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Vivipary is common in several mangrove species and is generally considered an adaptation to the intertidal saline environment. However, the coexistence of many nonviviparous mangroves makes this view controversial. This study investigated the propagule development of two nonviviparous mangrove species, Sonneratia alba and S. caseolaris, with marked differences in salt tolerance and distribution. Changes in the density, water content, and concentrations of the five main osmoregulatory elements (Cl, Na, K, Ca, and Mg) were determined. As the propagules of S. alba and S. caseolaris mature, the element concentrations (mg/g) in the propagules gradually decrease, indicating a desalination process. Moreover, the Cl, Na, Ca, and Mg content in the propagules were lower than in the mature leaves and calyx. Similar to viviparous mangroves, the development of the propagules of nonviviparous mangroves is also a desalination process. Although both viviparous and nonviviparous mangrove species undergo a desalination process during propagule development, our findings suggest that viviparity may not be solely defined by desalination, but rather by the extended period of low-salinity protection during early development on the maternal tree, which represents a key adaptation for survival in high-salinity environments. In contrast, nonviviparous mangroves, which rely on seed germination and early development in saline seawater, face additional challenges in high-salinity habitats, highlighting their distinct adaptive strategies.
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1 Introduction

Mangroves, unique ecosystems located at the interface of land and sea, play vital roles in coastal protection, biodiversity conservation, and carbon sequestration (Duke, 2006). Mangrove plants employ distinct reproductive strategies, namely vivipary (including true-vivipary and crypto-vivipary) and nonvivipary, which are considered to contribute significantly to their ecological success in the intertidal environment (Tomlinson, 2016). Vivipary is the phenomenon whereby the offspring produced via sexual reproduction germinate directly on the maternal body (Elmqvist and Cox, 1996), which in the plant kingdom mainly occurs in mangroves. True-vivipary is when the propagule (mainly the hypocotyl) breaks through the seed coat and fruit coat and extends outside the fruit, mainly in the genus Rhizophora, Kandelia, Ceriops, and Bruguiera of Rhizophoracea. Crypto-vivipary is a phenomenon in which the seeds break through the seed coat but remain enclosed within the fruit, as in the genus Avicennia, Candelabra, Aegiceras, Nypa, and Pelliciera. The mangrove species that use seeds as propagules (nonvivipary) mainly include Sonneratia, Lumnitzera, Acanthus, and some associated mangrove species (Wang and Wang, 2007).

The previous studies on mangrove reproduction have mainly focused on viviparous species, as this trait is considered to be an important characteristic of mangrove plants (Tomlinson, 2016; Zhou et al., 2016; Zhou et al., 2022). The salient adaptive value of vivipary in mangroves is of great interest to many plant biologists, who have discussed the viviparous phenomenon from morphological, physiological, and evolutionary perspectives. Early germination on the mother tree may facilitate rooting (Zhou et al., 2016), buoyancy during sea dispersal (Van der Stocken et al., 2019), salt regulation (Joshi, 1933; Liang et al., 2008), ionic balance (Wang et al., 2002), and establishment in coarse-grained environments (Elmqvist and Cox, 1996). Because mangroves originated in freshwater habitats (Dawes, 1998), vivipary may facilitate the germination of mangrove propagules and avoid salt stress. Studies of the development stages of viviparous mangrove species and genome analysis have revealed that mangrove plants have reverted, suggesting that mangrove plants evolved from terrestrial plants (Zheng et al., 1999; Wang et al., 2002; Zhang et al., 2006; Guo et al., 2022). However, the developmental inferences are only for viviparous mangrove species, and proper evidence supporting such a suggestion is lacking on the counterpart nonviviparous species.

