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Abstract

:

Background and objectives—Podocarpus latifolius (synonym of P. milanjianus) is a key tree representative of Afromontane forests where it is highly threatened by climate and land-use changes. While large populations occur in East Africa, only a few isolated and usually small populations remain in western Central Africa (Cameroon to Angola). Studying the evolutionary history of such relictual populations can thus be relevant to understand their resilience under changing environments. Materials and Methods—we developed nine polymorphic nuclear microsatellites (nSSRs) to estimate genetic variability, (historical) gene flow, and demographic changes among natural populations from Central to East Africa. Results—despite the extended distribution range of P. latifolius, a strong isolation-by-distance pattern emerges at the intra-population scale, indicating low seed and pollen dispersal capacities. Central African populations display a lower genetic diversity (He = 0.34 to 0.61) and are more differentiated from each other (FST = 0.28) than are East African populations (He = 0.65 to 0.71; FST = 0.10), suggesting high genetic drift in the Central African populations. Spatial genetic structure reveals past connections between East and West Africa but also a gene flow barrier across the equator in western Central Africa. Demographic modelling anchors the history of current lineages in the Pleistocene and supports a strong demographic decline in most western populations during the last glacial period. By contrast, no signature of demographic change was detected in East African populations. Conclusions—in Cameroon, our results exclude a recent (re)colonization from one source population of all mountain ranges, but rather indicate long-term persistence of populations in each mountain with fluctuating sizes. A higher impact of genetic drift and further loss of diversity can be expected by survival through climatically unfavorable periods in such small refugial populations. Tracking the Quaternary legacy of podocarp populations is thus essential for their conservation since there is a temporal gap between environment crises and an ecological/genetic answer at the population level.
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1. Introduction


Among Afromontane forest trees, Podocarpus latifolius (Thunb.) R. Br. ex Mirb. (Podocarpaceae; synonym of P. milanjianus Rendle) is a gymnosperm characterized by an extended geographic range from Cameroon to Angola in western Central Africa and from Rwanda to Kenya south to the Cape Region in East and Southern Africa. However, Afromontane forests are patchily distributed, bounded at higher elevation by Afroalpine grasslands and an ericaceous belt, and at lower elevation by sub-montane forests and savannas, which form the transition with lowland rain and seasonal forests [1]. Besides being regarded as hotspots of biodiversity acting simultaneously as cradles and museums of tropical African plant biodiversity [2,3,4], Afromontane forests also constitute sentinel ecosystems, responding rapidly to environmental changes affecting our biosphere [5,6]. While P. latifolius populations can be locally extensive in East Africa, most are extremely reduced in western Central Africa, often appearing as relictual populations in mountains [7]. In Cameroon, P. latifolius populations are highly fragmented, growing exclusively between 850 and 2900 m a.s.l. along the Cameroon Volcanic Line in populations rarely exceeding several tens of trees, except in Mount Oku where there is still a unique large stand. These populations appear highly threatened by climate and land-use changes in one of the most populated regions of Cameroon. However, fossil pollen records indicate that podocarps have been abundant in western Central Africa during various periods of the Quaternary, until the end of the African Humid Holocene [8,9,10]. In this context, studying their evolutionary history can be relevant to understanding their resilience under changing environments and to improving conservation policy.



Pollen records from African highlands suggest different regional responses of montane forest ecosystems to glacial-interglacial alternation. In Eastern Africa, the altitudinal shift of vegetation belts is well recognized in response to Quaternary climate oscillations [11], except in the Eastern Arc region where relative stability of forest composition has been observed during the past 48 kyrs [12]. However, any extrapolation from East to Central Africa remains very difficult and even inaccurate [13] because of distinct climatic and environmental conditions, and the existence of two distinct podocarps genera (Podocarpus and Afrocarpus) and several species with the same palynological signature in eastern Africa but distinct ecological requirements. In southwestern Central Africa, a wide expansion of podocarps in the lowlands has been documented during the last glacial period in Angola, the Republic of the Congo, and Gabon, but not north of the equator in Cameroon [8]. There, a 90 kyrs continental paleoecological record (Lake Bambili, in Cameroon) shows that the podocarp mountain forests present today on the Cameroon volcanic line are not glacial relicts but persisted at varying extents at the same altitude level throughout this period [10]. After a mid-Holocene optimum for podocarp forests, their current fragmented distribution is thought to result from the last environmental crisis at the end of the Holocene Humid Period 3.3 kyrs ago [9,14,15].



