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As a common reclamation practice in global estuaries and coasts, conversion of natural wetlands to aquaculture ponds for food demand had significant effects on nitrogen (N) cycling processes. However, the response of sedimemt N fixation process on this conversion remains poorly understood. Here, slury incubation experiment combined with 15N isotope tracing method and molecular analysis technique were used to investigate the influences of conversion of natural marshland to shrimp ponds on sediemt N fixation process. The results showed that conversion of natural marshland to shrimp ponds significantly promoted sediment N fixation rate. The increasing of sediment N fixation rate may be mainly attributed to the change of sediment EC, TOC and Fe2+/Fe3+ rather than the change of N fixation gene abundance. In addition, there was no obvious difference in sediment N fixation rate between 5-year-old shrimp ponds and 18-year-old shrimp ponds, which may be ascribed to the increasing inhibiting effect of inorganic N concentration with reclamation time. Overall, our findings highlighted that conversion of natural wetlands to aquaculture ponds can affect the N budgets in estuarine and coastal regions by altering the sediment N fixation process.




Keywords: N fixation, N cycling, agricultural reclamation, shrimp aquaculture, coastal wetland, environmental implication



Introduction

Coastal wetlands provide a variety of importance ecosystem services, including natural coastal protection, contaminant purification, bird habitat and nutrient cycle (Schuerch et al., 2018). Over the past few decades, reactive nitrogen (N) loadings in estuarine and coastal zones have increased significantly, causing a series of eco-environmental problems, such as eutrophication, algal bloom and hypoxia (Deegan et al., 2012; Damashek and Francis, 2018). Anthropogenic input of reactive N is regarded as the major reason for the overloaded N in this ecosystem (Capone et al., 2005; Fulweiler et al., 2015; Lin and Lin, 2022). However, microbial N fixation, the reduction of atmospheric dinitrogen gas (N2) to available ammonia, may also be an important and internal source of reactive N in estuarine and coastal environments (Gardner et al., 2006). Thus, increasing attention to microbial N fixation process in estuarine and coastal ecosystems has been raised in recent years (Fulweiler et al., 2013; Lin et al., 2017; Hou et al., 2018).

Numerous studies have examined the spatio-temporal variability of the N fixation process across the estuarine and coastal ecosystems, and noted that the process rate is affected by temperature, pH, salinity, sulfide, carbon and N substrate availability to a certain extent (Fulweiler et al., 2013; Wang et al., 2018a; Li et al., 2021). For instance, Wang et al. (2018a) found that N fixation rates in the East China Sea were significantly related to temperature, salinity, sulfide, iron and C/N. While in the intertidal wetlands of Yangtze Estuary, the N fixation process was closely associated with salinity, pH, organic carbon and NH4+ (Hou et al., 2018). Saltmarsh plants can alter sediment physicochemical properties and further affect the N fixation process (Huang et al., 2016). In addition, a recent study reported that increased overlying NO3– contents can reduce microbial N fixation rates at different organic carbon concentrations (Li et al., 2021). Sediment microbial communities could also control the N fixation, with the abundance of nifH gene being indicative of N fixation activities in estuarine and coastal wetlands (Huang et al., 2016). Previous study found that the nifH gene abundance had similar spatial variation trend with the N fixation rate in the Yangtze Estuary, and a positive relationship was also observed for these two parameters (Hou et al., 2018). However, Wang et al. (2018a) reported that sediment physicochemical variables rather than functional microbes mediated the N fixation process rate in the East China Sea. Although a lot studies have been conducted to investigate N fixation process, the influencing factors and mechanisms controlling N fixation process in coastal wetlands remain largely uncertain due to the complexity of coupled biotic and abiotic conditions.