Mangrove ecosystems are characterized by their unique environmental conditions, where species must cope with fluctuating salinity (Xu et al., 2020), tidal inundation (Crase et al., 2013; Leong et al., 2018), and poor oxygen availability in the soil (Krauss et al., 2006). The reproductive strategies of mangrove species, including vivipary and nonvivipary, are essential adaptations that enable these plants to thrive in such challenging conditions. Vivipary has long been regarded as an adaptation to saltwater environments, providing several advantages such as reduced desiccation risk, early root establishment, and improved dispersal potential (Tomlinson, 2016). This strategy also allows seedlings to grow in the relative protection of the maternal plant, where they can complete their early developmental stages in a low-salinity environment before exposure to full seawater conditions (Liang et al., 2008; Zhou et al., 2022).

In contrast, non-viviparous mangroves, such as those in the genus Sonneratia, release seeds that germinate upon contact with suitable substrates, often facing higher salinity and harsher environmental conditions during early development. Although these species do not exhibit the same early-stage protection from salinity, they have evolved other mechanisms, such as salt excretion, osmotic regulation, and the ability to tolerate desiccation, which enable their survival in saline environments (Duke, 2006; Wang and Wang, 2007). The different reproductive strategies in mangroves highlight the diversity of adaptive mechanisms to cope with salinity stress, yet both viviparous and non-viviparous species share key features in their capacity to regulate osmotic pressure and enhance salt tolerance (Wang et al., 2002).

Most mangroves are nonviviparous, and only about one-third of all mangrove species exhibit vivipary (Dawes, 1998). To date, vivipary has always been studied as an isolated phenomenon, and the adaptive and evolutionary value of vivipary still needs to be further discussed through comparisons of viviparous and nonviviparous mangrove species. Comparative studies must address the mechanisms by which vivipary and recalcitrance have converged in so many unrelated taxa (Farnsworth, 2000). We agree with Tomlinson (2016), and Farnsworth and Farrant (1998) that integrative physiological and ecological studies of vivipary and nonvivipary are critical to devising seed-handling strategies, predicting seedling performance, and understanding the evolution of reproductive traits in general.

To improve our understanding of the significance of vivipary, we investigated the dynamics of the chemical elements involved in osmoregulation during the propagule development of two non-viviparous mangrove species of Sonneratia (S. alba and S. caseolaris) with different salinity adaptations and compared with viviparous mangrove. Sonneratia is naturally distributed in China on Hainan Island and includes five species, S. alba, S. caseolaris, S. ovata, S. gulngai, and S. hainanensis (Wang and Wang, 2007). This study analyzed S. alba and S. caseolaris from the same estuary. S. alba is the most salt-tolerant species in the genus Sonneratia and occurs in the downstream region of the estuary, while S. caseolaris is the least salt-tolerant species and is distributed in the upstream region (Duke, 2006; Wang and Wang, 2007; Hasegawa et al., 2014). By comparing the development process of viviparous mangrove plants, this study aims to explore whether vivipary is a key characteristic for mangrove species to adapt to saltwater environments, or if non-viviparous mangroves also undergo a similar desalination process during the development of their propagules. The comparative analysis of these strategies, focusing on aspects such as propagule development, osmotic regulation, and salinity tolerance, will shed light on the relative advantages and limitations of each strategy, offering insights into the evolution of mangrove reproductive traits and their broader ecological significance.