The phylogeographic structure detected in P. latifolius, using plastomes, nuclear ribosomal and mitochondrial DNA regions, suggests that most of the current populations in Africa diverged from each other c. 200 to 300 kyrs ago after a large-scale range expansion [16]. Hence, despite the ancient history of podocarps in Africa revealed by paleobotanical records, the extensive distribution of current P. latifolius lineages is shown to result from more recent history, mostly during the mid-late Pleistocene. Phylogenomic data also revealed the imprints left by past gene flow barriers between East Africa and western Central Africa, and to a lesser extent on both sides of the equator between Cameroon and the Republic of the Congo/Angola in the west. However, at this genomic scale, it is still difficult to determine when and how the current isolation of populations in each mountain range occurred. Furthermore, to what extent fragmented populations are connected through gene flow is also unknown. Podocarpus latifolius seeds are fleshy and dispersed by birds [17,18], which can lead to short or long-distance dispersal, depending on bird behavior [19]. Although Podocarpus pollen grains bear characteristic air-bladders, pollen deposits on the ground decline very rapidly as one moves away from adult trees, indicating a short-distance dispersal [20,21]. However, long-distance dispersal for a small fraction of pollen grains taken in strong wind is also likely, leading to a fat-tailed dispersal pattern and explaining the abundance of podocarp pollen in oceanic sediments [8]. Whether such long-distance dispersal contributes to gene flow between fragmented populations remains unknown, the answer depending also on flowering synchronicity.



We aim to assess the imprints left by past climate changes on the persistence of Afromontane populations of P. latifolius throughout western Central and East Africa, and the current population connectivity, to better evaluate the species’ vulnerability to environmental changes. To this end, we developed new nuclear microsatellite markers (nSSRs) to investigate phylogeographic patterns and recent gene flow at different spatial scales. Indeed, nSSRs proved useful to estimate the scale of gene dispersal (e.g., [22]) as well as to detect past events of population fragmentation, colonization, and/or demographic changes, and date those events using coalescent simulations [23,24,25]. We genotyped a total of 270 P. latifolius individuals mainly from eight western Central African populations and four East African populations to address the following questions: (1) Is genetic diversity correlated with the current population size, which differs between East and western Central Africa? (2) Does a fine-scale genetic structure occur within populations, indicating limited seed and pollen dispersal? (3) Are scattered populations of the Cameroon Volcanic Line connected through gene flow? (4) Does genetic differentiation among western Central African and East African populations reveal past migration routes? (5) Is there a signature of drastic demographic decline at the end of the Holocene, or an earlier period? If so, does it vary among regions?




