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Intertidal ecosystems are affected by severe nitrogen (N) pollution as a result of anthropogenic activities, and it is unclear how this may affect intertidal microbial communities, which play critical roles in regulating biogeochemical cycles. To address this gap, we conducted a two-month mesocosm experiment using six targeted concentrations of total N. The findings indicated that N entering seawaters has direct negative effects on the bacterial diversity. Dose dependence was found for the effects of N on bacterial diversity in sediment: low N addition increased the bacterial diversity, but a reduction in bacterial diversity occurred when N exceeded a certain value (≥ 3 mg L−1). Additionally, N enrichment caused clear shifts in bacterial community composition with increases in the relative abundance of Balneola (organic-degrading), Phalacroma mitra (carbohydrate-fermenting), and Bacteroides (phosphorus (P)-solubilizing), and decreases in Leptolyngbya_PPC_6406 (N2-fixing). The increased abundance in P-solubilizing and organic-degrading bacteria and decrease in N-fixing bacteria, combined with the upregulated activity of alkaline phosphatase and downregulation of urease activity, implied that the bacterial assemblage tended to be more effective in P and carbon acquisition but reduced N acquisition. Further path analysis suggested that N had direct effects on bacteria and contributed 50%–100% to the variations in bacterial diversity, whereas environmental changes such as dissolved oxygen and pH played minor roles. Overall, bacteria occurring in sediment were likely more stress-resistant to high N exposure than those occurring in seawater, possibly due to the high buffering capacity of sediment and growth tolerances of bacteria in the sediment. These findings point to the vulnerability of microbes in water systems to increasing global N loading, and that N reduction is needed to combat the loss of microbial diversity.
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Introduction

Intertidal zones, located at the interface between terrestrial and marine ecosystems, are pivotal for maintaining coastal habitat heterogeneity, biodiversity, and ecosystem functions and services (Niu et al., 2021). This region is susceptible to human activities and receives increasing amounts of reactive nitrogen (N) through fertilizer runoff and atmospheric deposition (Ma et al., 2021a). For instance, total N deposition into the oceans, particularly in coastal zones that are considered as hotspots for N pollution, has more than tripled from 20 Tg y−1 to 67 Tg y−1 over several decades (Luo et al., 2017). In addition to its well-known effects in augmenting coastal eutrophication (Deegan et al., 2012), widespread hypoxia (Watson, 2016), and ocean acidification (Kessouria et al., 2021), excessive N input may also alter diversity and composition of microbes, which play critical roles in regulating biogeochemical cycles (Zeng et al., 2016; Wang et al., 2018; Wu et al., 2019). However, the current understanding of the diversity, composition, and potential metabolic function of the bacterial community in response to increasing N loading has mainly been limited to terrestrial systems (e.g., croplands, grasslands, and forests) (Contosta et al., 2015; Wang et al., 2018; Dai et al., 2018). For example, N has been generally reported to decrease microbial diversity through a variety of mechanisms, such as altering the N availability, pH, and redox potential of soils (Contosta et al., 2015; Wang et al., 2018). Coastal microorganisms may also be sensitive to N pollution (Bowen et al., 2020). However, studies of N-driven changes in microbial diversity focusing on coastal ecosystems remain limited, restricting our ability to predict the stress resistance and resilience of marine ecosystems to global environmental changes.

Based on homeostatic mechanisms, when N enters aquatic ecosystems, cellular adjustments in acquisition efficiency will lead to altered emergent properties such as enzyme activities, gene regulation, and cellular elemental composition (Sterner and Elser, 2002). These properties have implications for competition and species success, eventually leading to changes in species dominance and biodiversity (Glibert, 2012). Although the effects of N inputs on microbial biomass and associated activities have been sporadically reported in marine ecosystems, the results generated to date remain preliminary, and there is no consensus on the conclusions. Microbial composition and diversity in marine ecosystems have been found to increase (Nogales et al., 2011), decrease (Schwermer et al., 2008; Dong et al., 2017; Niu et al., 2021), or even remain unaffected (Carrino-Kyker et al., 2012) after N addition. For instance, Nogales et al. (2011) found that N enrichment led to a significant increase in diversity, mainly by increasing cell numbers, whereas no notable effect of nitrate pulse (0.2 g kg−1 dry sediment) on microbial community diversity was observed by Carrino-Kyker et al. (2012). In contrast, Dong et al. (2017) reported that reductions in coastal microbial diversity and shifts in community composition began to manifest following nitrate input (1 mg L−1). Niu et al. (2021) proposed that low ammonium input (≤ 2.4 mg kg−1) could increase the diversity of microorganisms, but excess ammonium input possibly reduces microbial diversity in coastal sediment, suggesting a dose-dependent effect of N enrichment on bacterial diversity. Regarding the mechanisms underlying the effects of N on microbial diversity, some studies have suggested that N is the primary factor, whereas others have indicated that changes in environmental factors (e.g., pH or salinity) are more critical (Zeng et al., 2016; Niu et al., 2021).

