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Mangroves around the world settle along coasts and estuaries, where they usually encounter aquaculture effluent that causes eutrophication and regulates the nitrogen cycle in their ecosystems. Moreover, the physical–chemical features of sediment in mangrove habitats might be altered by coastal wind, waves, and currents more frequently under the condition of increasing extreme climatic events. These events affect the process of colonization/regeneration of mangroves. To study how exogenous nitrogen input and sediment texture affect root system establishment of mangrove propagules and the early growth of seedlings, in turn, we set up a mesocosm experiment to explore the morphological and physiological responses of the root system of two mangroves, i.e., Kandelia obovata and Sonneratia apetala. We found that the root morphological features of mangrove seedlings mostly showed significant differences across the sediment texture treatment; K. obovata seedlings were more intensively influenced than S. apetala seedlings. It could be ascribed that the roots of K. obovata seedlings were more sensitive to sediment texture than S. apetala seedlings. Conversely, the treatment of exogenous nitrogen input showed a slighter even non-significant influence on the root features of mangrove seedlings. These results suggest that the seedlings of S. apetala and K. obovata performed similarly. In estuaries and coasts featuring eutrophication and various sediment textures, the conservation and restoration of mangroves should consider these conditions to ensure the sustainable development of mangroves.
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INTRODUCTION

Mangroves mainly occur throughout tropical and sub-tropical coastal areas, usually in sheltered estuaries and bays with lower wind and waves energy (Romañach et al., 2018; Friess et al., 2019). These forests provide numerous ecosystem functions and benefits, such as carbon sequestration, storm and wave damping, and marine and coastal biodiversity conservation (Alongi, 2008; Lee et al., 2014). Despite the ecological importance of mangrove forests, the global area of mangrove forests has presented a continuously decreasing trend. It has been estimated that an annual deforestation rate of 0.16–0.39% of mangrove forests has occurred since the 2000s (Valiela et al., 2001; He et al., 2018). Mangrove forests have undergone degradation and loss by 1646 km2 globally from 2000 to 2012 (Hamilton and Casey, 2016). Despite continuous mangrove recession throughout the world, over the last two decades, China has observed a resilient trend in which the mangrove area had increased to 34472.14 ha in 2013, achieving a 56.69% increment from 2001 (Fan and Wang, 2017). In general, the worldwide loss of mangroves might be attributed to population growth and social development in the coastal zone (Thomas et al., 2017; Hargan et al., 2020). Recognized for their tremendous and irreplaceable ecological functionalities and services, the restoration of mangroves is currently an issue of considerable interest for ecology and conservation currently (Barbier, 2016).

For the natural reproduction process, mangroves are embellished by their unique viviparous and water-disposal features. Stranded propagules could anchor and grow rapidly under appropriate conditions after ripening and falling from the branches (Rabinowitz, 1978). Mangrove propagules can have a long-distance dispersal through the tide and current. Hence, the early seedling establishment and development of mangroves are regulated by many internal and external factors. The seedling may be affected by drag forces of fluid motion or buried or excavated when transported (Balke et al., 2011, 2014). Different mangrove species may exhibit distinct regenerating and colonizing strategies in accordance with their reproductive traits, which is closely related to their roles and niches in the successional stages of natural mangroves. The anchorage and establishment of seedlings are essentially vital to natural mangrove colonization or artificial restoration on the dynamic and unstable sediments. Mangroves are typical bio-geomorphic ecosystems in which their occurrence is strongly affected by coastal sedimentation dynamics (Kamal et al., 2017). Although mangrove forests usually occur in sheltered coastlines with more tranquil environments, physical conditions, such as sediment deposition, sediment erosion, and the physical components of sediment, can still affect the seedling establishment and even the floral composition of mangrove forests. The early establishment and development of seedling roots are sensitive to the physical composition of sediment in mangroves (Jiang et al., 2008).

