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Abstract

:

Effective population size (Ne) is a crucial metric for evaluating the current status of genetic diversity and conservation management. Population of Kandelia obovata, a mangrove species that is patchily distributed along the estuaries off Southeastern China, is genetically structured. Here, we applied skyline analyses to infer the demographic history of K. obovata based on Amplified Fragment Length Polymorphisms (AFLP) data. Congruent trends of population growth rate among populations, but concurrent change in Ne estimates, were inferred in all populations. The recent rapid habitat expansion explains the high census population size but small Ne of populations in Northern Taiwan. Our study also revealed lower Ne of reforested populations than their sources. In silico demographic analyses simulate the small or biased sampling of seedlings for reforestation and revealed over 90% and 99% Ne reduction when only 1/2 and 1/10 samples were collected, respectively. These results emphasize the importance of a comprehensive sampling of seeds for restoration. Overall, this study rendered, not only the current Ne of K. obovata populations, but also indicates the importance of Ne estimation on restoration.
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1. Introduction


Effective population size (Ne) has long been recognized as an important issue in conservation management [1,2,3,4,5,6]. Genetic estimates of Ne are based on random process of sampling from a real population in a given variance of allele frequency or are based on the amount of inbreeding [5,7], and can make a good prediction of the current status of genetic variation developed over time [1]. Ne has been suggested as a major relevant indicator for evaluating the conservation status and threats to the genetic health of populations [4]. Comparing the current and ancestral Ne is helpful for understanding the demographic dynamics and the stability of any given population, and are of more immediate importance than estimating genetic variation in determining the minimum viable sizes of wild populations [8]. In plants, Ne is not only response to the genetic variation but it is also highly correlated with factors such as the mating system and population structure [6]. For example, significantly decreased outcrossing rates in thinned and younger populations of Kandelia obvata Sheue, Liu and Yong indicates that dense leaves and twigs are the pollen flow barriers of mangrove species and cause a lower growth rate of Ne than the census population size (Nc) [9]. In addition to the mating system and population structure, variation in offspring number, age- and stage-structure of a population, spatial structure and natural selection are possible explanatory factors affecting Ne [7].



Mature mangrove forest provides a multitude of habitats for abundant wildlife and maintains high biodiversity in the tropical and subtropical estuary ecosystem [10,11,12], while the complexity of mangroves forest is usually determined by abiotic factors [13,14]. Previous studies have shown that the topography and ocean currents affect population structure and genetic diversity of mangroves along the coasts of the South China Sea [15,16,17]. Multiple factors including the topography and anthropogenic colonization were also suggested to be responsible for the current population structure of K. obovata off Southeastern China [18]. In addition to the extrinsic determinants, intrinsic factors, such as limited propagule dispersability and mating system of K. obovata, could influence the intra-population substructure [19]. The structured populations reflect non-random mating within population or asymmetric gene flow between populations, and such non-random association of gametes would cause major reductions in the Ne [20,21,22]. In addition, biased sampling of nursery seedlings for reforestation could also reduce the Ne of restored populations from their sources cf. [18,23]. Reforestation is a common strategy for the mangrove restoration in Southeast Asian countries. After decades of reforestation history, these artificial mangrove forests could have been matured with a large Nc. Therefore, it is important to monitor the Nc and estimate the Ne of reforested populations for evaluating the degree of Ne reduction from their sources caused by the human-mediated founder effect.



Ne estimation is helpful for planning the conservation strategies and selective breeding programs by means of accessing genetic variation of species. In addition, Ne reflects the status of population structure, breeding system, and demography history (see review [7]). Early population-genetic studies typically used simple parametric models to interpret demographic dynamics, such as the mismatch analysis and site-frequency-spectrum analysis [24,25]. Skyline-plot methods that are used in this study consider the genetic change of lineages and are based on the coalescent theory [26], leading to more accurate inference of demographic history. Therefore, skyline-plot methods have been applied to management and conservation studies of wildlife, such as kangaroo mice, billfishes, and Galapagos giant tortoises [27,28,29].