Reclamation of estuarine and coastal wetlands for agriculture is a common practice around the world and has resulted in a significant deterioration of wetland ecosystem functions (Sun et al., 2015; Murray et al., 2019). The aquaculture pond is one of the most common types of agricultural reclamation in estuarine and coastal wetlands, which can profoundly affect sediment element cycles due to the changed hydrology and management modes (Yang et al., 2017b). Generally, intensive aquaculture is maintained based on the daily addition of feeds, and the majority of feeds are accumulated in the sediments because only a small proportion of feeds is utilized by cultured animals (Chen et al., 2016). Therefore, aquaculture reclamation could dramatically increase sediment carbon and N contents (Murphy et al., 2016; Gao et al., 2018). In addition, remarkable changes of greenhouse gases emission were observed when natural saltmarsh conversion to aquaculture ponds (Yang et al., 2017a and Yang et al., 2019). Recently, some studies have explored the impacts of aquaculture on sediment nitrification, denitrification, anammox and dissimilatory nitrate reduction to ammonium (DNRA), and they noted that aquaculture can affect N budgets of aquatic ecosystems through changing microbial N transformation processes (Murphy et al., 2016; Gao et al., 2019b). In fact, sediment N fixation is also an important N source in estuarine and coastal ecosystems, but it is not clear how the N fixation process change after natural saltmarsh conversion to aquaculture ponds. Considering that China has the largest aquaculture industry in the world with a total area of 2.6 × 106 ha (Chen et al., 2016), we selected a typical shrimp aquaculture reclamation areas in the Min River estuary of southeastern China as study areas to reveal the influences of aquaculture reclamation on sediment N fixation process. The specific aims of this study were (1) to explore the changes in rate and associated functional gene abundance of sediment N fixation process after coastal saltmarsh conversion to shrimp aquaculture ponds, (2) to reveal the main environmental factors governing the sediment N fixation process, and (3) to assess the environmental implication changes of sediment N fixation process after the conversion of coastal saltmarsh to shrimp ponds.



Materials and methods


Study area and sample collection

The study was conducted in Shanyutan wetland (22°00′36″–26°03′42″N, 119°34′12″–119°41′40″E, Figure 1), the brackish-water tidal wetland in the Minjiang River estuary in Fujian Province, Southeast China (Tong et al., 2012). The study area is characterized by a subtropical monsoonal climate with hot and humid in summer and dry and cold in winter (Wang et al., 2018b). The mean annual temperature and precipitation were 19.6°C and 1350 mm, respectively (Tong et al., 2010). Shanyutan wetland is subjected to the formal semi-diurnal tide, with a tide range of 2.5 – 6 m (Zhang et al., 2015). The study area has a high diversity of vegetation species, with native Phragmite australis, Scirpus triqueter and Cyperus malaccensis and exotic invasive Spartina alterniflora being the dominant vegetation species (Zhang et al., 2011).




Figure 1 | Study area and sampling sites (Figure 1 is quoted from our previous research (Gao et al., 2019b).



In recent years, large-scale conversion of natural wetland was performed in Shanyutan, and almost all of the natural wetland was converted to aquaculture ponds to increase seafood demand (Yang et al., 2017a). Shrimp pond is one of the most important aquaculture ponds (Yang et al., 2019). The shrimp culture period usually starts in June and ends in November, with only harvest once a year (Yang et al., 2017a). Before breeding, saltwater from the adjacent estuary was injected into the shrimp pond using a submerged pump at once to retain the mean water depth of 1.4 m during the shrimp culture period (Yang et al., 2019). After harvest, the pond water was discharged into the adjacent estuary. During the shrimp culture period, feeding and aeration were operated twice and four times per day, respectively.

According to reclamation time, the shrimp ponds in Shanyutan could be mainly divided into two categories: shrimp ponds reclaimed in 1998 and 2011. To assess the impact of natural wetland conversion to shrimp culture pond on sediment N fixation process, sediment cores (5 cm deep) were retrieved twice in July and November 2016 in three typical sampling sites: natural saltmarsh, 5-year-old shrimp ponds (ponds reclaimed in 2011), and 18-year-old shrimp ponds (ponds reclaimed in 1998), each of which had six replicate locations. In this study, the sediment core was retrieved using an acrylic tube (7.0 cm diameter and 20 cm deep), which was installed into a surface-operated coring device equipped with a core cylinder and a one-way check valve (Gao et al., 2019b). After collection, the sediment cores were preserved in sterile bags and transported to the laboratory immediately. In the laboratory, sediment sample was mixed homogeneously and divided into two parts. One fresh part was used to determine the sediment N fixation rate and parameters. The other part was preserved at -80°C for analyses of molecular microbiology. In addition, 5 L overlying water was taken from each location for the determination of the sediment N fixation rate.