In southern China, Kandelia obovata is one of the dominant native mangrove species (Sheue et al., 2003). The viviparous propagules of K. obovata grow rapidly once they drop into the soft and muddy substrate. Due to the great convenience of collecting and planting propagules directly on the mudflat, K. obovata has been highly preferred for many mangrove restoration programs in the past three decades. Another mangrove species usually recommended for restoration is Sonneratia apetala Buch.-Ham., which was introduced from Bangladesh to China in 1985 (Ren et al., 2009). Unlike the native and slow-growing K. obovata, S. apetala is non-viviparous and establishes seedlings on tidal flats via seeds released from the ripened fruit (Liao et al., 2004). As an introduced species with high adaptability and fast-growing characteristics, S. apetala had been widely planted in southern China for mangrove afforestation programs, and its plantation has expanded to 20.8 km2 in the last two decades (Yang et al., 2018).

Many studies had previously shed light on the impacts of sediment dynamics, i.e., erosion or accretion of sediment, on the survival and growth of mangrove seedlings (Ellison, 1999; Balke et al., 2013). Therefore, sediment dynamics are crucial when considering the natural dispersal and colonization of mangrove seedlings (Balke et al., 2011). The allocation of root biomass was significantly different, exhibiting resistance to erosion between different sediment types in a mesocosm experiment with two saltmarsh species (Schwarz et al., 2015). The sediment texture may also cause root traits to respond to the inundation of trees (Wang et al., 2015). However, less is known about how sediment texture affects the development of mangrove root systems during the early growth stage.

Three major anthropogenic sources are responsible for the additional nutrient input to mangrove forests, including domestic sewage, agricultural drainage, and coastal aquaculture effluent. Lee (2016) estimated the scale of the C and N influx surrounding the South China Sea and compared it to the C and N input contributed by mangroves. Notably, the nutrients exported by artificial sources are more likely used by decomposers, e.g., microbes and algae, compared with those from mangrove forests, indicating that eutrophication will occur more frequently on the coast, especially where mangrove forests retreat (Lee, 2016). Sun et al. (2020) also verified that persistent aquaculture effluent input would substantially enhance eutrophication levels in mangrove forests. Most nutrients were eventually deposited and accumulated in the mangrove sediment, and the soil total organic carbon (TOC), total nitrogen (TN), and total phosphorus (TP) content increased in mangroves compared to those of unvegetated tidal flats (Sun et al., 2020). Continuous overloading of terrigenous nutrients may pose irreversible impacts on coastal ecosystems, such as temperate saltmarshes and tropical mangroves, resulting in the degradation and loss of existing wetland ecosystems (Ruiz et al., 2001; Lefcheck et al., 2018). Usually, mangrove propagules spread at the margin of the forest and along the tidal creek. The seedlings develop and colonize in the tidal creeks, which are frequently affected by the aquaculture effluent in southern China. The morphological and physiological features of seedling root systems may be sensitive to the additional nutrient input. However, the influence of persistent nutrient input on mangroves during their early growth stage remains vague and challenging. The influence of nutrient input on modifying the patterns of colonization and competition of native/exotic mangroves is still unclear.

In this study, we set up a mesocosm experiment to explore the growth and physiological responses of the propagule root system of two mangrove species, i.e., K. obovata and S. apetala, which are typically used in mangrove restoration and afforestation programs in southern China. Both the mangrove species had naturalized and dispersed extensively along the coasts. However, whether to plant the fast-growing exotic mangroves or slow-growing native ones, e.g., S. apetala vs. K. obovata in mangrove restoration programs is still controversial and inconclusive (Ren et al., 2009). A comparison of their performance in various restoration sites featured by different sediment and nutrient input conditions may give valuable reference for the selection of mangrove species when conducting a restoration program in the future. The effects of sediment physical properties and additional N input on the growth and development of mangrove roots had been examined during their early growth period. It was hypothesized that the exotic S. apetala could be more adaptive to sediment texture and N input conditions than K. obovata and that the root system of different mangrove species may respond differently to sediment physical properties and N input in accordance with their morphological and physiological traits.



