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Mangrove forests, which occur in the intertidal regions of tropical and sub-tropical zones, have high ecological and economic values. They have rapidly reduced over the past decades due to various reasons. Reforestation is a common strategy for the conservation of mangroves, but information on the renewal capacity and viability of these artificial mangrove populations is still lacking. Here, we estimated the effective population size (NE) of an artificial population of Kandelia obovata (Rhizophoraceae) and explored the effects of intrinsic and extrinsic factors on changes in NE to evaluate population viability and develop appropriate management strategies for mangrove forests. This population consisted of three ecologically and genetically differentiated groups that had experienced a major low-temperature event during the winter of 2015–2016 and varied in cold resistance. We first detected population bottlenecks and estimated contemporary values of NE for different groups using microsatellite data. Next, we performed paternity analyses for seedlings and propagules to explore variations in the reproductive success of individuals within the three groups before and after the low-temperature event. Lastly, we simulated four scenarios to characterize the effects of low temperature, mating system, and variance in reproductive success on changes in NE in a hypothetical metapopulation based on empirical estimates. Our results show that groups with moderate or poor cold resistance experienced local bottlenecks, and shifts in effective breeders occurred following the low-temperature event, which indicates that low temperature has an effect on not only population size but also reproductive success. Furthermore, our simulations revealed that changes in NE are jointly affected by reproductive success, mating system, and environmental conditions. These findings enhance our understanding of the multiple factors that affect NE, and provide key information that will aid the reforestation and management of mangrove forests, especially when they are introduced to high-latitude areas.
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1. Introduction

Mangrove forests, which occur in the intertidal regions of tropical and sub-tropical zones, have high ecological and economic values because they provide refuges and breeding grounds for diverse organisms, attenuate waves, absorb pollutants, and sequester carbon (Alongi, 2012; Tomlinson, 2016). However, climate change, human activities, and stochastic events have continued to threaten the health of mangrove ecosystems over the past decades, leading to a steady global loss rate (1–2% per year) in mangrove forests (Field, 1995; Carugati et al., 2018; Bologna et al., 2019; Eddy et al., 2021; Lu et al., 2022). Reforestation is a common strategy for the conservation of mangroves in many countries. In China, because mangrove forests have experienced high rates of deforestation, reforestation has been widely conducted in recent years (Yang et al., 2017; Wang et al., 2020); an important strategy is to introduce mangrove plants, including their propagules and/or seedlings from multiple provenances at different latitudes to a nursery garden at a higher latitude (Zheng et al., 2010; Wang et al., 2020). Since the 1950s, a total of 1,700 ha of mangroves have been planted in Zhejiang Province; however, only 380 ha of mangroves currently remain, and merely 30.3 ha of mangrove forests possess a capacity for population renewal (Chen et al., 2019). The low temperature in the northern area is a key factor limiting such transplantation because mangroves are highly sensitive to low temperatures (Duke et al., 1998; Chen et al., 2010; Wu et al., 2018). Many studies have investigated the eco-physiological characteristics and adaptability of the artificial mangrove populations under low-temperature stress in Zhejiang Province (Song et al., 2009; Zheng et al., 2010, 2016; Wang et al., 2019; Lu et al., 2021). Nevertheless, it is still unknown to what extent low temperatures affect the renewal capacity and viability of these artificial mangrove populations.