Overall, the above-mentioned conflicting results may be attributable to: i) the lack of quantitative relationships between N and microbial diversity, and 2) the unclear relative contributions of N and environmental factors to microbial alterations. These results indicate that consistent and general conclusions regarding marine microbial feedback in response to global N loading are still lacking and require further in-depth studies. Xiangshan Bay (XSB) in China is known as the national “large fishing pond” and receive high N pollutant of up to 2692 t y-1, mainly from extensive mariculture and soil erosion. The total N concentration (TN) in XSB was 1.84−48.90 mg L-1 (average of 4.67−7.48 mg L-1) in 2016, nearly ten folds higher than other bays like Jiaozhou Bay (Li et al., 2018; Wang et al., 2022). Thus, it is an ideal area for this study. To better understand how N affects microbial diversity and communities and further determine their quantitative relationships in XSB, we conducted a two-month experiment in 18 aquaria (60 L) with six targeted N levels.



Materials and Methods


Study Area and Experimental System Set-Up

Xiangshan Bay (XSB) is located on the coastline of northern Zhejiang Province of China in the East China Sea. This region is a shallow, long, and semi-enclosed estuarine basin with broad intertidal zones. Tides in XSB are semi-diurnal, with an average tidal range of 3.3 m. To explore the effects of high N on microbial diversity, we built a mesocosm ecosystem using 18 aquaria (60 L) harboring coastal sediment and seawater. Sediment (with total carbon, nitrogen, and phosphorus in 9.0, 0.7, and 0.6 mg g−1 DW) from the surficial 10 cm was collected from XSB (29.3528° N, 121.5454° W) (Figure S1) and subsequently mixed and added to the aquaria to obtain a sediment layer of 10 cm. The remaining 35 cm was filled with well-mixed water from the middle water depth in XSB. Circulating pumps in the tidal mode (Guangzhou Fort Fisherman Co., Ltd., China) were fixed in each aquarium to simulate tide-induced vertical mixing and sediment resuspension. The experimental system set-up was completed on August 7, 2020, then left stationary for a week to balance sediment resuspension and settlement before running for the N addition experiment (August 14 − October 8).



Experimental Design

A gradient of six TN concentrations with three replicates was established: control without N addition (N0), 2 mg L−1 (N2), 5 mg L−1 (N5), 10 mg L−1 (N10), 15 mg L−1 (N15), and 20 mg L−1 (N20) (N added in the form of urea). N0 refers to the background TN concentration; N2, TN concentration of 2 mg L-1, refers to water quality Class V as defined in the environmental quality standards for surface water in China (GB 3838-2002); N5, total ammonium concentration of 5 mg L-1, refers to water quality Class II in the standard for groundwater quality in China (GBT-14848-2017); N10, total nitrate concentration of 10 mg L-1, refers to the China standards for drinking water quality (SAC, 2006) as well as the USA federal maximum level for drinking water (Camargo et al., 2005); N15, TN concentration of 15 mg L-1, refers to Primary A in the discharge standard of pollutants for municipal wastewater treatment plants in China (GB-18918-2002); N20, TN concentration of 20 mg L-1, refers to Primary B in the discharge standard of pollutants for municipal wastewater treatment plants in China (GB-18918-2002). Urea (the most common N fertilizer used in aquaculture) was dissolved in seawater before being introduced into the experimental aquaria (at weekly intervals). Total dosage of 0 g, 0.3 g, 0.8 g, 1.5 g, 2.5 g, and 3 g urea fertilizer were applied in N0, N2, N5, N10, N15, and N20, respectively.



