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Abstract

:

Climate change is predicted to increase forest fires in boreal forests, which can threaten the sustainability of forest genetic resources. Wildfires can potentially impact genetic diversity and population structure in forest trees by creating population bottlenecks, and influencing demography, effective population size (Ne) and various evolutionary processes. We have investigated this critical issue in a widely-distributed, transcontinental, ecologically and economically important and fire-intolerant boreal conifer, white spruce (Picea glauca (Moench) Voss). We tested the hypothesis that in a predominantly outcrossing species with long distance gene flow, such as white spruce, located in primary undisturbed forests, normal forest fires do not adversely affect genetic diversity and population structure. We used 10 nuclear genic and genomic microsatellite loci to examine genetic diversity and population structure of post-fire pristine old-growth (PF-OG) and adjacent post-fire naturally regenerated young (PF-YR) stands. The genetic diversity, inbreeding and genetic differentiation levels, Bayesian population structure, Ne and latent genetic potential were statistically similar between the PF-OG and PF-YR populations. None of the microsatellites showed any signature of selection. Our study demonstrates that normal wild forest fires do not adversely affect genetic diversity, differentiation, and population genetic structure in white spruce. The results should have wide significance for sustainable forest management.
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1. Introduction


Genetic diversity benefits the functioning and resilience of the ecosystem [1,2,3] because genetic variation is required for evolutionary processes to condition the adaptation, evolution and survival of populations and species, especially under changed climatic and environmental conditions [4]. There is increasing empirical evidence that genetic diversity is positively associated with population fitness under normal and stressed conditions [5,6,7]. Forest ecosystems, in which forest trees are normally the keystone species, are extremely important for the environment because they serve as carbon sinks and biodiversity reservoirs and provide many ecological and environmental services, such as nutrient cycling, soil protection, and climate moderation. Therefore, conservation and sustainable management of genetic diversity in forest trees is crucial, especially to buffer the negative effects of climate change and abiotic and biotic stresses.



Natural and anthropogenic disturbances in forests and other ecosystems can impact genetic diversity, differentiation and genetic structure of populations of their constituent forest trees and other organisms by influencing demography and several evolutionary processes [8,9,10,11]. Wild forest fires are the major disturbance in boreal forests, which can influence landscape, ecosystem and forest composition and diversity, energy flow, and biogeochemical cycles [12]. Wild forest fires can potentially impact genetic diversity, differentiation and population structure by creating population bottlenecks and influencing demography, effective population size and various evolutionary processes, such as genetic drift, gene flow and breeding system, that condition genetic diversity in populations. Wild forest fires can also act as a selection force, driving evolutionary changes and adaptive traits, such as cone serotiny in some conifer species, which was evident from the signatures of selection observed on certain genes underlying such traits [13]. The extent of the impact of wild forest fires on genetic diversity and population structure will depend upon the intensity of fires and the life history traits of a species, such as its capability of maintaining canopy and soil seed banks, and the extent of seed and pollen dispersal. Scientific evidence indicates that species which maintain perennial seedbanks in serotinous or semi-serotinous cones in the canopy and in the soil—called seeders, fire resisters and evaders [14,15]—and/or that have long-distance seed and pollen dispersibility, can preserve genetic diversity and population structure under normal fire regimes [16,17,18,19,20].



Although wild forest fires have been an integral part of the boreal forest ecosystems, climate models and scenarios suggest that the boreal fire incidence and intensity as well as the forest area burned will increase significantly as a result of climate change [21,22,23]. This can threaten the sustainability of forest genetic resources. Furthermore, natural disturbances are being considered as a basis for managing boreal forests [24,25]. Therefore, there is an urgent need to understand the genetic effects of forest fires in boreal forest trees. However, very little is known about the genetic effects of wild or prescribed fires in boreal and other forest trees. Most of the published information on this subject is on fire adaptive/tolerant species that maintain perennial seedbanks in serotinous or semi-serotinous cones in the canopy and in soil. Most of the studies reported have focused on Mediterranean Aleppo pine, Pinus halepensis Mill., which is a typical seeder fire-adaptive species. It has been demonstrated that normal fire regimes do not have negative impacts on genetic diversity, genetic differentiation, spatial genetic structure and/or the mating system in this species [18,19,26]. However, the Pinus halepensis stands that originated after a high fire intensity were found to have a stronger spatial genetic structure than the stands that originated after a low fire intensity [19]. In addition, evidence for the potential selection of heterozygotes in the post-fire population [18], and high fire-intensity related selection on three SNPs at the regional scale [19] has been reported in Pinus halepensis. Among the boreal conifers, information on the genetic effects of forest fires is available for fire adapted black spruce (Picea mariana (Mill.) B.S.P.) [16], which retains a perennial seedbank in semi-serotinous cones in the canopy and in the soil and is considered as a fire-evader species [14]. Forest fires did not show any negative impact on genetic diversity, genetic differentiation and inbreeding levels in this species [16].



The information available on the effects of forest fires on genetic diversity and population structure of angiosperm forest trees is also very limited and is mostly restricted to fire adapted species. In Betula maximowicziana Regel, a fire-adaptive invader species, genetic diversity was found to be similar between the pre-fire and post-fire stands, but the number of private alleles and the effective population size was higher in the pre-fire stands [27]. Genetic diversity of undisturbed and post-fire naturally regenerated populations of mountain ash (Eucalyptus regnans F. Muell.) in Australia were found to be similar [20]. Mountain ash is a fire-dependent seeder species, which has seed stored in serotinous capsules in the canopy [20].