Estimating the effective population size (NE), as well as identifying the factors that drive changes in NE, is important for evaluating population viability and developing appropriate management strategies for conservation biology (Frankham et al., 2014; Laikre et al., 2016; Trask et al., 2017). NE is a parameter of fundamental importance in population genetics and conservation biology, and it affects the magnitude of genetic drift and the efficacy of natural selection in populations (Araki et al., 2007; Charlesworth, 2009; Wang et al., 2016). Decreases in NE can have various deleterious effects, including the loss of genetic diversity and inbreeding depression of populations, which may increase extinction risk (Hare et al., 2011). NE can be affected by various intrinsic factors, including sex ratio, age structure, mating system, variation in reproductive success among individuals, fluctuations in the number of offspring, and spatial population structure (Schoen and Brown, 1991; Caballero and Hill, 1992; Frankham, 1995; Ruzzante et al., 2016; Trask et al., 2017). Extrinsic factors, such as anthropogenic activities, variation in climate, and stochastic events, may also induce changes in NE (Bucklin and Wiebe, 1998; Shrimpton and Heath, 2003; Araki et al., 2007; Okello et al., 2008; Espeland and Rice, 2010). For the artificial mangrove populations in the northern area, low temperature has a direct negative effect on NE by killing many seedlings and even adult trees; it can also influence population proliferation by causing immature flowers and fruits to prematurely detach from trees (Duke, 1990; Chen et al., 2010; Zheng et al., 2016; Lu et al., 2021). In addition, the variances of cold resistance ability of propagules and/or seedlings from different provenances may also affect NE of the artificial populations. Furthermore, the interaction between intrinsic and extrinsic factors may have a substantial effect on NE (Turner et al., 2006; Charlesworth, 2009), but it remains less understood. Therefore, more efforts are in need to examine both intrinsic and extrinsic factors and their joint effects on changes in NE of the artificial mangrove populations.

Estimating NE is of considerable difficulties empirically (Charlesworth, 2009; Robinson and Moyer, 2013; Jan et al., 2016; Wang et al., 2016). For the artificial mangrove population in Yueqing County, Zhejiang Province, however, we have a good opportunity to challenge the difficulty because individual plants in this population have clear transplanting and reforestation history. This is a population of Kandelia obovata (Rhizophoraceae) with plant individuals introduced from multiple provenances. K. obovata is a viviparous mangrove species that occurs widely across Southeast Asia, Southeastern China, and the Ryukyu Islands. It is a self-compatible species that depends on small insects for pollination (Tomlinson, 2016). K. obovata has been widely used for mangrove afforestation in China because of its ability to tolerate low temperatures (Lin et al., 1994; Yang and Lin, 1998; Chen et al., 2019). Since 1957, K. obovata has been introduced from multiple areas, including Hainan Province and Fujian Province, to the more northern area Yueqing County (YQ). Now YQ is newly defined as the northern range limit of this species in China (Li et al., 2001; Mu et al., 2005; Chen et al., 2019). Although the artificial population of K. obovata in YQ is adapted to low temperatures, extremely low temperatures still have substantial negative effects on its viability and proliferation (Lu et al., 2021). During the winter of 2015–2016, the YQ population was exposed to an exceptional low-temperature event in which the temperature fell to −5.1°C. The phenotypic responses of K. obovata in YQ population to such low temperatures included defoliation, bud withering, and death. Lu et al. (2021) reported three phenotypic groups of the YQ population according to the low-temperature tolerance of the individual plants: the SRC group with strong cold resistance, the MRC group with moderate resistance, and the PRC group with poor resistance. The authors further found that these phenotypic groups were genetically differentiated, which corresponds to the fact that they were transplanted from different source populations at different latitudes (Lu et al., 2021). The information provided by this previous study lays a foundation for an in-depth investigation of the intrinsic and extrinsic factors driving changes in NE so that we may predict the long-term viability of the population under chilling stress and adjust management strategies.

In the present study, we evaluated the influences of low temperature, mating system, and their interaction on changes in NE of the K. obovata population in YQ. We first analyzed genetic diversity and tested for population bottlenecks in the three phenotypic groups, SRC, MRC, and PRC, using ten nuclear and six plastid microsatellite loci. We then estimated mating system parameters and conducted paternity analyses for propagules and seedlings to determine the reproductive success of each phenotype group before and after the low-temperature event. On the bases of these analyses, we calculated NE and modeled changes in NE of the YQ population under different scenarios to characterize the joint effect of low temperature and mating system on the NE of this population. Our goals were to address the questions of to what extent low temperature, mating system, and their joint effect influence NE of the studied artificial population so that its viability and proliferation are influenced. The results of this study may provide guides for actions on reforestation management and transplantation of mangroves to higher-latitude areas.