Sampling and Analysis

Physicochemical parameters of water, including dissolved oxygen (DO) and pH, were measured twice before and after N addition using a Horiba multiparameter instrument (U-52, Japan). Water samples (1.5 L) were collected from each aquarium on August 14 and October 8 using a syringe. Of the samples, 0.5 L was used for bacterial alkaline phosphatase activity (APA) (Ma et al., 2018) and chemical parameters such as TN, ammonium (NH4+), nitrate (NO3-), total phosphorus (TP), and total organic carbon (TOC) analyses according to standard methods (AQSIQ, 2007). The remaining water (ca. 1 L) was filtered through a 0.22-μm cellulose acetate membrane for DNA extraction. Simultaneously, sediment pore water samples in each aquarium were collected with a soil moisture sampler (SMS rhizons, Netherlands) and subsequently filtered (0.45 μm) for TN (TNSed), NH4+ (NH4+Sed), and NO3− (NO3−Sed) analysis. Labile phosphorus (Labile-P) in the sediment was measured using diffusive gradients in thin films (Ding et al., 2015). The pH of the top sediment (pHSed) was measured using a soil pH meter (pH 400 and 600, USA). Sediment samples collected with a core sampler (XDB0204, New Landmark, China) were mixed and partitioned into three subsamples; one was stored at −80°C for sediment DNA extractions, the second was stored at 4°C for enzyme analyses within 24 h, including urease activity (UASed) (Mobley et al., 1995) and β-glucosidase activity (GASed) (Dick et al., 2013), and the third was partially air-dried and passed through a 2-mm sieve for total organic carbon (TOCSed) analyses (Lu, 1999).

DNA in the water and sediment was extracted using a FastDNA spin kit (Q-BIOgene, Carlsbad, CA, USA). The genomic DNA concentrations and purity were measured using an Eppendorf Biophotometer Plus (Eppendorf, Germany). Bacterial community composition was assessed by sequencing the V3-V4 region of the 16S rRNA gene using the PCR primers 338F (5’- ACTCCTACGGGAGGCAGCA-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’). High-throughput sequencing was performed on an Illumina MiSeq platform (BioMarker Technologies Co. Ltd., China). Trimmomatic (version 0.33) was used to remove low-quality sequences and Cutadapt (version 1.9.1) was used to cut primer sequences (Martin, 2011; Bolger et al., 2014). High-quality sequences were obtained by merging two-paired reads and cleaning the chimeras using USEARCH (version 10) and UCHIME (version 8.1) (Edgar et al., 2011; Edgar, 2013). Operational taxonomic units (OTUs) were defined by clustering qualified sequences at a 97% identity threshold using USEARCH (version 10) (Edgar, 2013). The sequences were taxonomically identified using a BLASTn search of a curated NCBI database. The raw sequences were submitted in the NCBI sequence reading Archive (SRA) with the registration number of PRJNA826550.



Data Processing and Statistical Analysis

QIIME2 (2020.6) was used to annotate species and calculate alpha diversity indices, including the Chao and Shannon indices (Bolyen et al., 2019). One-way analysis of variance (ANOVA) was used to test the differences between the treatments. Redundancy analysis (RDA) was performed using the vegan (v2.3) R package (Dixon, 2003). Bacterial interaction network analysis based on Spearman rank correlation coefficient was conducted using Cytoscape (V3.9.1) with a connection suggesting a strong (Spearman’s |r|>0.4) and significant correlation (p<0.05 after FDR correction). Path analysis was applied to further explore the key factors and paths influencing the N regulation of microbial diversity using AMOS software (IBM SPSS AMOS 26). The best-fit model was developed using maximum likelihood estimation, and the chi-square test (χ2) (p > 0.05) and comparative fit index (CFI) (>0.90) were used to test the overall goodness of the model fit. When conducting the path analyses, multicollinearity among environmental variables was diagnosed, and no multicollinearity was found (variance inflation factor, VIF < 5) (Ma et al., 2018; Ma et al., 2021b).