2 Material and methods



2.1 Collection of samples

The propagules/fruits S. alba and S. caseolaris were collected from the mangrove forest in Qinglan Harbor (19°22′-19°35′N, 110°40′-110°48′E), Hainan Island, China, in July of 2007 (Figure 1A). The bay has a tropical monsoon climate, with an average annual temperature of 24°C and an average annual precipitation of 1974 mm (Wang et al., 2019). The tidal pattern in the bay is irregular all-day tide, with an average tidal range of 0.75 m and a maximum tidal range of 2.06 m. Bamen Bay contains the highest biodiversity of mangrove species in China (Wang and Wang, 2007). Of the 25 true mangrove species found in China, 23 species are present in the bay. Bamen Bay is also home to 11 mangrove associates (Wang and Wang, 2007). With the Wenchang and Wenjiao rivers flowing into it, the salinity of the water in the Harbor fluctuates widely (0-25‰). The salinity of the seawater in the main distribution areas of S. alba and S. caseolaris was monitored (HOBO U24-002-C, Onset, USA) every two hours throughout July (Figure 1A). The salinity of the water in the habitat was measured in July, aligning with the peak production period of the propagules, to ensure accurate and contextually relevant data. Convert seawater salinity into density through the density formula of NaCl gradient concentration (25°C). The density of seawater in the study area ranges from 1.00-1.02 g/cm3. The distribution range of S. alba (Figure 1B) and S. caseolaris (Figure 1C) along the river was obtained through field surveys and both S. alba and S. caseolaris grow along the coastline at the outer edge of the mangrove forest (Figure 1A).




Figure 1 | Study area and sampled Sonneratia species. (A) Distribution of Sonneratia alba (Sa) and Sonneratia caseolaris (Sc) along the Wenchang River; (B) Representative image of Sa; (C) Representative image of Sc.



Three adult trees of each species with similar heights and healthy with no obvious damage were chosen to be sampled in 2007. The development of the fruit was divided into four stages according to their weight and diameter (Zheng et al., 1999, Table 1). The last grade was mature fruit, collected from adult trees by gently shaking the branches. 5-9 propagules (fruits) were collected from each stage of each species, and mature leaves and calyxes from fruits were also collected. The experiment was conducted using fruits as propagules.


Table 1 | Morphological characteristics ± standard deviation (SD)of the development stages of propagules of Sonneratia alba and S. caseolaris in Qinglan Harbor, Hainan Island, China.






2.2 Measurements and analysis

We immediately measured the diameter and fresh weight of the propagules using a vernier caliper (0.01 cm resolution) and an electronic balance (0.01 g resolution) respectively. Afterwards, we employed the water-displacement method to measure the volume of the propagules. Then we calculate the propagule density with the following formula



The osmotic potential of propagule tissues was measured using a model 5520 vapor pressure osmometer (WESCOR, USA). The propagule is then oven-dried at 60°C until a constant weight is reached to obtain the dry weight. The oven-dried propagule is stored in a glass desiccator and utilized for ion contents measurements.

The content of Cl, K, Na, Ca, and Mg was analyzed. Three propagules were randomly selected for measurements at each stage. The Cl content was determined via AgNO3 titration. The subsamples (about 0.2 g each) were heated at 550°C for 3 hours. To avoid the loss of Cl, about 0.05 g of calcium oxide was added and mixed with the sample beforehand. The ash was dissolved in distilled water and then filtered, and the filtrate was used to determine the Cl- content.

To determine the concentrations of K, Na, Ca, and Mg, subsample (about 0.1 g each) was incinerated at 550°C for 3 hours. The ash was dissolved in 1 ml of nitric acid (GR) for 45–60 minutes, and then, the solution was diluted using 2% nitric acid. The diluted solution was analyzed using inductively coupled mass spectrometry (ICP-MS) (ELANDRC-e, Perkin Elmer Inc., USA).

The element content data of viviparous mangrove propagules were obtained through literature sources. Data for Kandelia obovata and Bruguiera sexangula were extracted from Zheng et al., 1999, while data for Bruguiera gymnorhiza were obtained from Zhang et al., 2006. K. obovata, B. sexangula and B. gymnorhiza are typical viviparous mangrove species. The element content measurement methods both in this study and Zhang et al., 2006 followed those of Zheng et al., 1999.

The mean and standard deviation of triplicate sample analyses were calculated. Linear fitting was used to analyze the change of osmotic potential and elemental concentrations. Then we determined relationships between each element content and developmental stages (size) of mangrove propagules. In order to better compare different sized propagules, we normalized the data to a range of 0 to 1. All tests were conducted, and figures were created using R v.4.0.2 (R Core Team, 2020).