MATERIALS AND METHODS


Collection and Cultivation of Mangrove Propagules

In April 2020, the ripened propagules of K. obovata with similar individual lengths and weights were collected from the Pearl River Estuary, southern China. Later in July 2020, the fruits of S. apetala were collected in the same place, and seeds were removed from the ripened and softened fruits within 2 weeks. The propagules and seeds were cultivated for 15 days by placing them in nursing trays for acclimation before being planted for the mesocosm experiment. Simulated semidiurnal tides with a daily inundation period of 8 h were also applied to the seedlings according to the nursing process of mangroves described previously by Tam and Wong (1997).



Mesocosm Experiments of Seedling Cultivation

After propagules or seeds were acclimated for 15 days, the seedlings of K. obovata and S. apetala were then transplanted in three categories of sediment treatments of sand (SA), mud (MU), and a mixture of mud and sand by the volumetric ratio of 1:1 (MI) to test the influence of sediment texture on the growth and root development of mangrove seedlings. The bulk density and sediment mean value of grain size were measured as 1.104 ± 0.253 g⋅cm–3 and 131.73 ± 12.49 μm, 0.823 ± 0.374 g⋅cm–3 and 55.37 ± 8.68 μm, and 0.644 ± 0.208 g⋅cm–3 and 11.54 ± 2.86 μm for SA, MI, and MU, respectively, prior to the experiment. «According to the Report on the State of the Ecology and Environment in China» in the past 5 years,1 one of the major pollutions in the nearshore sea areas, the major pollution indicator in key spawning grounds, feeding grounds, migration channels as well as in nature reserve areas for key fishery resources were inorganic nitrogen in China. Moreover, the main inorganic nitrogen pollutants in marine aquaculture wastewater was NH4+ (Yang et al., 2019; Ding et al., 2020; Liu et al., 2020). Therefore, to evaluate the impact of additional N input on the growth of mangrove seedlings, N as NH4Cl was added to the seawater of the mesocosm at concentrations of 0 (CK), 10 (N10), and 50 (N50) mg N⋅L–1. The set N content in seawater referred to the upper limit (10 mg N⋅L–1, N10) and five times (50 mg N⋅L–1, N50) the aquaculture effluent discharge in the coastal water of southern China (Li et al., 2013). Salinity in the mesocosm was set to 10 PSU according to the pore water salinity detected randomly in situ to meet the conditions of the mangrove in Pearl River Estuary, where the propagules were collected. There were nine tanks for each species in this experiment and divided into three groups for the 20th-, 40th-, and 60th-day cultivation experiment. Each group of tanks was for the three N input treatments, respectively. In each of the three tanks in one group contained seedlings planted in three different texture sediments. To avoid loss of seedlings’ death during the experiment, five seedlings were planted in each sediment type. In total, 18 water tanks were used for mesocosm compartments, including two mangrove species, three categories of sediment treatment, and three concentrations of additional N input. Before the cultivation experiment, the seedlings were placed into a pot of 10 cm in height and 10 cm in diameter with different sediment treatments and then placed into the tank containing seawater with different concentrations of additional N input. The mean height of seedlings of K. obovata and S. apetala were 23.1 and 6.2 cm, respectively. The daily inundation period was unified to 8 h by pumping seawater between the mesocosm tanks and storage tanks with an automatic water pump.