Analysis of sediment parameters

The in situ pH and electrical conductivity (EC) of sediment were measured using IQ150 pH meter (IQ Scientific Instruments, USA) and 2265FS EC meter (Spectrum Technologies Inc., USA), respectively. The water content was determined based on the weight loss of fresh sediment through oven drying (Hou et al., 2018). The TOC and TN of sediment were analyzed using Vario EL elemental analyzer (Elementar, Germany) as described by Gao et al. (2019a). Sediment NH4+ and NOx– were extracted using 1 M KCl and then measured by a continuous flow analyzer (Skalar Analytical SAN++, Netherlands) (Hou et al., 2015). The Fe2+ and Fe3+ of sediment were extracted with 0.5 M HCl and then analyzed using the phenanthroline method (Lovley and Phillips, 1987).



Determination of sediment potential N fixation rate

In this study, sediment potential N fixation rates (NFR) was determined by using slurry incubation experiment in combination with 15N isotope tracing technique which was improved on the basis of the previous method described by Hou et al. (2018). Briefly, the slurry was prepared by mixing the overlying water and sediment at a ratio of 7:1. Then, the homogeneous slurry was purged with helium (He) for 30 min to remove background N2 and transferred into 12 mL gas-tight vials (Exetainers, Labco, UK) in He-filled glove box. All vials were divided into two parts. One part was immediately injected with 0.2 mL saturated ZnCl2 solution to inhibit microbial activity and designated as initial sample. The other part was injected with 0.5 mL 99 atom% 15N-N2 (Campro Scientific, Germany) and incubated in dark at near in situ temperature for about 24 h. These vials were preserved by adding 0.2 mL ZnCl2 solution and designated as final samples. Then, all vials were purged with He for 30 min to remove N2 and injected with hypobromite iodine solution to oxidize 15N-labeled products generated by N fixation into N2. The concentrations of 29N2 and 30N2 in all samples were determined by membrane inlet mass spectrometry (HPR-40, Hiden Analytical, UK). The differences of 15N-labeled N2 concentrations between final and initial samples were used to calculate NFR. This method is especially suitable for relative comparisons of different N transformation rates (Aoki and McGlathery, 2017). Nevertheless, because slurry mixing removed sediment biogeochemical gradients, the method may not reflect the actual N fixation rate in situ environment (Behrendt et al., 2013).



Sediment DNA extraction and quantitative polymerase chain reaction

We quantified the nifH encoding the key enzyme for N fixation to explore the potential impact of diazotrophs on N fixation process (Hou et al., 2018). According to the manufacturer’s instruction, the sediment DNA was extracted with Powersoil™ DNA Isolation Kits (MO BIO, USA). The extracted sediment DNA was stored at -80°C before subsequent analysis. The nifH gene fragment was amplified using nifHfw (5’-GGH AAR GGH GGH ATH GGN AAR TC-3’) and nifHrv (5’-GGC ATN GCR AAN CCV CCR CAN AC-3’) primers (Wang et al., 2018a). Then, the abundance of nifH was quantified by q-PCR using an ABI 7500 Sequence Detection System (Applied Biosystems, Canada) and SYBR green method. The detailed information of q-PCR protocol was shown in Table S1. The relative abundance of nifH gene in sediment was calculated by the standard curve which was constructed by diluting a known amount of plasmid DNA including nifH fragment into six gradients (from 2.50 × 104 to 2.50 × 109 copies μL-1). The amplification efficiency was above 96% in this study, and the correlation coefficient was higher than 0.99.



Statistical analysis

The data were checked for normal distribution and homogeneity of variance and transformed if necessary before statistical analysis (Täumer et al., 2020). Pearson’s correlation analysis (SPSS 22.0) and Redundancy analysis (RDA) (Canoco 5) were performed to reveal relationships between sediment parameters, nifH abundance, and N fixation rate. Path analysis (AMOS 22.0) was used to futher explore the effects of shrimp aquaculture reclamation on N fixation process. Before path analysis, a conceptual model was constructed based on existing literature and ecological principles (Liu et al., 2018). Then, the model was improved in a stepwise manner. In present study, column and box charts were drawn using Origin 2021.