There is very little published information on genetic effects of forest fires in fire sensitive or intolerant species and contrasting results have been reported. In two Tasmanian endemic conifers, Athrotaxis cupressoides D. Don and Diselma archeri Hook. f., based on the Last Glacial Maximum-modelled distributions, the fossil record and the fire history index of the sampled stands, it was found that the genetic diversity metrics decreased significantly with an index of fire history [28]. In the fire-sensitive shrub, Persoonia mollis ssp. Nectens S. Krauss & L.A.S. Johnson, successive fires were not found to result in a decline in genetic diversity or an increase in the spatial genetic structure [17]. The authors suggested that the species’ large seed banks with a bet-hedging strategy of staged seed germination, combined with pollen and seed dispersal, provided a good buffer against the negative genetic impacts of frequent fires.



White spruce (Picea glauca (Moench) Voss) is a transcontinental, widely distributed and dominant species of the boreal forest in Canada [29] and it has a high ecological and economic importance. It is one of the most important trees for the production of wood pulp and lumber in Canada, and for the stability and sustainability of the North American boreal forest ecosystem. White spruce has high genetic diversity and is predominantly an outcrossing species [9,30,31,32,33]. Long-distance pollen and seed dispersal occurs in white spruce [34,35]. There is also evidence for selection against inbreds at an early stage in this species [34]. White spruce does not produce serotinous cones, and it is a fire intolerant species; it is classified as a fire-avoider because it arrives late in succession and becomes dominant where fire-cycle intervals are long [14]. It is imperative to determine genetic effects of forest fires in this ecologically and economically important boreal conifer because wildfire frequencies and intensities are expected to increase under climate change. However, no information is available on the impacts of wildfires on genetic diversity and population structure in white spruce.



The objective of this study was to examine the effects of wild forest fire on genetic diversity, population structure and genetic differentiation by comparing populations of white spruce in adjacent natural old-growth and post-fire naturally regenerated young stands. Since white spruce has high inherent genetic diversity, predominantly outcrossing mating system, long-distance pollen and seed dispersal and selection against inbreds at an early stage, we hypothesized that wild forest fires in a natural primary forest do not have a significant adverse effect on the genetic diversity and population structure of white spruce.




2. Materials and Methods


2.1. Study Sites, Experimental Design and Sampling


Due to post-fire management actions, such as salvage logging, scarification, and seeding or planting by forest management companies or agencies, it is difficult to find optimal locations to study the effects of wildfire. It is also quite expensive and time consuming to conduct controlled forest fire experiments in natural forests. National parks in Canada, where industrial logging, silvicultural activities and other management interventions do not normally occur, provide excellent research sites to examine genetic effects of wild forest fires. Although wildfires are controlled in national parks, actions are generally limited to the use of water and hand-tools to extinguish flames, and there is no subsequent intervention to manipulate post-fire forest regeneration. However, the number of sites where the adjacent populations of old-growth and post-fire natural young regeneration could be studied in Canadian national parks are limited.



The study sites were located in the northern portion of the Prince Albert National Park of Canada, which is located within the Mid-Boreal Uplands Ecoregion of central Saskatchewan [36]. The forests are dominated by boreal conifers (black spruce, jack pine, Pinus banksiana Lamb., and white spruce) and lesser amounts of deciduous species (trembling aspen, Populus tremuloides Michx., and balsam poplar, Populus balsamifera L.) growing on gray luvisolic soils. The region is a primary forest that has been a protected area since 1928 and has never been subjected to modern industrial forest management activities. The fire regime for the region is characterized by stand-replacing crown fires that initiate conifer regeneration from seeds and deciduous regeneration from root suckers and seeds.



To identify potential sampling sites, the park’s forest inventory, fire history maps and aerial photographs were examined to locate old-growth white spruce stands adjacent to recent fire disturbances. Sites with young white spruce adjacent to old growth were rare because fires had burned only a small proportion of the study region between 1945 and 1998 [37]. Two sampling sites (Tibiska Lake and Sanctuary Lake) were identified in 1998 where natural white spruce regeneration (no artificial planting or seeding) occurred after the fire disturbances within recent decades. Adjacent old-growth and post-fire young naturally regenerated stands/populations at each of the Tibiska Lake and Sanctuary Lake sites were sampled (Table 1). The adjacent sampled populations would have been within the same even-aged stands prior to the Tibiska Lake fire in 1964 and the Sanctuary Lake fire in 1986.



The Tibiska Lake sampling site is located north of the MacLennan River and east of Tibiska Lake. The old-growth white spruce/trembling aspen stand sampled at the Tibiska Lake site originated from a fire in approximately 1830, while the adjacent young regenerating trembling aspen/white spruce stand originated from a fire in 1964 [38]. The 1964 fire burned approximately 50 km2 within the Prince Albert National Park and an equivalent area in the adjacent Northern Provincial Forest. At the time of sampling in 1998, the old growth was 168 years old, and the post-fire young regeneration was 34 years old (Figure 1).