2. Materials and methods


2.1. Study area and sample collection

Samples were collected from Yueqing County (YQ, 28°20′N, 121°10′E), Wenzhou City, Zhejiang Province, China. YQ experiences a tropical monsoon climate, with a mean annual temperature and precipitation of 17.7°C and 1,531.8 mm, respectively. At YQ, January is the coldest month (average temperature of 7.4°C). A total of 10 ha of mangroves had been planted in YQ since 1957; however, because of dam construction, anthropogenically induced damage, and poor management practices, the area of remaining mangrove forests is only 0.2 ha (Huang et al., 2009).

Two surveys were conducted to study the responses of K. obovata to extremely low temperatures and to collect samples from the YQ population from June to November 2016 (Figure 1). In the first survey, we collected leaves of all living adult individuals and seedlings. The coordinates of each individual sampled were taken using a Garmin eTrex30 (Garmin Ltd., Kansas, United States). All K. obovata individuals with propagules were used as mother trees, and all propagules from these mother trees were collected for paternity analysis. A second survey was conducted 5 months after the first survey. In this survey, we found that some ostensibly dead individuals in the first survey recovered, with leaves and branches sprouting from the base of the tree. We then collected leaf samples from all these individuals. A total of 183 individuals (including 35 seedlings) and nine propagules were analyzed for this study. Leaves and propagules collected were stored in plastic bags with silica gel until subsequent experiments.
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FIGURE 1
 Location of the study area in China and distribution of Kandelia obovata individuals in YQ population. The horizontal axis represents longitude and the vertical axis represents latitude. SRC: individuals with strong resistance to cold; MRC: individuals with moderate resistance to cold; and PRC, individuals with poor resistance to cold.




2.2. DNA extraction and microsatellite screening

Total genomic DNA was extracted from the leaf samples of each seedling and from the propagule itself using a Plant Genomic DNA Kit DP305 (Tiangen Biotech, Beijing, China). The purity and concentration of the extracted DNA were determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA). Ten nuclear and six plastid microsatellite markers developed in previous studies were used for PCR amplification (Supplementary Table S1); thermal cycling conditions were based on those used in these previous studies (Sugaya et al., 2002; Islam et al., 2006, 2008). PCR products were screened using capillary electrophoresis by Sangon Biotech Co., Ltd. (Shanghai, China).

Based on the 10 nuclear and six plastid microsatellite loci, we screened 35 seedlings and nine propagules in the present study. Together with the 148 adult individuals that were genotyped in a previous study (Lu et al., 2021), we here evaluated the mating system, detected population bottlenecks, and estimated NE of the YQ population.



2.3. Genetic parameters

GENEPOP 3.4 was used to determine the linkage disequilibrium (LD), Hardy–Weinberg equilibrium (HWE), and null alleles for each nuclear microsatellite locus (Raymond and Rousset, 1995). Loci under selection were detected using Bayescan 2.0.1 Because the three phenotypic groups, SRC, MRC, and PRC, originated from different provenances at different latitudes, we calculated genetic parameters for the total population and for each of the three groups (regarded as sub-populations). GenAlEx 6.5 (Peakall and Smouse, 2006) was used to calculate genetic diversity parameters, including the number of alleles (Na), number of effective alleles (Ne), observed heterozygosity (Ho), expected heterozygosity (He), unbiased expected heterozygosity (uHe), and Shannon’s index of diversity (I). As genetic diversity estimates are affected by the number of individuals, ADZE 1.0 (Szpiech et al., 2008) was used to estimate the allelic richness (AR) and private allelic richness (PAR) for the SRC, MRC, and PRC groups.

Based on the plastid microsatellite data from adults, we calculated genetic diversity parameters Na, Ne, diversity (h), unbiased diversity (uh), and I for the whole population and for each of the three phenotype groups using GenAlEx 6.5 (Peakall and Smouse, 2006). We then analyzed the plastid haplotypes for adults and seedlings with Arlequin 3.5 (Excoffier and Lischer, 2010) and quantified divergence among the three groups and seedlings.



2.4. Mating system parameters and paternity analyses

The multilocus outcrossing rate (tm), single-locus outcrossing rate (ts), and biparental inbreeding rate (tm − ts) were determined using MLTR 3.2 (Ritland, 2002) with the nuclear microsatellite data. These parameters were calculated for both the entire population and each mother tree under the mixed-mating model with initial default parameter settings. Standard errors of the above parameters were evaluated using 1,000 bootstrap replications. GDA 1.12 was used to estimate the inbreeding coefficient (Fis) of each phenotypic group.