Results


Sediment physicochemical parameters

Measured sediment physicochemical parameters were shown in Figure 2 (This data was quoted from our previous studies (Gao et al., 2019b)). The water content of sediment was generally higher in 18-year-old ponds than in 5-year-old ponds and natural saltmarsh, but no obvious difference was observed between the latter two. Sediment pH ranged from 6.28 to 7.11 and 6.16 to 6.98 in summer and winter, respectively, with no significant difference among the natural saltmarsh, 5-year-old ponds and 18-year-old ponds. Summer EC in natural saltmarsh and 5-year-old ponds were significantly higher than that of 18-year-old ponds, while in winter, sediment EC was higher in natural saltmarsh than in 5-year-old ponds and 18-year-old ponds. Sediment TOC content varied from 16.03 to 33.24 g kg-1 and 16.01 to 35.40 g kg-1 in summer and winter, respectively, and the content was generally higher in shrimp ponds (5-year-old ponds and 18-year-old ponds) than in natural saltmarsh. The NH4+ and NOx– concentrations of sediment ranged from 15.78 to 98.31 mg kg-1 and 1.39 to 3.45 mg kg-1, respectively, and their changes patterns were similar to TOC. There was no significant difference in TN content between the natural saltmarsh and shrimp ponds in summer, but the TN content in 18-year-old ponds was higher than that of the natural saltmarsh in winter. Sediment Fe2+/Fe3+ in shrimp ponds (1.44 – 2.52) was generally higher than that of natural saltmarsh (0.64 – 0.91), although some difference was not significant.




Figure 2 | Sediment physicochemical properties of natural saltmarsh and shrimp ponds. Different lowercase letters indicate significant differences (p < 0.05) among natural saltmarsh and shrimp ponds in the same season. (A) Water content, (B) pH, (C) EC, (D) TOC, (E) TN, (F) NH4+, (G) NOx-, (H) Fe2+/Fe3+.





Sediment potential N fixation rates and nifH gene abundance

Sediment potential N fixation rates ranged from 6.16 to 10.31 nmol g-1 h-1 and from 3.71 to 7.84 nmol g-1 h-1 in summer and winter, respectively, with higher N fixation rates in summer (Figure 3). Compared with natural saltmarsh, shrimp ponds had higher N fixation rates in both summer and winter (Figure 3). However, There was no obvious difference in N fixation rates between 5-year-old and 18-year-old shrimp ponds (Figures 3, 5). Sediment nifH gene abundance varied from 1.26 × 108 to 1.26 × 108 copies g-1 and 7.33× 107 to 1.04 × 108 copies g-1 in summer and winter, respectively, with no significant difference among the natural saltmarsh, 5-year-old and 18-year-old shrimp ponds (Figure 4). In addition, the mean abundance of nifH gene was also higher in summer than that in winter (Figure 4).




Figure 3 | Sediment N fixations rates of natural saltmarsh and shrimp ponds in (A) Summer and (B) Winter. Different lowercase letters indicate significant differences (p < 0.05) among natural saltmarsh and shrimp ponds in the same season.






Figure 4 | Sediment nifH gene abundance of natural saltmarsh and shrimp ponds in (A) Summer and (B) Winter. Different lowercase letters indicate significant differences (p < 0.05) among natural saltmarsh and shrimp ponds in the same season.





Influences of sediment parameters on N fixation rates

Potential N fixation rate was significantly related to sediment EC, TOC, NH4+, NOx− and Fe2+/Fe3+ in summer and winter, respectively, and only significantly related to TN in winter (Table 1). For bulked two-season data, the N fixation rate was significantly associated with sediment EC, NH4+, NOx− and nifH gene (Table 1). In addition, results from the RDA of sediment physicochemical parameters, nifH gene abundance and N fixation rate showed that sediment samples in natural saltmarsh were clearly separated from those in shrimp ponds along Axis 1 (Figure 5). The sum of Axis 1 and Axis 2 accounted for 60.4% and 55.3% of the variation in sediment parameters measured in summer and winter, respectively (Figure 5). Sediment N fixation rate, EC, TOC, NH4+, NO3– and Fe2+/Fe3+ contributed significantly to the variation of Axis 1, while nifH gene abundance was minor importance in the variation of Axis 1 (Figure 5). Predicted path model further showed that reclamation time can influence N fixation rate by affecting sediment EC, NH4+ and nifH gene abundance (Figure 6).