The Sanctuary Lake sampling site is located between Sanctuary Lake and Bladebone Lake. The old-growth white spruce/trembling aspen stand sampled at the Sanctuary Lake site originated after a fire in 1870, while the young white spruce/black spruce/trembling aspen regeneration was initiated after a fire in 1986 [38]. The 1986 fire was approximately 1 km2 in size. At the time of sampling in 1998, the Sanctuary Lake old growth was 128 years old, and the post-fire young natural regeneration was 12 years old (Figure 1).



The field sampling was conducted between June and August 1998. Thirty trees per population were randomly sampled, separated by a minimum distance of 35 m, with a total of 118 individuals from four populations. We could only sample 28 individuals instead of 30 in the post-fire young-regenerated stand of Sanctuary Lake due to logistic reasons. Where necessary, tree climbing spurs were used to access branches on old-growth trees. White spruce needle samples were collected from the most recent year’s growth. Needle samples were shaken or brushed off in the field to remove any insects, lichens or other organisms that might contaminate the white spruce DNA. All samples were stored immediately on ice and transported to the lab at the University of Alberta within 48 h, where they were stored at −20 °C until DNA extraction.




2.2. DNA Extraction and Genotyping


Genomic DNA was isolated from needle tissues in 1999 as described in Rajora [9]. DNA samples were stored in a freezer at −20 °C. One hundred and eighteen individuals were genotyped with 10 microsatellite loci (Table 2) as described in Fageria and Rajora [32,33].




2.3. Data Analysis


2.3.1. Genetic Diversity, Inbreeding Coefficient and Effective Population Size


MICROCHECKER [42] was used to check the quality of the microsatellite genotype data for null alleles. The commonly used genetic diversity parameters—total number of alleles (AT), number of alleles per locus (A), effective number of alleles per locus (AE), number of private alleles (AP), observed heterozygosity (HO) and expected heterozygosity (HE) and inbreeding coefficient (F)—for each population were calculated using GENALEX 6.5 [43]. In addition, genotypic diversity for each population was calculated manually as the observed (GAO) and expected (GAE) genotype additivity [44] as described in Rajora et al. [10]. Additionally, latent genetic potential (LGP) [45] was calculated manually as the difference between the mean number of alleles and the effective number of alleles over the loci. The means of each parameter for old-growth and post-fire young naturally regenerated populations were calculated. The significance of differences in the above genetic and genotypic diversity parameters and inbreeding coefficients between the two population types (old growth and the post-fire naturally regenerated young) were tested by ANOVA using the SAS 9.1 software package.



We estimated the contemporary effective population size of each of the studied populations using the linkage disequilibrium (LD) method [46] in the NeEstimator2 program [47]. We used the critical allele frequency values of 0.05 and 0.01 because the allele frequencies and sample size affect the Ne estimates from the LD method [46]. The estimates are conservative with high critical values and biased upwards with a low critical value.




2.3.2. Genetic Differentiation and Genetic Structure


The allelic heterogeneity was tested among four populations and between the PF-OG and PF-YR population groups with the Fisher’s exact test after 10,000 dememorization steps and a total of 500,000 iterations (100 batches with 5000 iterations/batch) using GENEPOP [48]. The genetic differentiation among all four populations and between the old-growth and post-fire young population groups was determined using Wright’s F-statistics, Nei’s [49] genetic distances and the hierarchical Analysis of Molecular Variance (AMOVA) [50] using GENALEX 6.5 [43]. We constructed an UPGMA (Unweighted Pair Group Method with Arithmetic Mean) cluster tree based on Nei’s [49] genetic distances with 1000 bootstrap iterations using the PHYLIP Software Package [51].



The overall population genetic structure was assessed using the Bayesian clustering approach implemented in the software STRUCTURE 2.3.1 using the admixture and correlated allele frequency models [52,53]. The number of genetic clusters (K) was assumed to range from 2 to 8, and for each value of K, 10 independent runs of the Markov Chain Monte Carlo (MCMC) sampler were performed with 100,000 Markov Chain iterations and 100,000 burn-in iterations. The most likely K-value was selected based on the Evanno et al. [54] method using STRUCTURE HARVESTER [55].




2.3.3. Selection Scan


To ascertain whether any of the microsatellite loci showed signatures of selection, we used BayeScan ver. 2.1 [56], which implements the logistic regression model in a Bayesian framework. The observed values of FST are partitioned into the effects of populations shared across all loci and the effects of loci shared across all populations using logistic regression [56]. If the effect of a locus shared across all populations deviates significantly from 0 (i.e., FDR q-value < 0.10), the locus is identified under selection. We used the default MCMC settings for BayeScan with 20 pilot runs each a length of 5000 steps, a burn-in of 50,000 steps followed by an additional 50,000 steps thinned every 10 steps. We used the prior odd of 10:1 on a null model to check for convergence as suggested by Foll and Gaggiottii [56] for the type of data that we had.