Kandelia obovata are mainly distributed along the coasts of the northern South China Sea, Southeastern China, the western coasts of Taiwan, and the Ryukyu archipelagos. Past genetic surveys indicated that both intrinsic and extrinsic properties resulted in a frequent gene flow between populations [9,18,19,30], however, the limited distributions around the estuaries caused structured populations [18,31,32]. Because of the habitat limitations and competition from other mangrove species, the Nc of local populations of K. obovata are not high, except for the only known pure-stand mangrove forest at the estuary of the Danshuei River (JW population, Figure 1) in Northern Taiwan, which is the largest K. obovata population in the world [33]. Ruan et al. [18] reported the genetic diversity and population structure of eight populations of K. obovata off the Southeastern China coast, including five natural populations (FuDing (FD), ZhangJiang Estuary (ZJ), and ShenZhen (SZ) along the southeastern coasts of Mainland China, DongZhaiGang (DZG) on the Northeastern Hainan Island, and JuWei (JW) on the Northern Taiwan Island) and three restored populations (YueQing Bay (YQ) and LongGang (LG1 and LG2) in the north of FD) (Figure 1).
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Figure 1. The population samples of K. obovata in this study. The upper left panel shows the relative position of the study area. 






Figure 1. The population samples of K. obovata in this study. The upper left panel shows the relative position of the study area.



[image: Forests 06 01439 g001]





For inferring the demographic history, Amplified Fragment Length Polymorphism (AFLP) was used in this study. AFLP is a dominant genetic marker, providing distinguishing power for detecting population dynamics, and it is applicable for accessing the genetic structures between natural populations and between the reforested populations and their source populations in K. obovate [18]. Although the observed heterozygosity cannot be obtained in dominant marker for coalescent analyses, it is still useful for individual discrimination in population breeding and reforestation research [34]. Furthermore, AFLP fingerprinting can also provide genome-wide polymorphisms to access the genomic diversity and Ne of populations, which is undoubtedly a cheap and useful genetic marker for evaluating the outcome of ex situ conservation. This genome-wide polymorphic information provides materials for estimating the past and current Ne and eventually allows the tracing of the trajectory of demographic dynamics. Furthermore, these data, which are based on the deduction of Ne from both natural and restored populations, are useful to evaluate the change in Ne caused by biased sampling of seedlings for reforestation.



In this study, we estimated the most recent demography of K. obovata populations along the southeastern coast of China by using skyline analysis, based on the reversible-jump Markov chain Monte Carlo (rjMCMC) method, which allows simulation of posterior distribution of parameters in more varying dimensions than traditional Markov chain Monte Carlo [35]. The rjMCMC skyline analysis is a genealogical method that operates under the coalescence framework. Therefore, we can infer the Ne dynamics by estimating the change of genetic diversity through genealogical time. We aimed to draw inferences for three subjects: (1) the current Ne of K. obovata populations; (2) the effect of adaptive loci on the demographic inferences; and (3) the effect of small or biased sampling of seedlings on Ne of restored populations.




2. Experimental Section


2.1. Data Collection


We used the AFLP data that were used for inferring the population structure of K. obovata in Southeastern China [18] for estimating the Ne in this study. The AFLP data were collected from the Dryad Digital Repository [36]. In total, 221 loci from 226 samples were used for the demographic analyses. For excluding the effect of local adaptation on the genetic variation, the Fdist approaches were used for identifying the outlier (adaptive) loci [37,38]. The 221 loci were further sieved into (1) total loci; (2) the loci within 99% CI divergence (FST); and (3) the loci within 95% CI divergence [18]. The datasets that fall into these three categories were used in further demographic analyses.




2.2. Data Analyses


We used the rjMCMC approach to estimate Ne, and the Ne through time was computed using the mcmc.popsize function [39], a part of APE package [40] performed in R language. The classic skyline-plot method implemented in mcmc.popsize function was employed to trace regional changes in Ne over time. The parametric classic and rjMCMC skylines are phylogenetic-based approaches. The phylogenetic trees of all lineages and individuals among total population of K. obovata were reconstructed by the Neighbor Joining (NJ) method, based on the distance matrix generated by AFLP loci [18]. Branch lengths on the NJ tree were set as the number of substitutions, i.e., the differences in the number of loci. One-thousand-times bootstrap replicates were used to evaluate the robustness of tree topologies and the 50% consensus tree were used as input to perform the skyline analyses. After the NJ tree being generated, we computed relative divergent times for all branching points using the RelTime method [41]. One-million-steps Markov-chain simulations were performed for the rjMCMC estimation and the first 10,000 steps were dropped as burn-in, with a set thinning factor = 1000. For confirming the accuracy of Ne estimates, the NJ trees were generated multiple times by different random seeds and skyline analyses were performed independently. Accuracy of demographic inferences was confirmed from at least three-time convergent results of skyline analyses.