Results


Effects of Nitrogen Addition on Environmental Parameters and Enzyme Activities

During the two-month N addition (Table 1), TN in the water showed, as expected, a significant concentration gradient, being significantly higher in N5, N10, N15, and N20 than in N0, whereas no significant difference was found between N2 and N0. There were no differences in the N treatments for TP, TOC, and pH compared with N0. DO was significantly lower in N5, N10, N20 than that in N0, whereas no differences were discerned between N0, N2, and N15. TNSed in sediment pore water was significantly higher in N15 and N20 than in N0, whereas no differences were observed between N0, N2, N5, and N10. No statistical differences were observed among treatments for labile P and TOCSed. The pHSed was significantly lower in the N treatments than in N0. As for the enzyme activities associated with carbon (C), N, and phosphorus (P) cycles, no significant differences in GASed were observed among the treatments, although N10 and N15 tended to be lower than N0. UASed was significantly lower in the high-N treatments (N15 and N20) than in N0, whereas no differences were found among the low-N treatments (N0, N2, N5, and N10). The APA of bacteria was significantly higher in N20 than in N0, whereas no differences were recorded among N15, N10, N5, N2, and N0.


Table 1 | Mean (± standard error) measures for seawater and sediment variables across the nitrogen gradient.





Changes of Bacterial α-Diversity and Abundance After N Addition

We selected the Chao and Shannon indices as our metrics for microbial richness and diversity because they are highly recommended for analyzing microbial α-diversity (Wang et al., 2018). As presented in Table 2, the microbial richness and diversity in both water and sediment were remarkably different among the N treatments. For water, Chao significantly decreased from 1277 in N0 to 678 in N20 and Shannon decreased from 5.0 in N0 to 4.5 in N20 with increasing N concentrations. In sediment, the Chao values were significantly higher in N2 and N15 than in N0, whereas no differences were observed among N5, N10, N20 and N0. For the Shannon index, in addition to N5 which was not different from N0, the other N treatments were significantly higher than that of N0.


Table 2 | Mean (± standard error) measures for microbial richness (Chao) and diversity (Shannon) in water and sediment across the nitrogen gradient.



Further regression analysis demonstrated that the Chao and Shannon indices in water were negatively correlated with TN, suggesting that N addition decreased the α-diversity of bacteria in water (Figures 1A, B). The abundance of bacteria in water decreased with N concentration (Figure S2). Chao and Shannon indices in sediment increased with N addition at low dosages, but opposite trends occurred when N exceeded a certain value (Figures 1C, D). Similar pattern has been found for the abundance of bacteria in sediment (Figure S2).




Figure 1 | Relationships of microbial richness and diversity against nitrogen concentration (n=18).





Bacterial Community Composition and Phenotypic Characteristics and Their Interaction Networks

At the class level, the top ten abundant bacteria in the water belonged to six phyla ranked as follows: Alphaproteobacteria (28%–35%), Oxyphotobacteria (9%–34%), Bacteroidia (5%–23%), Gammaproteobacteria (9%–16%), Acidimicrobiia (4%–15%), Actinobacteria (3%–11%), Rhodothermia (2%–15%), Deltaproteobacteria (0%–9%), Clostridia (0%–1%), and Anaerolineae (0%–1%) (Figure S3A). The most dominant bacteria classes in the sediment belonging to eight phyla were Gammaproteobacteria (13%–28%), Bacteroidia (12%–16%), Actinobacteria (7%–15%), Clostridia (5%–21%), Alphaproteobacteria (7%–12%), Bacilli (3%–5%), Oxyphotobacteria (2%–5%), Deltaproteobacteria (2%–4%), Anaerolineae (1%–5%), and Acidobacteriia (1%–3%) (Figure S3B).

At the genus level, besides a large proportion of unculturable bacteria (17%–28%), the most dominant bacteria in the water were Clade_Ia (2%–15%), Balneola (2%–14%), Phalacroma mitra (0%–18%), Cyanobium_PCC-6307 (0%–14%), Leptolyngbya_PPC_6406 (0%–15%), and Marivita (1%–5%) (Figure 2A). In the sediment, Candidatus sulcia (4%–13%), Candidatus vidania (3%–13%), Bacteroides (1%–4%), Woeseia (0–4%), Faecalibacterium (1%–4%), and Lactobacillus (1%–2%) were the most common bacteria (Figure 2B).




Figure 2 | Circular stacked bar-plots demonstrating the top ten abundant bacteria genera in water (A) and sediment (B) under all treatments. Different genera are displayed in different colors.