3. Results


3.1. Genetic Diversity, Fixation Index and Effective Population Size


The allelic diversity, the observed and expected heterozygosity and the genotypic diversity for the genomic microsatellites were several folds higher than that for the genic EST/cDNA-derived microsatellites (allelic diversity in Table 2; the other data is not shown separately for the EST-based and genomic microsatellites). Overall, the allelic patterns were similar across the four studied populations and between the PF-OG and PF-YR populations at each of the two sites (Figure 2). The total number of alleles, number of alleles per locus, effective number of alleles per locus, number of private alleles, observed and expected heterozygosity, observed and expected genotypic diversity, and latent genetic potential were similar among all four populations (Table 3), and these parameters were not significantly different (p > 0.05) between the PF-OG and PF-YR population groups. The fixation index (inbreeding coefficient) (F) values were high (Table 3) and significantly different from 0. Although the mean F value for the PF-YR populations was about 40% higher than that for the PF-OG populations (Table 3), the differences were not statistically significant (p > 0.05).



The estimates of contemporary effective population size ranged from 33 in the Tibiska Lake post-fire young regeneration (TL-PF-YR) to 108 in the Sanctuary Lake post-fire young regeneration (SL-PF-YR), with an average of 64 over the four populations at the critical allele frequency value of 0.05, and from 46 (TL-PF-YR) to 193 (SL-PF-YR) with an overall mean of 97 at the critical allele frequency value of 0.01 (Table 3). As expected, the Ne estimates were higher at the critical allele frequency value of 0.01 than that at 0.05; however, the pattern of the Ne estimates was similar between the 0.01 and 0.05 allele frequency critical values. There was substantial heterogeneity among the populations for their Ne estimates and no pattern between PF-OG and PF-YR was observed. Although, on average, the PF-YR populations had higher Ne than the PF-OG populations (Table 3), the differences were not significant (p > 0.05).




3.2. Genetic Differentiation and Population Genetic Structure


Eight loci (RPGSE2, RPGSE34, RPGSE35, RPGSE44, SPAG003, PGL14, UAPgGT8 and UAPgCA91) showed significant (p < 0.05) allele frequency heterogeneity among all four populations. Three loci (RPGSE34, PGL14 and UAPgCA91) showed significant (p < 0.05) allele frequency heterogeneity between the Tibiska Lake PF-OG and PF-YR populations, and seven (RPGSE34, RPGSE35, RPGSE44, SPAG003, UAPgGT8, PGL14 and UAPgCA91) between the Sanctuary Lake PF-OG and PF-YR populations.



The pairwise among-population FST ranged from 1.1% to 3.2% (Table 4). The overall FST among all four populations was 3.5% (Table 5) indicating that most of the genetic variation was among individuals within populations. The genetic differentiation between the two PF-OG populations of 2.2% (FST = 0.022) was similar to that (2.4%) between the two PF-YR populations (FST = 0.024) (Table 5). The hierarchical AMOVA results were similar to the FST results. The hierarchical AMOVA showed no genetic differentiation between the PF-OG and PF-YR populations, 4% among populations, and 96% variation among individuals (Supplementary Table S1).



Genetic distances [49] between populations varied from 0.015 (the PF-OG and PF-YR populations of Tibiska Lake) to 0.115 (the PF-OG and PF-YR populations of Sanctuary Lake) (Table 4). The genetic distances between post-fire old-growth and post-fire young populations (0.067) were similar to that between the two post-fire old-growth (0.064) or between the two post-fire naturally regenerated young (0.067) populations. The UPGMA dendrogram, based on Nei’s [49] genetic distances grouped all four populations in a single group (Figure 3). The two populations from Tibiska Lake clustered more closely together.



The summary bar plot of the estimated membership coefficient (Q) of the studied white spruce individuals from four populations from the STRUCTURE analysis for K = 2–8 is presented in Figure 4. We observed the most prominent peak at DeltaK = 4 after Evanno et al. [54] adjustments in STRUCTURE HARVESTER [55] (Figure 5A). Thus, STRUCTURE revealed four genetic groups admixed within and among four populations of white spruce (Figure 5B). The STRUCTURE analysis did not separate the two groups (PF-OG and PF-YR) of populations at K = 2 or any other K values (Figure 4).




3.3. Selection Scan


The BayeScan analysis did not show any of the 10 SSR loci being identified as outliers (q values ranged from 0.70 to 0.92 at 10:1 prior odds) and showing the signatures of selection.





4. Discussion


In this study, we demonstrate that wild forest fires do not adversely affect the genetic diversity, genetic differentiation and genetic structure of white spruce populations. This is most likely the first study of its kind for a boreal conifer species, which is not considered fire adapted/tolerant.



4.1. Genetic Diversity, Inbreeding and Effective Population Size


Considering that wildfires create population bottleneck and fragmentation, and white spruce does not have fire-adaptation traits, such as cone serotiny, wild forest fires may result in the erosion of genetic diversity and increased inbreeding in post-fire populations and higher genetic differentiation between old growth and post-fire young populations as a result of interacting evolutionary processes, such as genetic drift, selection and gene flow. However, our results demonstrate that wildfires did not adversely affect genetic diversity and increased inbreeding because genetic diversity levels for allelic and genotypic diversity and heterozygosity were similar and not statistically different between post-fire old-growth and post-fire natural young populations (Table 3). Although the inbreeding coefficient (F) on average was about 40% higher in the young post-fire regeneration than that in the post-fire old-growth populations, the differences were not statistically significant. This may be due to low statistical power to detect differences resulting from low number of replicates/degrees of freedom. The result of higher F values in younger populations is consistent with the notion that heterozygosity is expected to increase with age e.g., [57]. Indeed, the youngest sampled white spruce population from Sanctuary Lake showed the highest inbreeding coefficient (Table 3). Overall, the Tibiska Lake populations showed slightly higher (statistically insignificant) genetic diversity than the Sanctuary Lake populations, suggesting somewhat potential differences in demography and other differences between the sites. Our results also show that the estimates of latent genetic potential, which is the difference between number of alleles per locus and number of effective alleles per locus, are similar between the PF-OG and PF-YR populations of white spruce. Despite the differences in the age of the sampled populations and huge differences in the areas burnt by wildfires (50 km2 at the Tibiska Lake vs. 1 km2 at the Sanctuary Lake), the results were consistent between the two sites. This suggests that the age of the populations and the areas of forest burnt by forest fires did not have confounding effects on our results and did not affect the genetic diversity levels of the studied populations. Thus, the results could be considered as consistent between the two study sites.