3 Results



3.1 Density, water content and osmotic potential

The density of the S. alba fruits increased markedly from Stage I to Stage II (p<0.05), with an increase of 13.8%, and thereafter, almost no change was recorded (Table 1). There were almost no changes for the density of S. caseolaris during the development of the fruits. In the later stages of development, the density of the S. alba propagules was consistently greater than 1 g/cm3 and was greater than that of S. caseolaris. The density of the mature fruits was close to that of seawater (1.00-1.02 g/cm3), which is consistent with their ability to drift and disperse via seawater.

The water content of the S. alba propagules significantly declined during development, decreasing by only 4.2% compared to that in Stage I (Table 1). In contrast, the water content of S. caseolaris showed no significant change throughout development. The propagules of both species maintained high (>70%) in each stage of development.

The salinity in the main distribution areas of S. alba and S. caseolaris fluctuates significantly (Figure 2A). The average salinity in the S. caseolaris distribution area is 5.69 ± 3.49‰, while in the S. alba distribution area, the average salinity is 19.45 ± 2.49‰. There are significant differences between S. alba and S. caseolaris in their tolerance to seawater salinity. During the development of propagules, osmotic potential increases significantly with the influx of water (Figure 2B), and the osmotic potential of S. caseolaris propagules is higher than that of S. alba.




Figure 2 | (A) July seawater salinity in the main distribution areas of Sonneratia alba (Sa) and Sonneratia caseolaris (Sc); (B) osmotic potential changes at different developmental stages of Sa and Sc propagules.






3.2 Cl, Na, K, Ca, and Mg contents

Part of the Cl, K, Na, Ca, and Mg contents of the propagules decreased with increasing development of the fruits on the maternal plant (Figure 3). From Stage I to maturation, for the fruits of S. alba and S. caseolaris, the Cl content decreased by 52.1% and 44.1%, the Na content decreased by 16.9% and 36.1%, the K content decreased by 21.8% and 34.4%, the Ca content decreased by 70.9% and 69.4%, and the Mg content decreased by 26.5% and 59.7%, respectively. The decrease in the Na content was the smallest (p>0.05), and the decrease in the Ca content was the largest. All data indicate a desalination process during the development of the propagules. In particular, Cl is a vital element correlated with the salt-resistance mechanism, and it decreased significantly (p<0.05). These results suggest that the propagules must develop in a low salt environment.




Figure 3 | Elemental content changes in different developmental stages of Sonneratia alba (Sa) and Sonneratia caseolaris (Sc) propagules.



There were significant negative linear relationships (Figure 4, p<0.05) between the content of five elements and the development of propagule. Both viviparous (data details in Table 2) and non-viviparous mangrove species exhibited desalination process.




Figure 4 | Relationship between elemental content and developmental processes (normalized propagule size) of mangrove propagules. Hypocotyls represent viviparous mangrove propagules, while fruits represent nonviviparous propagules. The bottom right corner shows representative images of hypocotyls and fruits.




Table 2 | Changes in the element contents (mg/g dry weight) of the development stages of propagules of Bruguiera gymnorhiza, Kandelia obovata and Bruguiera sexangula.







4 Discussion

Our findings suggest a rethinking of viviparity as a unique adaptive strategy for mangroves in saltwater environments. While viviparity is typically considered a key mechanism for mangrove adaptation to saline conditions, this study shows that the desalination process is not the sole adaptive factor. The advantage of viviparity lies in prolonging the period of low-salinity protection, providing a new perspective for further understanding the mechanisms by which mangroves adapt to saltwater environments.

One limitation of this study is that it focuses solely on two species of Sonneratia, and therefore the generalizability of the findings to other mangrove species is limited. While S. alba and S. caseolaris represent a range of salinity tolerances, the study does not account for the potential genetic and environmental variations within other mangrove species or populations. Additionally, although we analyzed osmotic potential and elemental composition, other physiological factors, such as antioxidant defense or ion transport, may also contribute to salinity tolerance and warrant further investigation.