2. Materials and Methods


2.1. Nuclear Microsatellites Development


To identify and select nuclear microsatellite markers (nSSR) specific to P. latifolius, we used non-enriched genomic libraries of two P. latifolius samples from Cameroon (POD03-MV02 sample) and Equatorial Guinea (POD04-CM186) that were previously sequenced on an NextSeq platform (Illumina, San Diego, CA, USA), paired-end 2 × 150 bp, with 1,483,618 R1-R2 reads and 1,565,092 R1-R2 reads, respectively [16]. Each genomic library was pair-assembled with PANDAseq [26], to use the software QDD with default settings [27] and launch SSR detection, elimination of similar sequences, and primer design steps. We detected 37,564 SSR primer combinations, before filtering them with these main criteria: (i) eliminating duplicate primers for the same microsatellite locus, (ii) having primers located at least 20 bp from the pure SSR motif, (iii) reaching at least eight di- or trinucleotide repeats, (iv) providing PCR products 130–300 bp long, and (v) avoiding the formation of self-dimers (tested using Multiple Primer Analyzer, Thermo Fisher Scientific, https://www.thermofisher.com, accessed on 25 January 2022). To facilitate multiplexing in the next steps, we selected 48 loci showing a good distribution of PCR product sizes for amplification tests. We labeled them with the fluorochromes FAM, NED, VIC, or PET by adding one of the four possible linkers Q1–Q4 [28] to the 5′ end of the forward primer. Amplification tests were performed on two individuals of P. latifolius (JM0903 from Cameroon and JM1043 from Kenya) in 13-μL PCR reactions with the following conditions: 0.08 μL of TopTaq DNA Polymerase (5 U/μL; QIAGEN, Venlo, The Netherlands), 1.5 μL of buffer (10×), 0.6 μL of MgCl2 (25 mM), 0.45 μL of dNTPs (10 mM each), 0.3 μL of each primer (0.2 μM), 1 μL of template DNA (of c. 10–50 ng/μL), and 8.77 μL of water. PCR conditions were: 94 °C (4 min); 30 cycles of 94 °C (30 s), 55 °C (45 s), and 72 °C (1 min); and a final extension at 72 °C (10 min). All the nSSR loci were amplified after testing them on QIAxcel Advanced System (QIAGEN, Germantown, MD, USA), so four samples were then tested adding fluorescent primers (JM0903 Cameroon, JM1043 Kenya, JM0871 Angola, OH3600 South Africa) on ABI3730 sequencer (Applied Biosystems, Lennik, The Netherlands) to check amplicon sizes (PCR conditions below). Several combinations of primers were tested to select finally nine nSSR loci, minimizing the number of PCR reactions with the higher number of nSSR regions examined, and exhibiting interpretable electropherograms showing allelic polymorphism. These loci were amplified in two multiplexed reactions (Supplementary Materials, Table S1), optimized using Multiplex Manager 1.0 [29].




2.2. Population Sampling and Nuclear Microsatellites Genotyping


Leaf or cambium samples of P. latifolius were collected in the main Afromontane blocks of the western Central African region (four sites in Cameroon CM, three sites in the Republic of the Congo CG, and one site in Angola AO), and in four East African sites (three sites in Kenya KE, one site in Rwanda RW), sampling 8 to 37 samples per population (Figure 1, Table S2). Whenever possible, GPS coordinates were taken for each sample.



We genotyped 270 samples with the nine newly developed nSSR markers. Total genomic DNA was extracted from 15–25 mg of dried leaves or cambial tissue, using the Nucleospin 96 Plant II kit (Macherey-Nagel, Duren, Germany) following the manufacturer’s instructions. PCR reactions were performed using the nine multiplexed nSSR loci in 15-μL total volumes: 0.15 μL of the reverse and 0.1 μL of the forward (0.2 μM for both) microsatellite primers, 0.15 μL of Q1–Q4 labeled primers (0.2 μM each), 7.5 μL of Type-it Microsatellite PCR Kit (QIAGEN), 3.6 μL of H2O, and 1.5 μL of DNA extract. PCR conditions were: 3-min initial denaturation at 94 °C; followed by 25 cycles of 94 °C for 30 s, 55 °C for 45 s, and 72 °C for 1 min; 10 cycles of 94 °C for 30 s, 53 °C for 45 s, and 72 °C for 1 min; and a final elongation step at 72 °C for 30 min. All individuals were genotyped on an ABI3730 sequencer at the Evolutionary Biology and Ecology Unit, Université Libre de Bruxelles (Belgium) using 0.8 μL of each PCR product, 12 μL of Hi-Di formamide (Life Technologies, Carlsbad, CA, USA), and 0.3 μL of Map-Marker 500 labeled with DY-632 (Eurogentec, Seraing, Belgium).