Measurement of Morphological and Physiological Parameters of Mangrove Seedlings’ Root

On the 20th, 40th, and 60th day of the cultivation experiment, the seedlings of both mangrove species were randomly chosen from each tank for the data collection process of morphological and physiological traits. Three replications were set up for the sediment and N input treatments. The measured and analyzed parameters of root samples were root respiratory rate, root length, root surface area, root volume, root branch number, root carbon content (TOC), root nitrogen content (TN), porosity (POR), nitrate reductase activity (NR), and moisture content. The specific methods of measurement and analysis were as follows:


Root Morphology Measurement

The WinRHIZO root analyzer equipped with an image capture system and a professional version of WinRHIZOpro 2005b analysis software (Fan Sheng Technology Co., Ltd., Shijiazhuang, China) was used to scan the root surface. When the scanning process was completed, the WinRHIZO root image analyzer was applied to obtain the morphological parameters of the fine roots scanned. The number, diameter, volume, and absorption surface area of fine roots at all levels were directly obtained through the image analysis process. After scanning, the weight of each level of the root system was measured.



Root Physiology Measurement

The in vitro root system method was used to measure the fine root respiratory rate. Since there are different levels of fine roots based on the root position in the branching hierarchy of the root system and may have different functions and compositions (Zhang et al., 2021). Therefore, root samples were selected from the live fine roots at various levels as much as possible and were oven-dried to constant weight at 65°C. Root samples with a dry weight of 0.05–0.40 g were selected from the live fine roots at various levels and smeared on the fine root section with Vaseline to prevent traumatic breathing. Each fine root was wrapped with soaked filter paper, placed in an aluminum container, and connected to the AZG-300 portable soil/water greenhouse gas monitor (Ao Zuo Ecological Instrument Co., Ltd., Beijing, China) to measure the fine root respiratory rate. The aluminum container was immersed in dark and room temperature water to maintain a temperature similar to that of the soil (Lovelock et al., 2006b). Because the filter paper absorbs and removes CO2 when measuring the fine root respiratory rate, the filter paper was measured separately as a blank and subtracted from the value of the fine root respiratory rate.

To determine the organic carbon and total nitrogen content of roots, the samples of roots were oven-dried and ground. Then, the organic carbon content and total nitrogen content of roots were measured by a Vario EL CHN autoanalyzer (Elementar Inc., Germany).

The porosity of the root was detected via the pycnometer method (Luxmoore et al., 1972; Mei et al., 2009), and the equation for calculation is as follows:
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where r refers to the weight of the fresh roots, p refers to the weight of the pycnometer filled with water, Pr refers to the total weight of the fresh roots in the pycnometer filled with water, and Pvr refers to the total weight of the fresh roots and the pycnometer filled with water after vacuuming.

To determine the root nitrate reductase activity, the collected root tissue was rinsed in cold tap water and cold deionized water and refrigerated for further use. The tissue was milled with 0.1 M tris buffer (pH 7.5) and 1 mM cysteine. A buffer-tissue ratio of 6:1 was applied. The filtrate was centrifuged at 20,000 g for 20 min, and the supernatant solution was mixed with 1.0 ml of 0.1 M potassium phosphate buffer, 0.2 ml of 0.1 M KNO3, and 0.5 ml of 1.36 × 10–3 M DPNH. After incubation at 27°C for 20 min, the solutions were diluted with 4 ml of deionized water, and N-1-naphthyl-ethylene diamine hydrochloride reagent was added to the tubes and intensively mixed. Then, the optical density was measured at 540 nm with a spectrophotometer (UV-755B, Shanghai Precision Scientific Instrument Co., Ltd., Shanghai, China; Hageman and Flesher, 1960).

The root samples were oven-dried at 65°C to a constant weight. The ratio between the weight loss of water and the weight of the root sample was calculated as water content.




Statistical Analyses

The data obtained in the experiment were analyzed using IBM SPSS statistic 22.0 software (SPSS Inc., United States). All data were tested for normality and log-transformed if necessary. The differences in growth and physiological parameters of seedlings across different mangrove species, sediment texture, and N input treatments were explored with a three-way analysis of variance (ANOVA). Significant differences among multiple means were determined by the Student–Newman–Keuls (SNK) test at the α = 0.05 level. The association of parameters was analyzed by the Pearson correlation test using R software (R Core Team, 2019). Origin (version 8.0) was applied to export graphs. Since the interval of seedlings’ sampling was 20 days, the morphological and physiological features of mangrove seedlings did not change obviously between different sampling times in their early growth stage. Hence, the factor of “sampling time” was excluded in the statistical analysis followed.