Our results demonstrating no adverse effects of forest fires on genetic diversity and inbreeding levels are consistent with that reported for sympatric black spruce (Picea mariana) [16], and Mediterranean Aleppo pine (Pinus halepensis) [18,19,26]. However, somewhat contrasting results were reported in Aleppo pine for the effects of forest fires on spatial genetic structure (SGS). No significant effect of wild forest fires was observed in Aleppo pine on SGS by Gershberg et al. [18]; however, Budde et al. [19] reported a stronger SGS in Aleppo pine populations from the high fire frequency region than from the low fire frequency region. Both black spruce and Aleppo pine are fire-adapted species and retain serotinous cones containing seeds for decades [15,58]. The cones open after fire and release the seeds, which provide a highly diverse gene pool for the next regenerating population. These species are considered as seeders [15,58] because they have both canopy and soil seedbanks, and such traits assist in maintaining population genetic diversity [59].



White spruce is not fire adapted [14] and does not have serotinous cones to have a long-term canopy seedbank, and its seeds do not remain viable in soil for long, which essentially equates to having no soil seedbank [60]. Then how does white spruce maintain genetic diversity after wild forest fires? The mating system, seed and pollen dispersal in white spruce, and the forest cover surrounding the burn area could buffer the negative effects of the population bottlenecks and fragmentation caused by wildfires on genetic diversity and inbreeding in the post-fire generation. White spruce is a predominantly outcrossing species (multilocus outcrossing rate ~94%) and most inbred ovules are aborted before the completion of seed formation, resulting in empty seeds [31]. An extensive and long-distance gene flow through pollen and seed dispersal occurs in white spruce. Although most of the seed dispersal occurs within 45–60 m, seeds could disperse for more than 400 m [60]. White spruce pollen could disperse up to 3000 m in a fragmented landscape [34]. The average minimum pollen dispersal distance in outcrossed matings was found to be 619 m [34]. Furthermore, occasionally, crown seeds may be available on unburnt or partially burnt trees [60]. White spruce is generally killed by fires of any intensity and its reestablishment typically occurs from seeds from trees surrounding the burn area and unburnt trees within the burnt area [60]. The burnt areas at both the Tibiska Lake and Sanctuary Lake study sites are surrounded by intact forest with high white spruce cover. This could have provided a highly diverse seed source for the post-fire regenerated populations. Thus, the availability of high white spruce forest cover surrounding the burn areas, long-distance seed and pollen dispersal, and selection against inbreds at a very early stage before seed formation may have maintained genetic diversity and inbreeding levels in the post-fire regenerated white spruce populations at the study sites. Furthermore, some white spruce trees may have survived post-fire and may have supplied seed onto the burned sites [61,62]. Our results are consistent with those reported for a fire-sensitive shrub Persoonia mollis ssp. Nectens, where wildfires did not affect genetic diversity in post-fire seedlings after successive fires [17].



Wild forest fires may reduce Ne by reducing the population size and increasing genetic drift and inbreeding. Although the contemporary Ne, as estimated using the linkage disequilibrium method [46], varied substantially among populations and between the two study sites, our study did not find significant differences between the PF-OG and PF-YR groups at both 0.05 and 0.01 allele frequency critical values. Also, there was no pattern in the Ne estimates. The Tibiska Lake PF-YR showed a lower Ne and the Sanctuary Lake PF-YR showed a higher Ne than their PF-OG counterparts. All of this suggests that wild forest fires did not reduce the Ne in the next generation. This may be the first report of the effects of wildfires on the Ne in forest tree species.