Because the development of a propagule starting from a flower bud takes approximately 11 months in K. obovata (Kamruzzaman et al., 2013), seedlings and developing propagules on the mother trees might separately reflect the proliferation of YQ population before and after exposure to low-temperature event during the winter of 2015–2016. The most likely pollen donor for each propagule was determined via maximum-likelihood assignment based on 10 nuclear loci in Cervus 3.0 (Slate et al., 2000). Prior to paternity analysis, 10,000 simulations were conducted using 150 individuals as candidate fathers, with 0.8 as the proportion of candidate fathers, 0.01 as the proportion of mistyped loci, 80% as the relaxed confidence level, and 95% as the strict confidence level. Next, complementary parent pairs of each seedling were detected using parent pair analysis (sex unknown) in Cervus 3.0 (Slate et al., 2000). Prior to the analysis, 10,000 simulations were conducted using the same parameter settings as described above in the propagule paternity analysis. Parentage assignment was then conducted following the methods described in previous studies (Geng et al., 2008; Lian et al., 2008). The logarithm of the odds score was used to identify the most likely parent when more than one individual was identified as a candidate parent. The sex of each candidate parent was determined using the maternally inherited plastid haplotype. The sex of the candidate parents could not be identified when each parent possessed identical plastid haplotypes.



2.5. Bottlenecks analysis and estimation of NE

To clarify the effect of extreme low temperatures on the three groups varying in cold resistance in the YQ population, we used BOTTLENECK 1.2.02 (Piry et al., 1999) to estimate the likelihood of population bottlenecks in the entire population and each of the three groups with nuclear microsatellite data. Analyses of bottlenecks were conducted using three models, the infinite allele model (IAA), the two-phase model (TPM), and the stepwise mutation model (SMM), with default settings. The significance of bottlenecks was estimated using the one-tailed Wilcoxon sign-rank test and sign test.

The LD method in NEEstimator 2.1 (Do et al., 2014) was used to determine the contemporary NE of the YQ population, and 95% confidence intervals for NE values were calculated using parametric and jackknife methods. Paternity and parent pair analysis revealed that the effective breeders were different before and after the low-temperature event. Therefore, NE was estimated for the whole population, for the SRC group + the MRC group, and for the SRC group separately, with the critical values determined based on the method of Waples and Do (2010).