RESULTS


Responses of Mangrove Seedling Roots to Sediment Texture and N Input

The root morphological features of mangrove seedlings exhibited distinct patterns across different sediment treatments in the mesocosm experiment (Figure 1 and Supplementary Table 1). Seedlings of K. obovata and S. apetala cultivated in the SA had significantly lower root length, root surface area, root volume, and amounts of roots than those cultivated in MU and MI. Seedlings of K. obovata cultivated in SA (6.62%) had a significantly higher root porosity, indicating a more aerial condition in the sediment compared to those cultivated in MI (5.48%), while such pattern was not applied to those of S. apetala. The root growth of seedlings cultivated in MU and MI was not hindered compared to seedlings cultivated in SA. However, in terms of physiological features, no significant difference was detected among all sediment treatments except the seedlings of S. apetala cultivated in MU exhibited significantly lower root NR activity than those cultivated in SA and MI (Figure 1Supplementary Table 1).
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FIGURE 1. Physiological and morphological root parameters (A) root length, (B) root surface area, (C) root volume, (D) amount of roots, (E) root porosity, (F) root respiratory rate, and (G) nitrate reductase activity of mangrove seedlings roots treated with different sediment texture for 60 days in a mesocosm experiment (means ± SE). Different letters indicate significant differences among different sediment textures in one species (p < 0.05).


Apart from the patterns of different sediment treatments, the treatments of additional N input had no significant influence on either the morphological or physiological parameters of mangrove seedling roots for S. apetala. The same pattern of morphological parameters was also applied to the seedlings of K. obovata, while obviously higher root respiratory rate and root NR activity were detected from its seedlings in treatments of CK and N50, respectively (Figure 2 and Supplementary Table 1).
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FIGURE 2. Physiological and morphological root parameters (A) root length, (B) root surface area, (C) root volume, (D) amount of roots, (E) root porosity, (F) root respiratory rate, and (G) nitrate reductase activity of mangrove seedlings roots treated with different nitrogen concentrations for 60 days in a mesocosm experiment (means ± SE). Different letters indicate significant differences among different nitrogen concentration treatments in one species (p < 0.05).


With respect to the morphological and physiological response of two mangrove seedlings, K. obovata and S. apetala, significant differences were observed between the mangrove species and the interaction of sediment texture and mangrove species (Supplementary Table 1). The mangrove species differed significantly in all parameters. Therefore, we analyzed the responses of two mangrove species, K. obovata and S. apetala, in the treatment of sediment texture and nitrogen input for further results (Supplementary Tables 2, 3). In terms of sediment texture, the morphological traits as root length, the amount of roots, root surface area, and root volume were lower in SA in both mangrove species (Figure 1). These parameters were higher in K. obovata than in S. apetala. The viviparous propagules of K. obovata were characterized by their larger size compared to those of S. apetala, which could have resulted in their higher morphological parameters to meet the demands of early anchorage and colonization after falling onto the dynamic tidal flats. About the physiological features, the root porosity of K. obovata seedlings in SA was higher than those in MI, but for the root respiratory rate and root NR activity, they presented no significant difference among the sediment treatments. The root NR activity of S. apetala seedlings had the different profile for root porosity and root respiratory rate that root NR activity was higher in SA and MI than in MU. The root respiratory rate of S. apetala seedlings showed a similar pattern to K. obovata seedlings. In contrast to the root NR activity, the root porosity of K. obovata was far lower than that of S. apetala, especially in MU sediment, indicating that S. apetala seedlings had more physiological adaptability toward the MU treatment than K. obovata seedlings. For nitrogen input, except root porosity, both the morphological and physiological parameters of K. obovata were higher than those of S. apetala. However, the features of S. apetala presented no significant difference among nitrogen input treatments, while the root respiratory rate and root NR activity of K. obovata showed a significant difference among nitrogen input treatments. The highest root respiratory rate of K. obovata was found in the control (CK), which showed a significant difference with other treatments. The lowest NR of K. obovata was found in N50.

