0.023

	
7.7 ± 0.65

	
−22.58 ± 0.37

	
16.23




	
20–40

	
0.68 ± 0.04

	
0.114 ± 0.007

	
7.0 ± 0.18

	
−22.48 ± 0.23

	
13.80




	
40–60

	
0.66 ± 0.03

	
0.113 ± 0.004

	
6.8 ± 0.14

	
−22.74 ± 0.12

	
13.02




	
60–80

	
0.62 ± 0.03

	
0.110 ± 0.003

	
6.6 ± 0.20

	
−22.76 ± 0.08

	
14.83




	
80–100

	
0.62 ± 0.04

	
0.105 ± 0.006

	
6.9 ± 0.31

	
−22.79 ± 0.10

	
13.84




	
L1

	

	

	

	

	




	
Surface

	
2.04

	
0.220

	
10.8

	
−26.07

	
3.42




	
0–20

	
1.23 ± 0.49

	
0.157 ± 0.040

	
8.9 ± 1.17

	
−24.75 ± 1.01

	
22.88




	
20–40

	
0.73 ± 0.05

	
0.116 ± 0.002

	
7.4 ± 0.38

	
−23.29 ± 0.11

	
15.45




	
40–60

	
0.65 ± 0.02

	
0.116 ± 0.005

	
6.5 ± 0.07

	
−22.88 ± 0.15

	
12.85




	
60–80

	
0.69 ± 0.03

	
0.120 ± 0.006

	
6.8 ± 0.20

	
−22.85 ± 0.19

	
14.71




	
80–100

	
0.68 ± 0.02

	
0.112 ± 0.002

	
7.1 ± 0.30

	
−22.86 ± 0.24

	
16.04




	
S2

	

	

	

	

	




	
Surface

	
0.70

	
0.139

	
5.9

	
−22.08

	
1.27




	
0–20

	
0.70 ± 0.05

	
0.125 ± 0.009

	
6.5 ± 0.43

	
−22.06 ± 0.27

	
13.21




	
20–40

	
0.64 ± 0.05

	
0.115 ± 0.005

	
6.5 ± 0.19

	
−22.33 ± 0.09

	
12.80




	
40–60

	
0.63 ± 0.02

	
0.110 ± 0.003

	
6.6 ± 0.10

	
−22.41 ± 0.12

	
14.19




	
60–80

	
0.64 ± 0.04

	
0.113 ± 0.003

	
6.6 ± 0.37

	
−22.57 ± 0.17

	
14.55




	
80–100

	
0.64 ± 0.03

	
0.114 ± 0.005

	
6.6 ± 0.33

	
−22.61 ± 0.13

	
14.77




	
L2

	

	

	

	

	




	
Surface

	
0.79

	
0.131

	
7.1

	
−21.99

	
1.30




	
0–20

	
0.84 ± 0.03

	
0.132 ± 0.003

	
7.4 ± 0.24

	
−21.98 ± 0.24

	
13.94




	
20–40

	
0.70 ± 0.04

	
0.115 ± 0.006

	
7.1 ± 0.22

	
−22.30 ± 0.09

	
12.44




	
40–60

	
0.59 ± 0.02

	
0.100 ± 0.005

	
6.9 ± 0.27

	
−22.20 ± 0.14

	
12.75




	
60–80

	
0.64 ± 0.04

	
0.113 ± 0.006

	
6.6 ± 0.26

	
−22.34 ± 0.15

	
13.37




	
80–100

	
0.67 ± 0.04

	
0.121 ± 0.002

	
6.5 ± 0.37

	
−22.37 ± 0.14

	
13.03
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Figure 1. Locations of (a) Ximen Island (red area) and Yueqing Bay (blue lined area) in southeastern China; (b) two mangrove systems, M1 and M2, on Ximen Island; (c) locations of two sediment cores along mangrove M1, L1 and S1; and (d) locations of two sediment cores along mangrove M2, L2 and S2. 
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Figure 2. Grain size distribution along sediment cores collected from mangrove M1 at stations (a) L1 (old mangrove) and (b) S1 (salt marsh stand); and mangrove M2 at stations (c) L2 (young mangrove) and (d) S2 (bare mudflat). Top and bottom indicate the surface layer and bottom layer of the sediment cores, respectively. 
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Figure 3. Vertical profile of different parameters (a) mean grain size, (b) standard deviation, (c) skewness and (d) kurtosis along the sediment cores. Gray area represents surface sediments at depth of 0–2 cm. Each segment data is presented as mean ± standard deviation. Error bar indicates standard deviation. 
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Figure 4. Vertical profile of different parameters (a) TOC, (b) TN, (c) C/N and (d) δ13C along the sediment cores. Gray area represents surface sediments at depth of 0–2 cm. Each segment data point is presented as mean ± standard deviation. Error bar indicates standard deviation. 
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Figure 5. The plot of TOC versus TN for all subsamples along the sediment cores. Solid line is the geometric mean regression line for all subsamples. 
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Figure 6. Variation in organic carbon stocks of each segment across distinct sampling stations along the whole 0–100 cm profile. 
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Table 1. TOC, TN, C/N and δ13C of plant tissues.
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	TOC
	TN
	C/N
	δ13C
	Reference





	
	%
	%
	
	‰
	



	Kandelia obovata
	
	
	
	
	



	Fresh leaf
	39.27
	1.896
	24.2
	−28.16
	This study



	
	41.9–47.2
	1.26–1.99
	
	
	[51]



	
	
	
	
	−28.1 ± 0.7
	[31]



	Fresh branch (with bark)
	39.50
	1.129
	40.8
	−27.76
	This study



	Fresh branch bark
	45.6–48.6
	0.564–0.842
	
	
	[51]



	Fresh branch wood
	46.2–47.8
	0.347–0.914
	
	
	[51]



	Spartina alterniflora
	
	
	
	
	



	Fresh leaf
	37.43
	1.614
	27.1
	−14.74
	This study



	
	
	
	
	−15.5 ± 0.4
	[31]



	
	32.69–37.19
	1.128–1.679
	27.07–29.07
	
	[52]







Partial data for comparison were adapted from ref. [31,51,52].
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