The propagule densities of S. alba and S. caseolaris did not vary much during development and were both close to 1 g/cm−3 in the mature stage. Compared with the seawater in the habitat, the denser propagules were able to drift with the current and were mainly distributed downstream, where the water salinity is higher. On the other hand, the propagules of mangrove species with lower density, although capable of floating in seawater, could not remain in the downstream intertidal areas due to their buoyancy. These propagules were more likely to be transported further upstream, where the water salinity was lower and conditions were more favorable for their establishment. This is consistent with the propagule density-dependent distribution (Wang et al., 2019). In this study, Cl- and Na+ of the S. alba propagules were higher than those of the S. caseolaris propagules, indicating that S. alba are better adapted to high salt environments. The differences in the dispersal and physiological adaptations of S. alba and S. caseolaris led to different distribution along the estuary. This has been previously reported by Ball and Pidsley (1995) for the same species in northern Australia.

As mangrove propagule matures, their water content decreases. The water contents of S. alba and S. caseolaris remain at a high level (greater than 70%) during development and are similar to those of viviparous mangrove species such as water content of the mature propagules was greater than 65.08% for B. gymnorhiza (Zhang et al., 2006) and 63.7% for K. obovata (Wang et al., 2002). Regarding the changes in the water content during propagule development, the mangrove Sonneratia did not significantly differ from viviparous plants. Figure 2 shows that the osmotic potential of mature propagules is slightly lower than the osmotic potential of the surrounding seawater. This difference facilitates water absorption from the environment during establishment after detachment from the parent plant, or helps retain moisture during floating. Furthermore, the osmotic potential of mature S. alba propagules is lower than that of S. caseolaris, suggesting that S. alba propagules have a greater tolerance to salinity, which contributes to the distribution differences between the two species.

Vivipary in mangroves has long been recognized as an adaptation to salinity (Joshi, 1933; Hogarth, 1999; Zhou et al., 2016) and a reproductive strategy that facilitates germination on halophytic substrates. It has been proposed that viviparous seedlings exhibit lower salt concentrations than the parent shoot, particularly the leaves (Hogarth, 1999; Zheng et al., 1999; Zhang et al., 2006). This reduction in salt concentration, regardless of its origin, is often interpreted as a mechanism to protect the developing embryo from the harmful effects of high salinity until it matures (Tomlinson, 2016). However, for many halophytes, the salt concentration in propagules is generally lower than in the shoots and leaves (Ungar, 1991). For instance, seedlings of the non-viviparous mangrove Acanthus have been shown to have lower Na and Cl concentrations than adult plants (Hogarth, 1999), which is consistent with our findings that the Na and Cl concentrations in Sonneratia propagules are lower than in the leaves and calyxes. Therefore, the protection of seedlings from premature exposure to high salinity does not appear to be exclusive to viviparous mangroves, suggesting that similar desalination processes may occur in both viviparous and non-viviparous mangroves.

Our results further challenge the traditional view that vivipary is the primary adaptation to high salinity environments in mangroves. While vivipary has been considered a key mechanism for mangrove adaptation to saline habitats, this study shows that non-viviparous mangroves (such as Sonneratia) also undergo a similar desalination process during propagule development, indicating that salt regulation and tolerance are not exclusive to viviparous species. This suggests that vivipary should not be seen as the sole reproductive strategy for coping with saline environments, but rather as part of a broader suite of adaptive mechanisms. This finding compels us to reconsider the role of vivipary in the ecological success of mangroves, as it may function alongside other strategies to promote survival in coastal habitats.