The bacteria with stress-tolerant phenotypes at the genus level are shown in Figure S4. The relative abundance of stress-tolerant bacteria in water decreased with N loading, decreasing from 20% in N0 to 15% in N20. In contrast, stress-tolerant sediment bacteria showed an opposite trend, increasing from 23% in N0 to 39% in N20.Correlation-based network analyses at the bacterial genus level are shown in Figure 3. In seawater, the total number of links for the bacteria-bacteria network was 20, of which 11 links were positive (indicating co-occurrence for taxa) and 9 links were negative (indicating co-exclusion) (Figure 3A). No notable changes have been found in the correlation links along the gradient of N in water (Figure S5). The total number of links in the sediment was 22, of which 10 were positive and 12 were negative. Bacteria belonging to the Bacteroidetes and Proteobacteria phyla displayed the highest number of interactions (Figure 3B). The sum of links increased along with N concentration, with 16 links in low-N treatments while 25 links in high-N treatments (Figure S5). When considering all correlations, the links between bacteria were more complex in sediment than in water, indicating that potential interactions and stability were stronger in bacterial sediment networks (Chen and Wen, 2021).Network analysis between N and bacteria indicated that N correlated positively with the genera Balneola and Phalacroma mitra but negatively with Leptolyngbya_PCC-6406 in water (Figure 3A). N correlated positively with the genera Bacteroides and Faecalibacterium, but negatively with Candidatus sulcia and Candidatus vidania in the sediment (Figure 3B).




Figure 3 | Bacterial interaction networks in water (A) and sediment (B) based on Spearman rank correlation analysis. Top 10 bacterial genera with high absolute abundances were selected for correlation analysis. A connection implies a strong (Spearman’s |r|>0.4) and significant (p<0.05 after FDR correction). The size of each node represents the degree of abundance, the thickness of each line represents the degree of correlation, and the color of each node represents the specified phylum. The dotted and solid lines indicate the bacteria-bacteria and nitrogen-bacteria interactions, respectively. The red and blue lines indicate positive and negative relationships, respectively.





Relationships Between Bacterial Community and Environmental Variables

RDA was conducted to explore the distribution patterns of the microbial communities and to further assess the relationships between environmental factors and microbial communities (Figure 4). In seawater, 27.0% of the total variance was explained by the first two constrained axes of the RDA: the first axis explained 19.0%, and the second explained 8.0%. TN, NH4+, and NO3− were the main factors responsible for the distinct structures of the bacterial communities. As for sediment, 20.5% of the total variance was explained by the first two constrained axes of the RDA: the first axis explained 13.1% and the second explained 7.4%. TN, NH4+, NO3−, and pH were significant factors affecting the microbial communities.




Figure 4 | Redundancy analysis (RDA) demonstrating the relative influence of environmental factors on the bacterial communities in water (A) and sediment (B). Only those factors identified to significantly influence bacterial communities are shown in the RDA. Samples were grouped according to nitrogen level. Different groups are displayed in different colors and shapes. Similarity values among the sample groups are represented by the distances between them in each graph. Blue arrows indicate the environmental factors; gray arrows indicate the bacterial genera.



As shown in Figure 5, the models in seawater and sediment were acceptable according to χ2 and CFI. In seawater, the significant path coefficient from TN to diversity was negative, demonstrating the direct negative effect of N input on bacterial diversity. The significant path coefficients from TN to DO and DO to diversity were negative, suggesting a positive effect of N on bacterial diversity through decreasing DO. Overall, 93% of the variation in bacterial diversity was accounted for when TN, DO, and pH were included in the model. In the sediment, dose dependence was observed for the effects of N on bacterial diversity. Low N had positive effects on bacterial diversity, as suggested by the significantly negative coefficients from TN to NO3−Sed and from NO3−Sed to diversity. 73% of the variation in bacterial diversity was accounted for when NO3−Sed and pHSed were included in the model. In contrast, high N had negative effects on bacterial diversity by increasing the NO3−Sed. Overall, 62% of the variation in bacterial diversity was accounted for when NO3−Sed, pHSed, and TOCSed were included in the model.