The data generated for each specimen were scored using the microsatellite plugin 1.4.6 in Geneious 9.1.6 [30]. Failed amplification at a locus was scored as missing data in each specimen data file.




2.3. Genetic Diversity and Fine-Scale Genetic Structure within Populations


For each population (n = 247 individuals), the following multilocus genetic diversity parameters were computed: the number of alleles (NA), allelic richness (AR), expected heterozygosity (He), observed heterozygosity (Ho), and individual inbreeding coefficient (Fi). Differentiation between pairs of populations was computed using FST and the phylogeographic signal was checked by computing RST, which takes allele sizes into account and is expected to be larger than FST if mutations (under the stepwise mutation model) have contributed to the differentiation [31]. Allele size permutation tests allowed to assess if RST was significantly larger than FST. All computations were performed with SPAGeDi 1.5 [32].



We followed the approach of [22] to characterize the spatial genetic structure within each population represented by at least 30 individuals (Oku in CM, Maba Moubou and Kouyi in CG, Kereita and Taita Hills, combining KEnga et KEmsi, in KE; 6 out of 12). To this end, we computed pairwise kinship coefficients (Fij) for all pairs of individuals from the same population (using J. Nason’s estimator in software SPAGeDi [32]) and regressed them on the logarithm of the spatial distance, giving the slope b. Fij values were averaged over a set of spatial distance intervals to show how kinship decays with distance, and the strength of the spatial genetic structure was quantified by the statistic Sp = −b/(1 − F(1)), where F(1) is the average kinship coefficient between nearby individuals (here between 10 and 100 m).




2.4. Genetic Structure


To characterize the genetic relationships between populations, a discriminant analysis of principal components (DAPC) was done using 229 samples of P. latifolius from the 12 mains populations distributed in western Central and East Africa (balancing the sampling effort between populations). The DAPC multivariate method relies on data transformation using principal component analysis as a prior step to discriminant analysis, to explore genetic structure without any explicit evolutionary models and underlying assumptions (R3.6.0: adegenet package; R Development Core Team; [33]).



In addition, Bayesian clustering analyses were performed with Structure 2.3.4 [34]. Using the admixture and independent allele frequencies models, K = 1 to 20 genetic clusters were tested with a burn-in period of 100,000 generations for a total of 1,000,000 generations, and 10 runs at each K. In order to select the optimal number of K we used StructureHarvester [35] to plot the following statistics against K: log-likelihood of the data Ln(P), deltaK [36], measuring the increment in the probability of the data at each K, and the geographic congruence of the genetic clusters. To better depict the structure occurring in western Central Africa, we ran again the analyses using only the samples from this area (n = 189 including herbarium specimens; Table S2).




2.5. Demographic Inference


The demographic history of P. latifolius was investigated with DIYABC 2.1.0 beta [37,38] with a focus on populations from Cameroon to assess their divergence time and populations dynamics, as well as their relationship to East African populations. Nuclear SSR datasets were simulated under different demographic scenarios (coalescent simulations) and compared to the real dataset using summary population genetics statistics (approximate Bayesian computation, ABC) in order to estimate the most likely scenario. We investigated both when the actual sampled populations diverged and their demographic history. A two-step simulation process was tested. First, we included only Cameroonian populations (CMebo in Ebo Mt, CMkup in Kupé Mt, CMngo in Ngoro Mt, CMoku in Oku Mt) to evaluate the timescale of fragmentation events (scenario 1; from the last Holocene environmental crisis to the Glacial Maximum, or scenario 2; before 250 kyrs). We considered only a simultaneous split of Cameroonian populations since the similarity in pairwise FST (range 0.20–0.28) does not suggest a hierarchical order of population splits. Second, we added one population from the Republic of the Congo (CGmab) and one from Kenya (KEker) to assess their relationship with Cameroonian populations and to estimate the global temporal scale of diversification of these representative populations. Here we compared two alternative models, where the population from Kenya separates first, followed by the population from the Republic of the Congo, or in the reverse order, while Cameroonian populations split last and simultaneously.