Regarding the interaction of nitrogen input and sediment texture, no significant interaction between the two treatments for K. obovata was detected in all parameters, while there was a significant interaction between the two treatments for root length in S. apetala. Although the root length of S. apetala did not show a significant difference in different nitrogen inputs, the interaction showed a significant difference, which means that the combination of the two treatments might influence the stability of S. apetala seedling roots. Sediment texture and species had a significant interaction on most of the parameters, except root respiratory rate and NR, which indicated different responses for these parameters between the two mangrove species. For root length, the interaction of nitrogen input and sediment texture was only detected in S. apetala. The root respiratory rate was affected by nitrogen input only in K. obovata (Supplementary Tables 1–3).



Correlation Across the Morphological and Physiological Traits of Mangrove Seedlings

A bivariate correlation analysis was applied to explore the common response of morphological and physiological traits to the sediment texture treatment. For K. obovata, the root respiratory rate had a significant negative correlation with root length and amount of roots and a significant positive correlation with NR in all sediment treatments. The root respiratory rate was significantly negatively correlated with root surface area in MI and MU but significantly positively correlated with root volume in SA. For the morphological traits of K. obovata seedlings, many features were interdependent among treatments. Root length had a significantly positive correlation with root surface area and amount of roots, while root surface area was significantly positively correlated with root volume in the three sediment treatments. However, root volume was negatively correlated with the amount of roots in SA and positively correlated with MU. A significant positive correlation of root surface area with the amount of roots was found in MU and MI but not SA. The root porosity rate had a significant negative correlation with root length and root surface area only in MU. In MU and MI, NR was negatively correlated with the amount of roots, and it was also significantly negatively correlated with root length and root surface area in MI. However, there was no significant correlation of NR with other traits in SA, except for root respiratory rate.

For S. apetala, root respiratory rate was not significantly correlated with other traits among sediment treatments. To morphological traits, root length was significantly positively correlated with root surface area, root volume, and amount of roots among sediment treatments. Root surface area had a significant positive correlation with root volume in the three sediment treatments. A significant positive correlation of root porosity with NR was observed in the SA and MI, while the amount of roots had a significant positive correlation with root surface area in SA and MU.

Compared with K. obovata, the traits of S. apetala seedlings had less significant correlations across all sediment treatments, and most of the correlations were observed for morphological rather than physiological traits. The only significant correlation involved in the physiological traits of S. apetala was that NR had a significant positive correlation with root porosity in MI and SA. However, such a correlation was not observed in K. obovata. For K. obovata, many morphological traits significantly interacted with physiological traits. The seedlings of K. obovata exhibited a more sensitive response toward sediment treatments than S. apetala (Figure 3).


[image: image]

FIGURE 3. Correlation between parameters of root morphology and physiology in sediment types [sand (SA), mud (MU), and mixture of mud and sand by volumetric ratio of 1:1 (MI)]. Graphs panels (A–C) represent the correlation of parameters in K. obovata, and graphs panels (D–F) represent the correlation of parameters in S. apetala. *Indicates a significant difference (p < 0.05) among the sediment treatments.