Figure 5 | Structural equation modeling depicting the changes of microbial diversity caused by nitrogen loading. Single-headed arrows represent unidirectional causal relationships. The numbers adjacent to the arrows are standardized path coefficients (significant correlations are shown in bold, *p < 0.05, **p< 0.01). The red and blue lines represent significant positive and negative pathways, respectively.






Discussion


Different Types of Responses of Bacterial Diversity in Water and Sediment to N Addition

N enrichment could directly decrease microbial diversity (indicated by Shannon and Chao index values) in water, consistent with most previous studies showing the N-induced decline in microbial diversity (Aoyagi et al., 2015; Luo et al., 2017; Craig et al., 2021; Niu et al., 2021), possibly due to the high osmotic potential and ion toxicity (Omar and Ismail, 1999). Bacteria in the sediment responded in a different manner: low N addition increased the bacterial diversity, but the diversity decreased when N exceeded a certain value (≥ 3 mg L−1). Further path analysis demonstrated that NO3−Sed (as the end-product of urea, nearly 65% of total N) was the dominant factor influencing bacterial diversity. Low NO3−Sed concentrations had a positive effect on bacterial diversity, likely by providing electron acceptors for bacterial growth during organic matter decomposition, whereas high NO3−Sed concentrations had an opposite effect. Similar patterns have been reported by Niu et al. (2021), in which positive and negative regulation of ammonium on microbial diversity occurred at low and high N concentrations, respectively. Regardless of the form of N applied, the results consistently suggested that the effects of N on sediment bacterial diversity mainly depended on the amount of N added. Such dose-dependent effects—stimulation of bacterial diversity at low N but decrease at high N—might be explained, to some degree, by the C acquisition for bacterial growth that can be stimulated by low NO3− but suppressed at high levels (Wang et al., 2018). This was also corroborated by the decrease in GASed (C acquisition) in the high N treatments in this study.

It is possible that bacteria occurring in water were more sensitive to N enrichment than those in sediment, pointing to the vulnerability of microbes in water systems to increasing global N loading. The sensitivity and vulnerability of bacteria in water systems might be partly explained by the high N concentration in water, in which microbes that are less tolerant to high osmotic potential do not survive, resulting in a sharp decline in microbial biodiversity (Wang et al., 2018). In contrast, the less pronounced response of sediment bacteria to N might be attributed to: i) the stronger resistance of the bacterial community to stresses, as indicated by their more complex interaction networks; ii) the broader growth tolerances of bacteria, as indicated by the high abundance of stress-tolerant bacteria; and iii) sediment harboring higher buffering capacity for reducing the surrounding N concentration through ion adsorption.



N Addition Changed Bacterial Community Assembly and Their Potential Metabolic Functions

Different groups of microorganisms can differ in their ability to process various nutrients (Craig et al., 2021). Urea, potentially serving as both a C and an N source, plays a vital role in driving the changes of bacterial abundance and community composition, likely through altering microbial biomass C and N (Ghosh and leff, 2013; Ma et al., 2017). Moreover, community composition and functional response are highly correlated. In this study, N addition increased the relative abundance of Balneola and Phalacroma mitra in the water. One of the Balneola harboring high environmental tolerances is associated with organic degradation (Kong et al., 2019), whereas the other Phalacroma mitra is a type of acid-producing (okadaic acid) bacteria related to carbohydrate fermentation (Uchida et al., 2018). Cyanobium_PCC-6307 and Leptolyngbya_PPC_6406, as the members of Cyanobacteria, responded differently to N enrichment. N increased the abundance of Cyanobium_PCC-6307, related to N and C fixation (Wei et al., 2022), while decreased the abundance of Leptolyngbya_PPC_6406, a diazotroph adept at N2-fixing (Berman-Frank et al., 2003). Similar patterns have been reported by Berthrong et al. (2014) and Wang et al. (2018), in which N input may reduce the competitive ability of microbes adept at N2-fixing.