The genetic diversity levels observed in the white spruce populations studied were similar to that reported for white spruce populations from other parts of Saskatchewan (A = 10.6, AE = 6.5, HO = 0.490 and HE = 0.637) [33] and from Alberta (A = 11.23, AE = 6.77, HO = 0.532 and HE = 0.655) [32] based on the same 10 microsatellite markers. Also, genetic diversity for the genomic microsatellites was similar to that reported for white spruce from Alberta [30]. Our study suggests a deficiency of heterozygotes relative to the Hardy–Weinberg expectations in the white spruce populations studied. The F values observed in this study are very similar to those observed for white spruce populations from other parts of Saskatchewan (F = 0.210) [33] based on the same 10 microsatellite markers, and from Alberta based on genomic microsatellite markers (FIS = 0.226) [30], but somewhat higher than that observed in white spruce populations from Alberta based on the same 10 microsatellite loci (F = 0.175) [32]. Although white spruce has a predominantly outcrossing mating system [31], and selection against inbreds can occur at an early stage [34], heterozygote deficiency appears to be a common phenomenon in this species [30,32,33,63,64,65]. This may be caused by several factors such as inbreeding, and genetic drift. White spruce has significant self-fertilization (6.2%) and biparental inbreeding (3.2%) [31]. Furthermore, selection against heterozygotes at five allozyme loci was evident in white spruce from Alberta [65]. For the microsatellite loci, the heterozygote deficiency may also result from the presence of null alleles and the non-detection of heterozygotes for null alleles, as well as the non-detection of all heterozygous combinations of genotypes in a sample size of 30 for hypervariable microsatellites, resulting in the artificial inflation of homozygotes. However, we did not find any evidence for the presence of null alleles in the studied microsatellite loci. The heterozygote deficiency is estimated relative to the Hardy–Weinberg equilibrium (HWE) expectations. However, several HWE assumptions are violated in natural forest tree populations. Further studies are needed to examine the cause of the heterozygote deficiency in this species.




4.2. Genetic Differentiation and Genetic Structure


Forest fires can induce genetic differentiation and genetic structure between pre-fire and post-fire gene pools by reducing population size and creating forest fragmentation and isolation of populations, which can result in genetic drift and a curtailed gene flow. However, our results show that reoccurring wild forest fires have not yet significantly affected the genetic constitution and structure of white spruce populations studied and induced genetic differentiation. The results from the FST, AMOVA, genetic distance and STRUCTURE analyses were consistent and demonstrate no significant differences in genetic differentiation and structure between the post-fire old-growth and post-fire young populations of white spruce. The FST and Nei’s [49] genetic distances were similar between the two populations each of the PF-OG and PF-YR groups and between the PF-OG and PF-YR population groups (Table 4 and Table 5). The AMOVA showed no genetic differentiation between the PF-OG and PF-YR population groups. There was no separation of PF-OG from PF-YR populations from the STRUCTURE results, which showed four genetic groups admixed within and among four white spruce populations, as well as from the genetic distance-based UPGMA or Neighbor-joining (not shown) trees. The homogeneity in the genetic constitution may have been maintained by extensive and long-distance seed and pollen dispersal and the availability of the seed source from the surrounding high white spruce forest cover as discussed above. Although the highest pairwise FST and genetic distance were observed between the PF-OG and PF-YR in the Sanctuary Lake populations, the trend was opposite for the Tibiska Lake populations. Similarly, the allele frequency heterogeneity did not show a trend that would indicate substantial allele frequency differentiation between the PF-OG and PF-YR populations. The allele frequency heterogeneity may in part be caused by the occurrence of many rare alleles at microsatellite loci.




4.3. The Selection Effects of Fire


Wildfires can be major selective forces in forests, which can result in the evolution of adaptive traits in forest trees, such as cone serotiny. Genetic variation at 11 loci was found to be associated with cone serotiny in lodgepole pine, Pinus contorta Douglas [13]. Furthermore, fire-related signatures of selection were detected at three SNPs in Pinus halepensis [19]. Although six of the ten microsatellite loci were from functional genes, we did not find any of the loci showing signatures of selection. Microsatellites are assumed to be selectively neutral markers. Therefore, a large number of SNP markers in functional genes are needed to detect any signatures of selection in response to wildfires in white spruce.




4.4. Implications for White Spruce Genetic Resources Management and Adaptive Potential under Climate Change


We have shown that genetic diversity, population genetic structure, latent genetic potential and effective population size were not adversely impacted by wildfires in the white spruce populations studied. Therefore, wildfires of the magnitude studied do not appear to erode the genetic resources and adaptive potential of white spruce. Thus, the white spruce genetic resources could be conserved, and sustainably managed, and their adaptive potential could be maintained in natural boreal white spruce populations provided there is sufficient natural white spruce cover surrounding the burn areas. If prescribed fires mimic the wildfires in our study, they are unlikely to have negative impacts on genetic diversity of boreal white spruce. However, both the severity and occurrence of wildfires are expected to increase under the ongoing climate change in North America [21,22]. One of the effects of climate change is drought. These factors may impact the genetic resources and adaptive potential of white spruce under climate change by reducing post-fire genetic diversity and the Ne as a result of the reduced white spruce abundance through high tree mortality and limited post-fire recruitment. The post-fire establishment of white spruce depends upon seed availability, seedbed condition, fire intensity and soil characteristics, and forest fires typically create suitable seedbeds, such as bare mineral soil, for white spruce establishment [60,66]. However, the climate-change-induced increased severity and frequency of fires may make the soil and bed conditions unfavorable (such as insufficient mineral soil and moisture) for white spruce seed germination, which can adversely affect post-fire white spruce establishment. If this happens, white spruce population size may reduce and consequently its gene pool could be degraded. Although white spruce occurs in all succession stages of boreal forest, it is considered as a mid-to-late successional species that can germinate in relatively cool, mesic microsites under partial shade [60]. Its seeds may germinate under cool and perhaps moist conditions under other plant species. The extent to which this characteristic could buffer the effects of drought and population and seed source reduction under the changed climate conditions remains to be ascertained. Nevertheless, white spruce genetic resources should be sustainably managed and conserved to maintain their adaptive potential under changing climate conditions.