For evaluating the effect of biased sampling for restoration, we randomly resampled individuals of 1/2, 1/3, 1/5, and 1/10 sample sizes from FD population, which is the source population of reforested LG1 and LG2, and equally expanded to 30 samples in each resampling. This resampling simulated the biased sampling of sibling seeds from the same tree. The resampled lineages were then used to perform the skyline analyses, as described above. Accuracy of Ne estimates was confirmed by repeating sampling at least three times.





3. Results and Discussion


3.1. Influence of Demographic Inference on Adaptive Loci


AFLP data from a total of 226 individuals of K. obovata were used to estimate their demographic history [18]. However, the AFLP loci results can only provide the presence (dominant) or absence (recessive) of DNA bands, therefore, the deduced time in the skyline plots of Ne will only be indicative of the relative coalescent times per unit substitutions. Because the positive selection and balancing selection could cause extremely high and low genetic differentiation between populations, respectively, the positive and negative outlier loci could be taken as the loci responding to, or linked to, the traits under natural selection, i.e., the adaptive loci [37,38]. Adaptive loci would affect the demographic estimation [42]. In contrast, the loci with genetic differentiation within the CI could be taken as the neutral loci. Genetic variation of neutral loci is contributed by stochastic processes (drift) and under the mutation-selection-drift equilibrium [37,43]. Therefore the neutral loci can accurately measure demographic history by excluding the influence of allele frequency by episodes of local environmental change (i.e., natural selection) [42]. We used two criteria, the 99% CI and the 95% CI to identify the neutral loci. From 221 AFLP loci, 179 loci were extracted under a criterion of 95% confidence interval (CI) and were thought to be neutral [18], and a total of 209 loci were categorized as neutral when the criterion was set to 99% CI. The overall mean distance of total AFLP loci, loci of 99% CI, and loci of 95% CI are 79.38, 75.42, and 64.35, respectively. Neighbor-Joining trees were reconstructed using total loci and neutral loci of 99% CI and 95% CI criteria for the rjMCMC skyline plot analysis (Supplementary Figure S1). If the substitution rate of an AFLP locus was suggested at a value of the order of 10−4 per substitution per year cf. [44,45], the time can be traced back to approximately 1.796 thousand years ago (kya), 1.804 kya, and 1.797 kya, respectively. If using the substitution rate inferring from long-lived species (about 4 × 10−3 per substitution per year, e.g., Pinus [46]), the estimated time is approximately 4.490 kya, 4.510 kya, and 4.493 kya, respectively. In other words, we intended to disclose the recent-past demographic history of K. obovata population in Southeastern China.



The demographic history of total population of K. obovata revealed gradual increase in Ne and a rapid rate-shift at the 20~15 substitution-units ago, approximately 0.9~0.675 or 2.22~1.688 kya, estimated by substitution rates of 10−4 or 4 × 10−3 per substitution per year, respectively (Figure 2 and Supplementary Figures S2A, S3A and S4A). The rapid-rate-shift events occurred in all populations but at slightly different times (Figure 3). Congruent demographic trends of K. obovata populations indicated that the genetic variation of K. obovata could be more sensitive to global climate dynamics rather than local environmental changes. For example, the time of rapid growth of Ne roughly corresponds to the Medieval Warm Period or Roman Climate-Optimum (estimated by substitution rate 10−4 or 4 × 10−3 per substitution per year, respectively) [47,48,49,50], in which the Asia was warmer [51]. Slight differences in the time-shift estimation of Ne might be caused by the bias of migration effect and substructure in temporal methods [52]. Systematic estimation bias, especially the underestimation of local Ne is common when the studied populations were connected by gene flow [52], which could also influence the Ne estimation in populations of K. obovata with no or low obstructed gene flow [18]. Figure 3 shows identical trends of demographic history from the estimates of three different sets of loci (i.e., total loci, loci of 99% CI, and loci of 95% CI) with slight differences in time units of rapid-rate-shift events. The estimates of Ne skylines by loci of 95% CI showed an apparently shorter time to coalesce and relatively recent rapid-rate-shift events in every population than the estimates by total loci and loci of 99% CI, but there were no differences in Ne estimated by the three different sets of loci (Figure 3 and Supplementary Figures S2–S4). These estimates indicated a mild effect of adaptive loci on current Ne estimation but more interference on the inference of demographic history.
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Figure 2. Demographic skylines of total populations of K. obovata in Southeastern China estimated by loci of 95% CI. Dotted lines are the classic skylines; thin and bold lines are the medians and 95% CI of skylines are estimated by rjMCMC method. 
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Figure 3. The rjMCMC skylines of (A) total populations and (B–I) every single population of K. obovata in Southeastern China. Black, red, and blue lines are the estimated median values of total loci, 99% CI loci, and 95% CI loci, respectively. 
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3.2. Current Ne of K. obovata