2.6. Modeling changes in NE

Since the three phenotypic groups are introduced from different geographic provenances with observed population structures (Lu et al., 2021), the artificial YQ population can be regarded as a metapopulation. Changes in NE of the YQ population were simulated using GESP 1.01 (Olsson et al., 2017) to clarify the effects of intrinsic (mating system and reproductive success) and extrinsic factors (low temperature) on NE. The expected changes in NE of the metapopulation were modeled in a mathematical framework in GESP software. The values of NE and inbreeding coefficient of the subpopulations were set based on empirical estimates of NE of the possible source populations (Geng et al., 2021), as well as on our estimates for the three phenotypic groups. Changes in NE were modeled under four scenarios according to the results of analyses of population bottlenecks and paternity: Scenario I, the possible effects of low temperature on population size and variation in reproductive success are disregarded (Figure 2A); Scenario II, the PRC group is affected by the annual coldest air temperature, and its population size decreases steadily (Figure 2B). Notably, in this scenario, we considered two situations separately. One of them is the three subpopulations had the same reproductive contributions (w = 0.33), which was referred to as Scenario II in the subsequent result and discussion. The other one is the three subpopulations possessed different reproductive contributions, and we set different w for them (SRC = 0.2; MRC = 0.7; PRC = 0.1), which was called Scenario II different w; Scenario III, the MRC and PRC groups experience local bottlenecks caused by extreme low-temperature events between generations 20 and 30 (Figure 2C); and Scenario IV, some individuals with strong cold resistance are introduced from a higher-latitude population after extreme low-temperature events (Figure 2D). All scenarios were analyzed with initial inbreeding, and the number of migrants (m) was set to 2 to model gene flow between subpopulations. We simulated local bottleneck and introduction events by adjusting the sizes of the subpopulations in GESP software. We also set different subpopulation weights and inbreeding coefficients to explore the effects of reproductive success and mating system on changes in NE (Figure 2).
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FIGURE 2
 Schematic diagram of the Yueqing metapopulation of Kandelia obovata used for modeling changes in NE. We assume a metapopulation comprising three subpopulations and simulate four scenarios: (A) Scenario I: the effects of low temperature on each subpopulation are disregarded; (B) Scenario II: the subpopulation with poor cold resistance undergoes a local bottleneck induced by the annual coldest air temperature; (C) Scenario III: the subpopulations with moderate and poor cold resistance undergo local bottlenecks caused by extreme low-temperature events; and (D) Scenario IV: individuals from higher-latitude populations are introduced after extreme low-temperature events. SRC: group with strong resistance to cold; MRC: group with moderate resistance to cold; and PRC: group with poor resistance to cold. The values of NE and inbreeding levels (f) of each subpopulation under different scenarios are based on empirical estimates in Geng et al. (2021) and our results. Bidirectional gene flow between different subpopulations is indicated by two-headed arrows, and m indicates the strength of gene flow. Subpopulation weights (w) indicate the reproductive contributions of the different subpopulations, and subpopulation weight values are set based on the results of the parental analysis. In Scenario II, we consider two situations separately. One of them is the three subpopulations have the same reproductive contributions (w = 0.33), which is referred to as Scenario II in the subsequent result and discussion. The other one is the three subpopulations possess different reproductive contributions, and we set different w for them (SRC = 0.2; MRC = 0.7; PRC = 0.1), which is called Scenario II different w.





3. Results


3.1. Genetic diversity of the YQ artificial population

Genetic diversity was detected with the nuclear and plastid microsatellite markers separately. First, with the nuclear microsatellites, all 10 loci were identified by Bayescan as neutral for all individuals in the YQ population, and the average frequency of null alleles was 8.34% (0.51–31.37%, Supplementary Table S2). Significant deviations from HWE (heterozygote deficiency, p < 0.01) were observed for five loci (Kaca01, Kaca09, Kaca12, Kcan004, and Kcan034). Significant LD was observed for approximately a third of the pairwise comparisons (18 out of 45) in the YQ population (p < 0.01). A total of 107 alleles of the ten loci were detected in the total population, and the genetic diversity parameters of each locus are shown in Supplementary Table S3. Comparisons of genetic diversity parameters among the three groups that vary in cold resistance, and of the adult plants of the total YQ population are shown in Table 1: The lowest genetic diversity was found in the SRC group, and the highest in the MRC group; some parameters, e.g., Na (number of alleles) and PAR (private allelic richness) in the MRC group were nearly twice as high as those in the SRC group, and the highest PAR was found in the PRC group.



TABLE 1 Genetic diversity parameters within each of the phenotypic groups varying in cold resistance and the total population based on 10 nuclear microsatellite loci.
[image: Table1]

Second, with the plastid microsatellite markers, a total of 16 alleles were detected across six loci in the YQ population; the average number of alleles per locus was 2.667, with the minimum and the maximum number being one and seven, respectively (Supplementary Table S4). The genetic diversity of the plastid loci was inversely related to cold resistance. The highest polymorphism was found in the PRC group, and the lowest in the SRC group (Table 2). Two monomorphic loci (kacacp15 and kacacp16) were excluded from subsequent analyses. We detected 17 haplotypes from adults and seedlings in the YQ population across the four plastid loci (Supplementary Table S5). The frequent haplotypes are mostly specific to each of the three groups, and only one haplotype was shared between MRC and SRC. The two most frequent haplotypes of seedlings were also the most frequent in the MRC group (Figure 3A). Two haplotypes detected in seedlings were not present in adults.



TABLE 2 Genetic diversity parameters within each of the phenotypic groups varying in cold resistance and the entire population based on six plastid microsatellite loci.
[image: Table2]

[image: Figure 3]

FIGURE 3
 (A) Distribution of plastid haplotypes among seedlings and three phenotypic groups in the Yueqing population of Kandelia obovata. (B) Assignment of potential parents of seedlings and propagules among the three phenotypic groups. SRC: group with strong resistance to cold; MRC: group with moderate resistance to cold; and PRC: group with poor resistance to cold.