DISCUSSION


Different Responses of Mangrove Seedling Roots to the Treatments of Sediment Texture and N Input Concentration

Root morphology is one of the fundamental indicators for describing the development and growth of plants (Lynch, 1995), and the sediment physical characteristics are key factors that affect root morphology. In this study, root length, root surface area, root volume, and the amount of roots were considered to briefly describe the mangrove seedlings’ root morphology in treatments of sediment texture and nitrogen input. The results of root morphological features treated with different sediment textures showed a significant difference. The four morphological features had a less active response in SA treatment than in MU and MI treatments, except for root porosity. There were no significant differences between all sediment textures. Most of the morphological features in SA were less than half of those in MU and MI. The sediment physical characteristics may influence the morphological features of mangrove seedlings’ roots, thus modifying the nutrient uptake of plants by affecting their root growth. For instance, the rooted submerged macrophyte Vallisneria natans develops thinner and longer roots to facilitate the absorption of nutrients in sediment with more sand (Xie et al., 2005), which is not consistent with our findings. Opposing patterns of root morphological features were observed in another submerged macrophyte, Myriophyllum spicatum; the root length decreased in sediment containing more sand (Wang et al., 2009; Bai et al., 2015). It can be inferred that the response of root morphological features to different sediment textures is species dependent. Furthermore, anoxia in sediment may play another key role in root growth and development. Increased sediment anoxic conditions might hamper the growth of roots and cause mortality of shoots in seagrass (Terrados et al., 1999). For mangroves extending along the coastline, mangrove plants are always flooded by the periodical tide, which results in the anoxia of sediment captured and settled by their massive aboveground root systems (Furukawa et al., 1997; Reef et al., 2010). Therefore, anoxic conditions played an important role in root morphology. Plants responded positively along the gradient in redox potential, showing that the emerged marsh plants had morphological responses that affected roots and biomass to meet their oxygen demand under anaerobic conditions (White and Ganf, 2001). For clay loam, similar to MU in our mesocosm experiment, more severe oxygen deficiency was observed compared to SA treatment. Thus, the morphological features of mangroves planted in MU were promoted more than those planted in SA.

In general, due to the high denitrification rate of vigorous microbial activities in anaerobic sediment (Flores-Mireles et al., 2007; Zhang et al., 2020), nitrogen limitation has been manifested to be ubiquitous in most mangroves (Lovelock et al., 2006a). Consequently, mangrove plants are susceptible to external nutrient input. The growth of the root system could be accelerated by moderate nutrient input (Wang et al., 2009; Chen et al., 2020). However, in our study, no significant difference in root features was detected among various levels of nitrogen input. The root development of both mangrove species was not affected by the simulated additional N input at the early growth stage after colonization along tidal creeks, which are frequently impacted by massive aquaculture effluent. Moreover, for the physiological features, including root respiratory rate and NR, there was no significant difference across the treatments of neither sediment texture nor nitrogen input concentration. The fine root respiratory rate obviously correlated to the nitrogen concentration that had been previously attested in terrestrial forests (Burton et al., 2002). Additional fertilization with nitrogen could not markedly enhance the fine root respiratory rate of mangroves. Such physiological responses in mangrove roots were attributed to the availability of physiologically active compounds of nitrogen and the phosphate limitation in soil, which may influence the root respiratory rate (Lovelock et al., 2006b). This interpretation was in line with our findings in the mesocosm experiment. Although mangrove root physiological activities were hindered in sediment with lesser aerated conditions (Lee et al., 1996; Ellison, 1999), the root respiratory rate did not vary across different sediment textures in our experiment. For aquatic macrophytes, root respiratory rates were closely correlated with root porosity, indicating that these plants can actively cope with the anaerobic stress (Lemoine et al., 2012). However, such variation was not observed in seedlings of K. obovata and S. apetala during the early growth stage.



Adaptation to Sediment Texture of Different Mangrove Seedlings Was Linked to Their Biological Traits

Sediment texture constructs environmental conditions, such as nutrient availability and oxygen content, affecting the development of roots and colonization by seedlings (Lenssen et al., 1999; Krauss et al., 2014). In our experiment, all analyzed features showed a significant difference between mangrove species, and a species-specific adaptive mechanism of mangroves was at play. On this basis, how mangrove seedlings build up their early root structure in different sediment textures has been investigated. Notably, the sediment texture and mangrove species had a significant interaction with root length, root surface area, root volume, amount of roots, and root porosity.