5. Limitations


While the present study used white spruce as the study species, the results should be broadly applicable to boreal conifers with similar life history traits. The study sites were located in the Prince Albert National Park. National parks in Canada protect natural phenomena, habitats, biodiversity and ecosystems, and forest commercial activities are not allowed. Thus, our results likely present the actual story of the effects of wildfires on genetic diversity and population structure in the natural system without any anthropogenic confounding effects. However, in the post-fire operational management, salvage logging is normally practiced, which can remove some of the seed source left on unburnt trees and crowns. This in turn can negatively affect post-fire white spruce recruitment, demography and genetic diversity.



Our study was based on the paired comparison at only two sites from the same geographical area; however, the burn size and age of the pre- and post-fire populations were not the same at the two sites. Thus, the sites were not truly replicated. It is not easy to find such study sites where adjacent forest tree populations of successive fire regimes of over 100 years apart exist in natural systems unaffected by anthropogenic activities. Fires are managed in the national parks. Indeed, the helicopter that we used for transportation to the study sites was deployed for monitoring and controlling wildfires. Additionally, it is almost impossible to find the exact replicate of fire severity and a burn area in the case of wildfires. Nevertheless, despite the differences in the burn size and population age, our results were consistent between the two study sites and additional paired comparisons both in the protected and commercially managed forest areas could help to confirm the results on a wider scale and perhaps improve their precision.




6. Conclusions


Our study demonstrates that genetic diversity, genetic differentiation and population genetic structure, inbreeding levels and effective population size are similar between post-fire old-growth and post-fire young populations of white spruce in the Prince Albert National Park of Canada. Therefore, subsequent wildfire regimes of over 100 years apart have not yet adversely affected genetic diversity, Ne, population structure and the adaptive potential of white spruce. However, the climate-change-induced increased severity and frequency of fires may have negative impacts on the genetic diversity, Ne and adaptive potential of white spruce; thus, white spruce genetic resources need to be carefully managed and conserved for future generations.
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Figure 1. The 1999 aerial photos showing post-fire old growth and post-fire young regeneration at the Sanctuary Lake site (left) and Tibiska Lake site (right). 
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Figure 2. Allele patterns across the white spruce populations. A, number of alleles per locus; A Frequency >= 5%, number of alleles per locus with frequency of ≥0.05 (5%); Ae, effective number of alleles per locus; No. Private Alleles, total number of private alleles (AP); No. LComm Alleles (<=50%) = number of locally common alleles (Freq. <= 5%) found in 50% or fewer populations. 
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Figure 3. The UPGMA dendrogram, based on genetic distances. The number on the nodes represents the percent bootstrap support from 1000 bootstraps. Details of the populations are provided in Table 1. 
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Figure 4. The summary bar plot of the estimated membership coefficient (Q) of the studied white spruce individuals from four populations from the STRUCTURE analysis for K = 2–8. Each individual is represented by a single vertical line while each color represents one cluster/genetic group. TL-PF-OG, Tibiska Lake post-fire natural old-growth; SL-PG-OG, Sanctuary Lake post-fire natural old-growth; TL-PF-YR, Tibiska Lake post-fire natural young regeneration; SL-PF-YR, Sanctuary Lake post-fire natural young regeneration. 
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Figure 5. (A). A summary scatterplot of DeltaK values for white spruce populations testing K = 2–8 clusters, calculated from the STRUCTURE results using the Evanno et al. [54] method. (B). Summary bar plot of estimated membership coefficient (Q) of the studied white spruce individuals from the four populations from the STRUCTURE analysis for K = 4. Each individual is represented by a single vertical line while each color represents one cluster/genetic group. TL-PF-OG, Tibiska Lake post-fire natural old-growth; SL-PG-OG, Sanctuary Lake post-fire natural old-growth; TL-PF-YR, Tibiska Lake post-fire natural young regeneration; SL-PF-YR, Sanctuary Lake post-fire natural young regeneration. 
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Table 1. White spruce populations studied and their geographical coordinates and age at sampling.
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	Site
	Population
	Population ID
	Longitude

W
	Latitude

N
	Age

Years





	Tibiska Lake (TL)
	Post-fire natural old growth (PF-OG)
	TL-PF-OG
	106°06′41″
	54°15′16″
	168



	
	Post-fire natural young regeneration (PF-YR)
	TL-PF-YR
	
	
	34



	Sanctuary

Lake (SL)
	Post-fire natural old growth (PF-OG)
	SL-PF-OG
	106°33′25″
	54°09′50″
	128



	
	Post-fire natural young regeneration (PF-YR)
	SL-PF-YR
	
	
	12
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Table 2. Microsatellite DNA loci used, and the number and size of alleles detected at each microsatellite DNA locus.
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Microsatellite Locus *

	
Repeat Unit

	
Total No. of Alleles

	
Allele Size Range (bp)






	
EST-based genic microsatellites *




	
RPGSE2

	
(CTG)3G(CTG)3G(CTG)3

	
5

	
170–185




	
RPGSE5

	
(GAA)6

	
2

	
242–245




	
RPGSE17

	
(TCG)6

	
3

	
154–160




	
RPGSE34

	
(GA)10

	
16

	
237–269




	
RPGSE35

	
(TA)26

	
8

	
151–171




	
RPGSE44

	
(TA)9

	
7

	
204–218




	