3.2. Mating system parameters, paternity analysis, and parentage analysis

The parameters tm, ts, and tm−ts in the YQ population were 1.200 (0.093), 1.000 (0.146), and 0.200 (0.122), respectively. Ranges of the tm and ts values of the mother trees were shown in Supplementary Table S6. Fis values were significantly greater than 0 in all three groups of the YQ population (SRC = 0.201, MRC = 0.081, and PRC = 0.135) and were especially high in the SRC and PRC groups.

Self-fertilization was rarely observed during this study. Pollen donors could be assigned for seven of the nine propagules analyzed, and five of the seven propagules were assigned at the strict (95%) confidence level (Figure 3B). Seven potential fathers fertilized these seven propagules; six of the most likely pollen donors were from the SRC group, and only one propagule was likely produced by a pollen donor from the MRC group. Parentage analysis revealed that the potential parents of 24 of the analyzed seedlings (68.6%) were among the adult plants sampled for this study (Figure 3B). Of these 24 seedlings, four were assigned with a pair of parents (at 80% confidence level), of which the paternal/maternal status could not be identified due to the shared plastid haplotype between the pair; for each of the other 20 seedlings, only one of the parent pair could be assigned, of the in total 20 candidate parents, nine were male and 11 were female. Approximately 78.6% of the potential parents of seedlings were assigned to the MRC group, and only 14.3% were assigned to the SRC group.



3.3. Bottlenecks and NE

Bottleneck analyses showed varying bottleneck effects among the three phenotypic groups and the entire population. Significant population bottlenecks were detected for the MRC and PRC groups, and for the entire population, but not for the SRC group. Significant heterozygote excess was observed in the MRC group under IAA and SMM models according to sign tests, and under the IAA model according to a one-tailed Wilcoxon sign-rank test. The PRC group showed a bottleneck effect under the SMM model (Table 3).



TABLE 3 The probability of population bottlenecks of the three phenotypic groups varying in cold resistance and the entire population based on 10 nuclear microsatellite loci under the three models.
[image: Table3]

The contemporary NE for the SRC group was 28.8, which was lower than that of the entire population (NE = 42.1). NE for the combined SRC plus MRC group (NE = 41.9) was slightly lower than that for the entire population. Changes in NE of the YQ population were modeled under four scenarios (Figure 2). NE of the metapopulation (entire population) was higher in Scenario I than in the other three scenarios (green line, Figure 4A). NE of the metapopulation decreased in Scenario II, and the equilibrium was achieved much more rapidly in Scenario II than in Scenario I (orange line, Figure 4A). The NE equilibrium of the metapopulation was achieved more rapidly in Scenario II when the subpopulation weights (w) were modified to simulate variation in reproductive success among groups (Scenario II different w, orange dotted line, Figure 4A). However, the values of NE of the metapopulation in Scenario II different w were similar with that of Scenario II (Figure 4A) no matter whether w was permitted to vary. Reductions in NE of the metapopulation were also observed in Scenario III. In Scenario IV, NE of the metapopulation decreased sharply to a value that was lower than the sum of NE of all the subpopulations (blue line, Figure 4A). Levels of inbreeding in the metapopulation decreased and then increased in all scenarios, and the magnitudes of the fluctuations varied among scenarios (Figure 4B).

[image: Figure 4]

FIGURE 4
 Expected effective size (A) and inbreeding levels (B) over 200 generations in a metapopulation under four scenarios. See Figure 2 and relevant descriptions in the main text for details regarding the four scenarios.