3.2.1. Ne of Natural Populations


The current Ne of total population, estimated by datasets of total AFLP loci and the loci of 99% and 95% CI, are 2.42 × 105, 2.29 × 105, and 1.88 × 105, respectively; the Ne of five natural populations estimated by three different sets of loci ranges between 2.37 × 103 (NeJW) ~ 1.47 × 104 (NeDZG), 2.59 × 103 (NeJW) ~ 1.50 × 104 (NeDZG), and 1.79 × 103 (NeJW) ~ 1.39 × 104 (NeFD), respectively; the Ne of three reforested populations estimated by three different sets of loci ranges between 3.91 × 103(NeYQ) ~ 4.20 × 103 (NeLG2), 3.97 × 103 (NeLG1) ~ 6.98 × 103 (NeLG2), and 2.62 × 103 (NeYQ) ~ 8.67 × 103 (NeLG2), respectively (Table 1 and Supplementary Table S1). The overlapped CI of current Ne of all populations estimated by three kinds of datasets showed non-significant differences of Ne estimates (Table 1 and Supplementary Table S1), indicating a minor effect of selective pressures on the current Ne estimation of K. obovata.



The most northern and southern natural populations, FD and DZG, showed larger Ne than the other populations. There are two most probable explanations for a population with large Ne: (1) maintenance of large amount of ancestral polymorphisms or (2) the melting pot receiving genes from different sources. The DZG was closer to the Northern South China Sea, the location of ancestral populations of several Southeast Asian mangrove species [15,18]. The large Ne of DZG is probably due to the preservation of a large amount of ancestral polymorphism. Another high Ne population, FD, might be due to the receiving of allochthonous genes or even have different sources from other sampled populations [18]. FD is the most northern natural population on the coast of China, which receives the cool China Coast Current from the East China Sea and the warmer northward South China Sea Current [53], which might bring propagules from different sources, such as the Ryukyus, Northern Taiwan, and the Southern China populations. The Ryukyu archipelagos are closer to FD. Genotypes of Ryukyu populations and the Northern Taiwan population might differ from populations around the Chinese coasts [18]. Gene flow between these populations could be accelerated by complicated ocean currents and seashore currents as well as long-distance dispersed pollinators cf. [19,54]. In fact, our previous study has shown that FD possesses a genetic composition different from that of other populations around the China coasts [18]. Additionally, FD has the longer coalescent times (41.08, 38.43, and 34.94 time units, in three different AFLP loci set estimates, respectively) and the earliest time of rapid-rate shift (approximately 25~35 substitution-units ago) than other populations (Figure 4), suggesting early stabilization in NeFD dynamics. If FD has identical sources with other populations around the China coasts, we could predict a similar coalescent history because similar or identical genotypes were sampled to infer demography. However, the other populations around China coasts have later growth-rate shift in Ne, suggesting later expansion demographies and different genetic compositions from FD, despite similar trends of increased Ne in all populations (Figure 4).