The prior microsatellite mutation rate per generation across loci followed a log-uniform distribution (from 10−5 to 10−4), after preliminary tests having excluded values higher than 10−4. One million genetic datasets were simulated per scenario. The posterior probabilities of each scenario and the respective demographic parameters were estimated using local logistic regression [37]. Confidence for a scenario was the number of “pseudo-observed” datasets drawn from this scenario and correctly assigned to it. Confidence in parameter estimates was calculated as mean bias (difference between the estimated and the “true value” divided by the “true value”) and factor 2 (proportion of estimated values falling 50–200% of the “true value”). Time parameters were estimated in generations and their conversion into years depends on the actual generation time of P. latifolius, which is difficult to assess. In South African forests, tree ring counts gave a median age close to 100 years for trees with a diameter at breast height (dbh) ranging from 5 to 100 cm and a median dbh of 23 cm [17]. Similar dbh distributions were encountered in the sampled Kenyan populations (results not shown) but in Cameroon and the Republic of Congo, the median dbh was close to 12 cm and trees rarely exceeded a dbh of 40 cm (results not shown) despite the absence of evidence of logging. Therefore, as we focus on western Central African populations, we assumed a generation time of 50 years.





3. Results


3.1. Genetic Diversity and Fine-Scale Genetic Structure within Populations


The nine nuclear microsatellite markers genotyped for 247 samples of P. latifolius exhibited 4–18 alleles per locus (average number of alleles per locus = 12, total number of alleles = 112). East African populations (Kenya and Rwanda) had a higher allelic richness and expected heterozygosity (AR for a resampling of 6 allele copies between 3.21 and 3.55 and He between 0.65 and 0.71) than populations from western Central Africa (AR between 1.87 and 3.02 and He between 0.34 and 0.61) where the largest population of Mt Oku (CMoku) hosted the highest genetic diversity (Table 1).



A signal of isolation by distance was detected within the six populations represented by at least 30 samples (the nearby Kenyan populations KEnga and KEmsi were grouped for this purpose), except in Oku population in Cameroon (Figure 2). For the other populations, the spatial genetic structure intensity (Sp), based on the significant decay of pairwise kinship coefficients with the logarithm of spatial distance, ranged from 0.01 ** (KEker) to 0.02 *** (KEtai) in the East and from 0.01 *** (CGkou) to 0.03 *** (CGmab) in the west (** p < 0.01; *** p < 0.001).




3.2. Genetic Structure


Pairwise FST indices ranged from 0.08 to 0.14 between East African populations, 0.08 to 0.19 between Congolese populations, and 0.19 to 0.28 between Cameroonian populations (Table 2). The highest FST values were detected between Cameroonian and Congolese or Angolan populations (0.25–0.45). RST values followed the same trends, and allele permutation tests showed that they were not significantly higher than FST values (Table 2), indicating that allele size does not bring additional information and that genetic differentiation was mostly driven by genetic drift rather than stepwise mutations. Pairwise population genetic differentiation remained low even at high spatial distances (c. 1000 km) in East Africa, contrary to what we observed in western Central Africa where even populations separated by less than 50 km showed FST values approaching 0.2 (Figure 3).



The ordination of populations along the first two axes of the DAPC clearly shows two gradients of genetic differentiation (Figure 4). Axis 1 shows that populations from the Republic of the Congo (CG) are more genetically similar to samples from Angola (AO), but also to Rwandan (RW) and East African populations. Populations from Cameroon (CM) and Kenya (KE) are separated along axis 2. Axis 3 further separates the Cameroonian populations from each other (Figure S1). Thus, if populations from western Central Africa originate from East Africa, they seem to have taken two independent colonization pathways, and current or past gene flow between Cameroonian populations and those from the Republic of the Congo or Angola seems unlikely or was very limited.