By analyzing the element concentrations (on a dry weight basis) of three viviparous mangrove species, Zheng et al. (1999) concluded that the development of hypocotyls was not a salt accumulation process but rather a desalination process, which may be a sign of atavism, because the salt concentration on a dry weight basis declined with hypocotyl development. Because the Cl- concentration in mature propagules is much lower than that of seawater, it is inferred that the high salinity of mangrove plants is acquired in the environment after detachment from the maternal body. Wang et al. (2002) and Zhang et al. (2006) also reported desalination in propagule development in K. obovata and B. gymnorhiza. The above results are consonant with our observations of the element content dynamics in Sonneratia, of which also indicate a desalination process. In both viviparous and non-viviparous mangrove plants, the propagules desire a low salinity environment seem to favor the propagules development.

In addition, the viviparous species of the genus Avicennia are generally considered the most tolerant of high salinity conditions (Duke, 2006). However, all species of Avicennia exhibit cryptovivipary, and S. alba, one of the most tolerant of high salinity conditions among mangroves (Wang and Wang, 2007; Tomlinson, 2016), exhibits nonvivipary. Smith and Snedaker (1995) suggested that viviparous development under high salinity conditions may afford a higher level of salt tolerance in Rhizophora mangle. It seems that salt-resistance is related to the mangroves’ habitat, but the manner of reproduction is not. Following changes in osmoregulation during the development of K. obovata hypocotyls, Wang et al. (2002) reported no direct correlation between salt tolerance and vivipary. Therefore, the significance of osmotic changes during propagule development to salt tolerance remains debatable.

Assigning viviparous seedling adaptation to a single factor, such as salinity, has proven challenging. Halophytes and species of tropical swamp forests, which do not exhibit vivipary, suggest that this condition is not solely a response to either salinity or wet soil (Tomlinson, 2016). Juncosa (1982) proposed that vivipary is a consequence of the amplification of the normal torpedo stage of embryo development due to the extended growth of the hypocotyl. Clarke et al. (2001) examined the dispersal potential and early growth traits of 14 tropical mangrove species and found that viviparous and non-viviparous species exhibited similar buoyancy, seed weight, root and shoot initiation rates, early growth, and salinity tolerance. Furthermore, Sousa et al. (2007) observed that viviparous propagules were more easily obstructed by marker replenishment and did not disperse as widely as non-viviparous propagules, which limited their dispersal. These findings suggest that the hypothesis of vivipary being a specific adaptation to salinity among mangroves is not well-supported. Instead, vivipary should not be considered a distinct reproductive strategy to cope with saline habitats. Our results indicate that the development processes of both viviparous and non-viviparous mangrove propagules show convergent evolution in terms of salt tolerance and osmotic regulation, challenging the traditional view of vivipary as the primary adaptation to saltwater environments. Thus, the significance of vivipary in mangroves warrants a reconsideration, as it may involve a broader set of adaptive strategies beyond salinity tolerance.

Future research should focus on investigating the prolonged low-salinity protection provided by vivipary during early development and explore other ecological factors influencing propagule survival and dispersal. Additionally, comparative studies on the genetic and physiological basis of reproductive strategies in both viviparous and non-viviparous species could provide deeper insights into the evolutionary significance of these adaptations in mangroves.

In summary, our findings suggest that vivipary may not be solely defined as a definitive adaptation for mangroves to survive in saltwater habitats. While vivipary has traditionally been viewed as providing an advantage in high salinity conditions, our results, along with previous studies, indicate that other factors such as propagule density, osmotic potential, and elemental composition also play significant roles in mangrove survival and distribution. The convergent evolution between viviparous and non-viviparous mangrove propagules in terms of osmotic regulation and salinity tolerance challenges the traditional view of vivipary as the primary adaptation to saltwater habitats. This raises important questions about the broader ecological and evolutionary significance of vivipary in mangroves. Further research focusing on the prolonged low-salinity protection provided by vivipary during early development, as well as other ecological and physiological factors, could offer deeper insights into the adaptive strategies of mangrove species and potentially reshape our understanding of the role of vivipary in mangrove ecosystems.
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