JW and DZG are continental-island populations off Mainland China (Figure 1) but have contrast Ne estimates: The DZG has the largest Ne while the JW has the smallest Ne in all sampled populations (Table 1). In fact, the JW population is a pure-stand mangrove forest and has a very large Nc, which might suggest a consequence of rapid expansion of population size. The area of pure-stand forest of K. obovata in the Danshuei River estuary, where the JW was located, was 47.62 hectare (ha) and 47.15 ha in 1978 and 1986, respectively, but rapidly expanded to 81.43 ha in 1994 and 103.80 ha in 1998 [55]. The current area of the Danshuei River Mangrove Wetland is approximately 190 ha was proclaimed by the Taiwanese Government [18], which is comprised of the Wazihwei Nature Reserve (30 ha), the Guandu Nature Reserve (55 ha), and the Danshuei River Mangrove Nature Reserve (76.41 ha) [33]. Although the rapid expansion of wetland habitat since 1986 (roughly four-fold areas within 30 years) increased the NcJW, genetic variation cannot be accumulated in such a short time to create the corresponding NeJW. Although the NeJW does not increase as quickly as the NcJW, the large area of K. obovata pure-stand forest still increased the water conductivity, high nutrient concentrations in water, and complicated microbial ecosystem to enrich the local biodiversity [56]. Protection of wetlands will be helpful for maintaining the complexity of mangrove ecosystem and can protect the biodiversity in estuaries.
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Table 1. Summary of the current Ne of K. obovata off Southeastern China estimated by the neutral loci of a criterion of 95% CI.
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ALL

	
JW

	
FD

	
ZJ

	
SZ

	
DZG

	
YQ *

	
LG1 *

	
LG2 *






	
Mean

	
188289

	
1792

	
13922

	
6284

	
2581

	
9178

	
3094

	
3703

	
10053




	
Median

	
163113

	
1550

	
11847

	
5029

	
2201

	
7818

	
2624

	
3074

	
8666




	
95% CI

	
65730–437432

	
554–4289

	
3644–37609

	
1273–18864

	
825–6432

	
2009–25295

	
826–8215

	
1105–10259

	
1926–26150








* Reforested populations. YQ was reforested in 1957, sourced from unknown population in Fujian Province; LG1 and LG2 were reforested in 1999 and 2008, respectively, sourced from FD.
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Figure 4. The Ne through-time-plots of the FD population estimated from 30 samples (N = 30) and the reforested population simulated from 1/2 (N = 15), 1/3 (N = 10), 1/5 (N = 6), and 1/10 (N = 3) sample size of FD. (A) The classic skylines; (B) the medians of rjMCMC skylines; (C) the 95% CI of rjMCMC skylines. The rjMCMC skylines estimated from 20% and 10% Nc of FD are not shown due to small sample sizes (N = 6 and N = 3, respectively). Individual simulation plots are shown in Supplementary Figure S5. 
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3.2.2. Ne of Reforested Populations and Ne Reduction of Biased Sampling for Restoration


The Ne of reforested population YQ (NeYQ) estimated by total loci and loci of 99% and 95% CI are 4562, 4898, and 3094, respectively; the NeLG1 are 4752, 4480, and 3073 and the NeLG2 are 5597, 7710, and 10053 were estimated by three different dataset (Table 1 and Supplementary Table S1). Because we did not know the exact source of YQ, the comparison of Ne was made only for LG1, LG2 and their source population FD. The LG2 reforested in 2008 showed relatively higher Ne, which is roughly 40%~70% Ne of the source population FD; while the LG1 reforested in 1999 exhibited roughly 20%~30% Ne of FD. Greater differences of Ne between LG1 and LG2 were obtained when removing adaptive loci (i.e., NeLG1 = 4752 vs. NeLG2 = 5597 in the estimates of total loci and NeLG1 = 3073 vs. NeLG2 = 10053 in the estimates of loci of 95% CI), indicating the bigger effect of drift than natural selection on the Ne estimation. The adaptive convergence might shade the differences of Ne. Unlike the natural populations, the adaptive loci are likely to more severely affect the Ne estimates, especially on LG2, in which roughly two-fold differences were found between 95%-CI-loci estimation (NeLG2 = 10053) and total-loci estimation (NeLG2 = 5597). The severe influence of adaptive loci on larger-Ne population (LG2) than small-Ne population (LG1) is consistent with a case of sunflowers that the adaptive divergence is positively correlated with the Ne of the species with large Ne but not of the species with small Ne [57]. The dramatically different estimates of adaptive divergence on larger-Ne population could be due to the easier accumulation of adaptive variations between high-differentiated lineages, which have higher Ne estimates [57].