For root morphological traits of two mangrove species, those of K. obovata were collectively higher than those of S. apetala. This is highly pertinent to the strategy of colonization presented by their propagules. As K. obovata is typically viviparous, characterized by its larger and longer propagules, namely the hypocotyl, a more extensive and robust root system is required in favor of its anchorage on the soft and dynamic tidal flats. In contrast, S. apetala is non-viviparous and reproduces numerous tiny and lightweight seeds with smaller and thinner roots. Despite the different root systems of the two mangrove species, they responded similarly to different sediment treatments. A more proliferating root system was found in the muddy sediment with a lower bulk density and finer particle size. The growth of littoral marsh plants might be hampered when cultivated with the soil of a higher bulk density. Plants have to deploy more biomass in proportion to the underground part to ensure the successful colonization of seedlings (Lenssen et al., 1999). Similarly, this finding also applies to the seedlings of mangrove plants in our study.

Compared to S. apetala, in K. obovata, the most porous roots occurred in the sediment composed of sand rather than mud, while the root porosity of K. obovata was lower than that of S. apetala. A higher root porosity rate may indicate higher adaptability to submerged or anoxic conditions by enhancing oxygen exchange (Justin and Armstrong, 1987). It can be inferred that S. apetala seedlings can acclimate more seaward in less elevated habitats than K. obovata does, which is coincident with their natural occurrence along the coastline of southern China (Ren et al., 2009). The strategy of plant roots coping with an anoxic environment may involve the balance between maintaining physiological function and decreasing tissue respiration (Purnobasuki and Suzuki, 2004).

For additional nitrogen input, no significant difference was found in S. apetala, but differences in NR and root respiration were detected in K. obovata. Although many studies reported that nitrogen enrichment could enhance the growth of many plants, no such trends existed were found in our experiment for either mangrove species. The simulated nitrogen input did not seem to significantly influence the early growth stage of mangroves newly colonized along tidal creeks. Notably, under more eutrophic conditions, K. obovata improved its efficiency for nitrogen use but lowered the root respiratory rate, which demonstrated the alteration of carbon allocation (Bae et al., 2015). Thus, the growth of saplings of K. obovata may be impacted in a nutrient-enriched habitat over a longer period.



The Effect of Sediment Texture and Nitrogen Input on Mangrove Conservation

Artificial fertilization has been shown to significantly modify the growth and ecological function of mangroves, especially at the sites of higher sedimentation (Lovelock et al., 2007). Therefore, the impacts of nutrient enrichment will be enlarged based on the sediment texture. The soil bulk density was vital to the establishment and development of the root system which was relevant to the biogeochemical process of mangrove ecosystems (Ola et al., 2019). It has been suggested that the sediment should also be considered when conducting mangrove restoration programs. The result of our study inferred that the seedling roots of K. obovata showed more sensitivity toward sediment texture and nutrient enrichment conditions, suggesting that K. obovata needed more suitable conditions for colonization than S. apetala. Currently, mangroves are widely suffering from terrigenous eutrophication on both regional and global scales (Friess et al., 2019). The nutrient-enriched environment will probably shift the existing status of mangrove populations in their assemblages (Luo et al., 2017; Yu et al., 2021).

In a heavily disturbed and eutrophicated estuary surrounded by megacities, such as the Pearl River Estuary, the natural regeneration and colonization of K. obovata and S. apetala is inclined to vary unintentionally. Both of these mangrove species are universally used in many mangrove restoration programs. Regarding the potential influence of sediment texture and nitrogen input on the early growth of seedlings, it is suggested that sediment and nutrient conditions be considered in conservation and restoration programs for mangroves in the future.
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