	
Mean no. of alleles per locus

	
6.83

	




	
Genomic microsatellites




	
SPAG003

	
(AG)n

	
15

	
118–146




	
PGL14

	
(AG)22

	
23

	
130–182




	
UAPgGT8

	
(GT)22

	
12

	
192–228




	
UAPgCA91

	
(CA)20

	
28

	
102–190




	

	
Mean no. of alleles per locus

	
19.50

	




	
Overall mean no. of alleles per locus

	
11.20

	








* RPGSE2, RPGSE5, RPGSE17, RPGSE34, RPGSE35 and RPGSE44 are EST-based genic microsatellites from Rajora and Mann [39], which were developed from white spruce gene coding sequences; SPAG003 is from Norway spruce, Picea abies (L.) H. Karst. (provided by Ivan Scotti); PGL14 is from Rajora et al. [40]; UAPgGT8 and UAPgCA91 are from Hodgetts et al. [41].
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Table 3. Genetic diversity parameters (mean (SE)), inbreeding coefficient, F (SE), and effective population size (Ne) (95% confidence interval) for the post-fire natural old-growth (PF-OG) and the post-fire young naturally-regenerated (PF-YR) populations of white spruce based on 10 microsatellite loci.
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	Population
	AT
	A
	AP
	AE
	HO
	HE
	F
	LGP
	GAO
	GAE
	Ne (0.05)
	Ne (0.01)





	Tibiska Lake
	
	
	
	
	
	
	
	
	
	
	
	



	PF-OG
	95.0
	9.50
	2
	6.32
	0.507
	0.656
	0.224
	3.18
	131.0
	622.0
	42
	66



	
	
	(2.17)
	
	(1.70)
	(0.094)
	(0.092)
	(0.103)
	(0.61)
	(2.87)
	(26.36)
	(29–68)
	(45–115)



	PF-YR
	90.0
	9.00
	3
	5.92
	0.495
	0.658
	0.307
	3.08
	132.0
	574.0
	33
	46



	
	
	(1.78)
	
	(1.39)
	(0.099)
	(0.092)
	(0.102)
	(1.05)
	(2.65)
	(20.33)
	(23–51)
	(32–71)



	Sanctuary Lake
	
	
	
	
	
	
	
	
	
	
	
	



	PF-OG
	91.0
	9.10
	2
	4.95
	0.473
	0.644
	0.271
	4.15
	114.0
	613.0
	74
	83



	
	
	(1.98)
	
	(1.09)
	(0.095)
	(0.089)
	(0.093)
	(0.53)
	(2.50)
	(16.92)
	(37–424)
	(51–197)



	PF-YR
	91.0
	9.10
	3
	5.34
	0.404
	0.635
	0.366
	3.76
	128.0
	589.0
	108
	193



	
	
	(1.85)
	
	(1.20)
	(0.082)
	(0.095)
	(0.093)
	(0.71)
	(2.55)
	(17.23)
	(46-infinite)
	(78-infinite)



	Mean stand types
	
	
	
	
	
	
	
	
	
	
	
	



	PF-OG
	93.00
	9.30
	2
	5.64
	0.490
	0.650
	0.247
	3.67
	122.5
	617.5
	58
	75



	PF-YR
	90.05
	9.05
	3
	5.63
	0.450
	0.647
	0.336
	3.42
	130.0
	581.5
	71
	120



	Overall mean
	91.75
	9.18
	2.5
	5.63
	0.470
	0.648
	0.292
	3.52
	126.25
	599.5
	64
	97







Note: Details of populations are provided in Table 1. AT, total number of alleles; A, mean number of alleles per locus; AE, effective number of alleles per locus; AP, number of private alleles; HO, mean observed heterozygosity; HE, mean expected heterozygosity; LGP, mean latent genetic potential [45]; GAO, genotype additivity observed; GAE, genotype additivity expected [10]. Values in parenthesis are standard errors. Ne (0.05), effective population size at the critical allele frequency of 0.05, Ne (0.01), effective population size at the critical allele frequency of 0.01.
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Table 4. Pairwise FST estimates (above diagonal) and genetic distances (below diagonal) among the four populations.






Table 4. Pairwise FST estimates (above diagonal) and genetic distances (below diagonal) among the four populations.












	
	TL-PF-OG
	SL-PF-OG
	TL-PF-YR
	SL-PF-YR





	TL-PF-OG
	
	0.022
	0.011
	0.021



	SL-PF-OG
	0.064
	
	0.028
	0.032



	TL-PF-YR
	0.015
	0.070
	
	0.024



	SL-PF-YR
	0.068
	0.115
	0.067
	







Note: Details of populations are provided in Table 1.
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Table 5. Group-wise mean (SE) F-statistics estimates from 10 microsatellites loci.






Table 5. Group-wise mean (SE) F-statistics estimates from 10 microsatellites loci.





	Population Groups
	No. of Populations
	FIS
	FIT
	FST





	All populations
	4
	0.290 (0.094)
	0.314 (0.091)
	0.035 (0.002)



	PF-OG
	2
	0.247 (0.095)
	0.262 (0.094)
	0.022 (0.004)



	PF-YR
	2
	0.336 (0.095)
	0.353 (0.093)
	0.024 (0.004)
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