In the sediment, N addition decreased the relative abundance of Candidatus _Sulcia and Candidatus_Vidania. Those two bacteria are obligately intracellular and strict aerobic organisms, mainly devoted to essential amino acid synthesis (Bennett and Mao, 2018). In contrast, N addition increased the relative abundance of Faecalibacterium and Bacteroides. Both Faecalibacterium and Bacteroides are associated with acid production (Yang et al., 2020; Ma et al., 2021a), consistent with the significant drop in sediment pH. Therefore, the low pH of the sediment might not only be a cause but also a result of N-induced changes in bacterial composition. Additionally, Bacteroides was identified as a P-solubilizing bacterium, which may increase the availability of microbial P and mitigate P limitation triggered by an imbalance in the N:P ratio (Ma et al., 2021a). Overall, the increase in P-solubilizing and organic degrading bacteria and decrease in N-fixing bacteria following N addition implied that the bacterial assemblage tended to utilize P and C more effectively but reduced N acquisition, which was in line with the niche-based and stoichiometric theory (Sterner and Elser, 2002; Stegen et al., 2012). Shifts in community composition can be accompanied by changes in the hydrolytic ectoenzyme activity (Luo et al., 2017). In principle, N-acquiring enzyme activity might decrease due to the availability of N, whereas C- and P-acquiring enzyme activities should relatively increase with N addition (Luo et al., 2017). However, this was not always the case in this study; a significant increase in APA (P-acquisition) and a minor decrease in UASed (N-acquisition) were observed in the high N treatments, whereas GASed (C acquisition) exhibited a slight reduction in the high N treatments.



Potential Mechanisms Underlying the Effects of N on Coastal Bacterial Diversity

N enrichment has been reported to affect bacterial diversity directly by altering N availability and indirectly by changing environmental properties, such as salinity, oxygen conditions, and pH (Luo et al., 2017; Wang et al., 2018; Niu et al., 2021). However, there is currently no consensus on the most dominant mechanism of N in the regulation of bacterial diversity. For instance, Wessén et al. (2010) reported that alterations in bacterial abundance caused by N fertilization were mainly driven by pH. Inconsistent findings reported by Ramirez et al. (2010) suggested that bacterial diversity response to N input primarily resulted from direct effects of elevating N concentration, rather than indirect effects such as pH. Given this, we examined the contribution of each factor to changes in bacterial diversity through path analysis. The results indicated that N was the primary factor affecting bacterial diversity and contributed 50%–100% to the variations in bacterial diversity, whereas environmental changes in DO, sediment pH, and DOC played minor roles, accounting for 3%–32%. We emphasize the need to reduce N loading to enhance the pace and level of recovery of aquatic biodiversity and their resilience to future changes. Furthermore, seasonal variations may be another key driver of the changes in bacteria communities and diversity because the abovementioned factors (e.g., pH and N concentration) were significantly different with seasons (Guo et al., 2021). For example, the N-increased abundance of bacteria was more notable in summer than in other seasons (Ma et al., 2017). Likewise, the relative abundances of some genera, such as Cyanobacterium, increased significantly during the summer season, which may fuel algal blooms (Floreza et al., 2019). Given the gap between artificial and natural coastal ecosystems (such as the different hydrodynamic conditions), our mesocosm study may not completely catch the process of N affecting the diversity and composition of microbes. Thus, further in situ investigations at larger spatial scales are needed.




Conclusions

Overall, bacteria occurring in water and sediment responded differently to N enrichment. N showed direct adverse effects on water bacterial diversity, whereas we discerned dose-dependent effects in sediment: low N addition increased the bacterial diversity, but a reduction in bacterial diversity occurred when N exceeded a certain value (≥ 3 mg L−1). Bacteria in the sediment were more stable and stress-resistant than those in the water to N enrichment, likely due to their stronger stability and growth tolerance. Furthermore, the high buffering capacity of sediment may be another contributor. Bacterial assemblages following N addition tended to utilize P and C more effectively but reduced N acquisition, supported by the following patterns: i) N-driven shifts in bacterial composition with increases in the relative abundance of organic degrading bacteria (Balneola) and P-solubilizing bacteria (Bacteroides) and decreases in N2-fixing bacteria (Leptolyngbya_PPC_6406), and ii) increases in bacterial APA and decrease in UASed. Further path analysis indicated that N was the dominant mechanism driving the decrease in bacterial diversity and composition shift, whereas environmental changes in DO, pH, and DOC played minor roles. The findings of this study indicate that N loading has potential implications for microbial diversity, community composition, and nutrient (C, N, and P) cycling in marine environments, warranting further long-term investigation at larger spatial scales.
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