Table 1 | Pearson’s correlation coefficients for relations between sediment parameters and N fixation rates.






Figure 5 | The redundancy analysis (RDA) of N fixation rates (NFR) and nifH gene abundance with sediment parameters. The yellow circles, green triangles and purple squares represent natural saltmarsh, 5-year-old shrimp ponds and 18-year-old shrimp ponds in (A) summer and (B) winter, respectively.






Figure 6 | Predicted path models relating reclamation time to N fixation rates (NFR). Solid red lines indicate significant positive effects, solid blue lines indicate significantly negative effects, and black dashed lines indicate insignificant effects. Numbers adjacent to the lines are standardized path coefficients, also shown by the width of the lines. Percentages adjacent to the variables indicate their explained variance.






Discussion

Previous studies suggested that the conversion of natural saltmarsh to aquaculture ponds has a significant influence on nutrient element biogeochemical cycle (Murphy et al., 2016; Gao et al., 2019b). In present study, the sediment potential N fixation rates in shrimp ponds were significantly higher than those in natural saltmarsh (Figure 3), which verified previous studies (Gao et al., 2019b). RDA further indicated that the sediment potential N fixation rates in shrimp ponds were clearly separated from those in natural saltmarsh (Figure 5). This phenomenon could be explained by the changes of sediment physicochemical parameters.

Generally, low salinity was in favor of the metabolism of diazotrophic and N fixation process (Tel-or, 1980; Severin et al., 2012). Previous study shown that shrimp ponds water extracted from adjacent estuary could decrease sediment salinity of original natural saltmarsh (Yang et al., 2017b). In this study, the sediment EC of shrimp ponds were lower than those of natural saltmarsh, which was consistent with previous study (Figure 2C). Thus, decreased sediment EC provided a favorable environment for the N fixation process, which was supported by the significant negative correlation between sediment EC and N fixation rate (Table 1). TOC is another important factor in controlling N fixation process due to its supplement of energy for heterotrophic organisms (Gier et al., 2016; Moseman-Valtierra et al., 2016; Wang et al., 2018a). In present study, sediment TOC content increased significantly after the conversion of natural saltmarsh to shrimp ponds (Figure 2D), which could explain the increasing of the sediment potential N fixation rates. The significant positive correlatin between TOC content and N fixation rate further confirmed this explanation (Table 1). It has been noted that in addition to the quantity of organic matter, the quality of organic matter may play a more important role in mediating the N fixation (Newell et al., 2016). However, we did not analyze the components of organic carbon and future studies will be conducted to explore the impact of different organic carbon fractions on N fixation process. Futhermore, we observed sediment Fe2+/Fe3+ ratios in shrimp ponds were generally higher than those in natural saltmarsh (Figure 2H), indicating that shrimp ponds can stimulate the reduction of Fe3+ to Fe2+ (Gao et al., 2019b). The significant positive correlation of Fe2+/Fe3+ ratio with N fixation rate was observed in present study (Table 1 and Figure 5). Previous studies have noted that iron-reducing bacteria may be also responsible for the N fixation process (Bertics et al., 2010; Gier et al., 2017). Thus, we hypothesize that the reduction of Fe3+ to Fe2+ can indirectly promote the process rates of N fixation.

In addition to environmental parameters, many works have noted that the N fixation process was influenced largely by relevant microorganisms, and nifH gene can be regarded as a critical indicator of N fixation process (Huang et al., 2016; Damashek and Francis, 2018; Hou et al., 2018). Despite the nifH gene abundance in shrimp ponds was higher than that in natural saltmarsh, there was no obvious correlation between nifH gene abundance and sediment potential N fixation rate (Figure 4 and Figure 5), which indicated that compared with the change of sediment physicochemical factors, the change of nifH gene abundance may not be the main factor affecting the N fixation during the conversion of natural saltmarsh to shrimp ponds. In addition to functional gene abundance, the expression of functional gene and the structure and composition of microbial community may have significant impacts on microbial activitiy (Gao et al., 2017). Therefore, the role of microbe on N fixation should be further explored.