Even after neglecting the effect of the adaptive loci on Ne estimation, the NeLG1 and NeLG2 are still smaller than the NeFD of source population (Table 1). Therefore, we assume that the reduced Ne of the restored population is probably due to the biased sampling of seedlings during reforestation [18]. The artificial propagation for restoring mangroves usually adopts a sampling strategy of collecting propagules from small fractions of mother trees for convenience rather than extensive sampling, which could cause a bottleneck effect and highly susceptible to genetic drift for the next generation [58]. A greenhouse experiment has shown that the genetic diversity of restored population is decided by the number of sources but does not relate to the size of sources [59]. Therefore, for decreasing the risk of reduction of genetic diversity, and to increase the genetic diversity, a proper suggestion for the reforestation of K. obovata should be a comprehensive sampling of seedlings [23,59].



For testing the degree of Ne reduction of small or biased sampling of seedlings for restoration, simulated populations generated by resampling of 1/2, 1/3, 1/5, and 1/10 sample sizes from FD and equally expanded 30 samples were used to evaluate the reduction of Ne. The simulated results showed a dramatic reduction of Ne (over 90% reductions) at a resampling of 1/2 sample sizes (Ne < 1000, estimated by rjMCMC method), and over 99% reductions of Ne at a resampling of 1/10 sample sizes (Ne < 100, estimated by classic skyline analyses, the rjMCMC estimation failed because genetic variation is too small) (Figure 4).



It should be noted that the Ne reduction could be overestimated because we did not consider the situation that outcrossing would lead different genotypes of resampling. However, this simulation still provides evidence of a dramatic reduction of Ne and a decreased genetic diversity of reforested population than that of the source population under incomprehensive sampling of seeds (propagules), which reflects the strong effect of demographic stochasticity on selective breeding [60]. The lost genetic diversity of restored or reforested populations is the next conservation issue, because these populations regenerated by seedlings would be the reservoir of genetic diversity [23,58], but their genetic diversity may gradually been lost because not all seedlings will reach the adult stage [58]. The restored or reforested populations with small Ne are at higher risk in inbreeding depression, genetic variability loss, and fixation of new deleterious mutations than that of the source populations [60]. In addition, the genetic diversity of natural populations could also be affected (decreased or replaced) by these artificial forests via gene flow [61,62].






4. Conclusions


In this study, AFLP loci were used to investigate the demographic history of K. obovata in the recent-past period of roughly 1.8 kya, during which the population size was gradually increased with a short-span rapid growth of Ne inferred by the rjMCMC skyline analysis, and showed a current Ne of approximately 2 × 105 in total populations, in Southeastern China. The time of rapid growth of K. obovata population matched to the Medieval Warm Period and the population dynamics are therefore thought to be mainly affected by global climate changes instead of local environments. Smaller Ne of every single population, rather than the total population, suggests that the genotypes are not randomly dispersed in every single population, which caused differentiated or structured populations. The southeast and the northeast natural populations, DZG and FD, showed the largest Ne, which probably reflect the maintenance of large ancestral polymorphisms in DZG and a melting pot receiving allochthonous genes from other areas in FD. The JW population in Northern Taiwan Island has the smallest Ne although it was the largest pure-stand mangrove forest comprised of K. obovata. The contrast Ne and Nc of JW could be due to recent habitat expansion approximately 30 years ago. Relatively small Ne was inferred in reforested populations LG1 and LG2 than the natural population of FD. By excluding the effect of natural selection (i.e., removing adaptive loci), the reduction of Ne of reforested populations is suggested as a result of small or biased sampling of seedlings from the mother population. A simple in silico demographic analysis indicated over 90% and 99% reductions of Ne under 1/2 and 1/10 sampling for reforestation, respectively. This simulation indicates a dramatic decrease of Ne of restored populations under small-size sampling from source populations. This study unveiled not only the current status of the Ne of K. obovata, but also emphasizes the importance of the comprehensive sampling of seeds for the restoration projects.
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