4. Discussion

Mangrove plants are sensitive to temperature, and they show a positive relationship between cold tolerance and the latitude of population localities (Duke et al., 1998; Yang and Lin, 1998; Chen et al., 2010; Wu et al., 2018). In the YQ population, the two phenotypic groups of which plants were introduced from low latitudes and displayed low cold resistance experienced bottlenecks following exposure to low temperatures. Bottleneck effects can result in changes in genetic composition of populations and loss of genetic diversity (Amos and Harwood, 1998; Bellinger et al., 2003), which often leads to inbreeding depression and endangers the genetic health, viability and recovery of populations (Keller et al., 2002; Frankham, 2005). Our data did reveal a negative correlation between genetic diversity (Na and Ne, Table 1) and the inbreeding coefficient (Fis) across different phenotypic groups in the YQ population. However, the lack of data before the low-temperature event prevents us from a direct assessment of the effect of bottlenecks on the inbreeding coefficient of this population.

Low temperatures may also affect the reproductive success of K. obovata. As the full development of a propagule needs approximately 11 months after fertilization (Kamruzzaman et al., 2013), the propagules we analyzed were those that survived the extreme low temperature in the winter of 2015–2016. Our results of the paternity analysis for those propagules indicated that their progenitors were mostly from the SRC group (Figure 3B), while parents of the seedlings produced before the low-temperature event were mostly from the MRC group, suggesting that the reproductive success of the three phenotypic groups varied under different environmental conditions. This may be the reason for the changes in contemporary NE values of the YQ population estimated by our genetic data of the effective breeders, which is in line with the findings of several previous studies that reported inter-individual variation in reproductive success being an important agent mediating decreases in NE (Araki et al., 2007; Ficetola et al., 2010; Trask et al., 2017). Nevertheless, the reductions in NE of the YQ population may be just temporary given that the viability of individuals in the MRC and PRC groups appeared well recovered after the low-temperature event (Lu et al., 2021), which needs further long-term investigations. Considering our data discussed above, we conclude that the effects of the interaction between low temperature and mating system on NE should be substantial for the YQ artificial population. In parallel, our simulation analysis revealed that environmental fluctuations, reproductive success, and the mating system could independently and jointly drive changes in NE of the metapopulation (Figure 4).

Temperature plays an important role in the survival and reproduction of mangrove species (Chen et al., 2010; de Lima Nadia et al., 2012; Tomlinson, 2016). For example, the reproductive success of Avicennia marina tends to be zero at higher latitudes (Duke, 1990), which means a severe reduction in effective population size according to the definition of NE (Wright, 1931). In the YQ artificial population of K. obovata, which is mixed with plant individuals introduced from natural populations at different latitudes, the limited reproductive contribution of individuals introduced from low-latitude may have played key roles in shaping the changes in NE of the metapopulation by affecting the level of inbreeding (Figure 4). Considering future forest management and conservation strategies of mangroves, we suggest that propagules from low-latitude regions, such as Hainan Province, not be used for transplantation to northern regions. Introduction of propagules from high and mid-latitude populations should be a more effective approach for mangrove reforestation, and interbreeding between individuals varying in resistance to cold may buffer fluctuations in NE if there exists “genetic compensation between cold resistance” (Araki et al., 2007). However, caution should be taken to avoid the introduction of individuals from source populations of low genetic diversity and NE so that to create a healthy transplanted population with good renewal capacity (Harmon and Braude, 2010).

In sum, the artificial mangrove populations in YQ with clear reforestation histories provided an excellent opportunity for us to study the diverse factors and their joint effects on changes in NE. We found that low-temperature events had a significant effect on the effective breeders of the YQ population because the reproductive success of its three ecologically and genetically differentiated groups became significantly different before and after the extreme low-temperature event. Nonetheless, this result needs supporting data from more studies as the sample size used to determine mating system parameters and to conduct parentage analyses in this study was relatively small, although we have collected all available samples from the YQ population. In addition, using genetic data to estimate variation in NE between generations and to identify the factors that drive changes in NE is often a considerable empirical challenge (Charlesworth, 2009; Robinson and Moyer, 2013; Jan et al., 2016; Wang et al., 2016). The mathematical framework for modeling changes in NE of a metapopulation provided by the GESP program is based on empirical or hypothetical estimates rather than on genetic data (Olsson et al., 2017). Therefore, the NE values of the simulated metapopulation might not reflect the “true” NE values of the YQ population, and our results only reflect estimates of NE dynamics of an artificial population under different scenarios. Anyhow, our findings provide insights into mangrove reforestation efforts, especially for introductions of mangroves to higher-latitude areas.
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