Compare with 5-year-old shrimp ponds, 18-year-old shrimp ponds had higher TOC contents and Fe2+/Fe3+ ratios and lower sediment EC (Figure 2), which was expected to cause a higher N fixation rates in 18-year-old shrimp ponds than those in 5-year-old shrimp ponds. Unexpectedly, there was no significant difference in sediment potential N fixation rate between shrimp ponds with different reclamation time (Figure 3 and Figure 5). This phenomenon might be attributed to the inhibiting effect of inorganic N (Capone et al., 2005). Many previous studies found that high concentration of inorganic N, especially NH4+, may inhibit N fixation (Bertics et al., 2010; Moseman-Valtierra et al., 2016). Sediment NH4+ and NOx− in 18-year-old shrimp ponds were generally higher than those in 5-year-old shrimp ponds, which may be the important reason for this unexpected phenomenon. Predicted path model futher indicated that the increasing of reclamation time could promote the concentraions of NH4+, which could inhibit N fixation process (Figure 6).

It’s noteworthy that natural saltmarsh and shrimp ponds had same seasonal dynamics of N fixation process with high N fixation rates in summer and low N fixation rates in winter (Figure 3). This phenomenon might be attributed to the temperature change. Previous studies have documented that temperature rising could directly promote N fixation rate in estuarine and coastal ecosystems (Hou et al., 2018). The temperature of the Min River Estuary was higher in July (31.2 – 33.9°C) than that in November (19.6 − 21.1°C) (Gao et al., 2019b), which caused that both natural saltmarsh and shrimp ponds in Min River Estuary had higher N fixation rates in summer than in winter. In addition to direct effect, temperature may regulate the N fixation process through its impact on relevant microorganisms (Huang et al., 2016; Damashek and Francis, 2018). Our result showed that nifH gene abundance in summer was significantly higher than that in winter, implying the functional gene may be an important factor in controlling the seasonal dynamics of N fixation process. For bulked two-season data, the N fixation rate were significantly associated with the nifH gene abundance, which also supported the aforesaid opinion (Table 1).

In last few decades, anthropogenic reactive N has continually increased due to intensive industrial and agricultural activities (Davidson, 2009). Since about 20–30% of reactive N has been delivered into estuarine and coastal ecosystems, the N transformation is important for the N balance in such ecosystems (Plummer et al., 2015; Huang et al., 2021). Reclamation is one of the main anthropogenic disturbances in coastal wetlands that could change the intrinsic N balance. Based on the measured N fixation rates and sediment densities, we estimated that the amounts of N fixation in natural marshland, 5-year-old and 18-year-old shrimp ponds were about 50.7, 68.3 and 70.2 g N m-2 yr.-1, respectively. Previous study showed that the amounts of N loss in natural marshland, 5-year-old and 18-year-old shrimp ponds were about 88.9, 116.6 and 130.6 g N m-2 yr.-1, respectively (Gao et al., 2019b). By comparing the amounts of N fixation and N loss, we found that natural marshland, 5-year-old and 18-year-old shrimp ponds had same ratio of N fixation to N loss (about 55%), which suggested that although conversion of natural saltmarsh to shrimp ponds simultaneously promoted N fixation and loss, it had no obvious effects on the whole N cycling. Thus, when we evaluate the effects of reclamation on the N budgets in estuarine and coastal wetlands, comprehensive N cycling processes should be taken into full consideration.



Conclusion

This study elucidated the impacts of conversion of natural marshland to shrimp ponds on sediment N fixation process in estuarine and coastal areas. This conversion significantly promoted the process rate of sediment N fixation. However, different reclamation time of shrimp ponds had no significant effects on the sediment N fixation process. The variation of sediment EC, TOC, Fe2+/Fe3+ and inorganic N driven by this conversion were key factors to control sediment N fixation. Futher, the conversion of natural marshland to shrimp ponds simultaneously facilitated sediment N fixation and N loss, highlighting the significance of considering comprehensive N cycling processes when evaluating the environmental implications of aquaculture reclamation on the N budgets in estuarine and coastal wetlands.
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