According to genetic clustering analyses using Structure, when increasing K from two to six on western Central African samples, one major gene flow barrier separated Cameroonian from Congolese and Angolan populations (K = 2), then populations corresponding to different mountain ranges in Cameroon were progressively separated (from K = 3 to K = 4, and K = 6) while Angolan and Congolese samples segregated in distinct clusters at K = 5 (Figure S2).




3.3. Demographic Inference


Preliminary analyses with DIYABC using only the four Cameroonian populations indicated a population decline but rejected scenario 1 of a demographic change related to the last Holocene environmental crisis in favor of a more ancient bottleneck event (Table S3). These prior analyses allowed us to adjust the final DIYABC simulation parameters for modeling the population history, now also including the Congolese and Kenyan populations (Table 3, Figure 5). We assumed that the four Cameroonian populations underwent a demographic change synchronously (regional effect) while demographic changes in the Congolese and Kenyan populations were allowed at other times (Figure 5).



The scenario where the Kenyan population diverged first from all other populations received more support than the scenario assuming that the Congolese population diverged first (posterior probabilities of 0.64 vs. 0.36 for comparison of scenarios with logistic approach). The inferred current effective sizes of populations follow a logical pattern in comparison to field observations with larger sizes in East Africa, and in Oku at the Cameroonian level (mode of Ne estimates of 46,600 for KEker, and between 476 for CMngo and 4130 for CMoku; Table 3). However, in Cameroon, these estimates remain large compared to the size of most populations where usually < 100 adult trees were observed. A drastic population decline is inferred mainly for CGmab, CMkup, CMngo, and CMebo (20-to-80-fold reduction of Ne; Table 3). Despite large 95% posterior distribution intervals for temporal estimations, population differentiation is anchored in the Pleistocene, during the last million years, with Cameroonian populations diverging from each other around 250 kyrs (between 75–680 kyrs) and undergoing a demographic decline around 32 kyrs (between 8.8–67 kyrs), as detailed in Table 3.





4. Discussion


4.1. Wide Distribution despite Currently Limited Dispersal Capacities


The extensive sub-continental distribution range of P. latifolius in Central, East, and Southern Africa suggests a high dispersal capacity in this conifer tree species, especially since it underwent a rapid demographic and range expansion during the last 200–300 kyrs according to plastome phylogeography [16]. Yet, the rapid decay of kinship coefficients with geographic distance implies spatially restricted gene flow, both for pollen and seed dispersal (Figure 2). This pattern of isolation-by-distance at a scale of only a few kilometers is observed for all populations in both East and Central Africa, except in the population CMoku. These results are consistent with modern pollen deposits of podocarps which decay rapidly with the distance to source plants/forests [21,39,40] and suggest that long-distance pollen dispersal does not contribute to connecting significantly the remaining populations. However, they imply also that seed dispersal must be very limited, at odds with the inferred historical rapid range expansion. This paradox might be explained if seed dispersal was much more extensive when P. latifolius was a lot more abundant because the species fruits could then represent a key resource for dispersers [41]. This hypothesis could be related to the asynchronous and variable fruiting of podocarps observed in different forest fragments in South Africa, where the smallest forest patches showed lower fruit production [18], possibly limiting their attractiveness for seed dispersers.



The absence of homogenizing effect of pollen flow probably explains the genetic individualization of each mountain range (Figure S2). While tree species with a relatively continuous distribution throughout lowland African rain forests typically show FST values lower than 0.1 between populations separated by less than 500 km (e.g., [24,42,43,44]), P. latifolius populations from western Central Africa generally showed FST values higher than 0.2 even when separated by less than 200 km (Figure 3), probably reflecting the disjunct distribution area of the species. The same level of genetic differentiation was observed in other Afromontane trees, such as Hagenia abyssinica (FST = 0.32 in Kenya; [45]) and Prunus africana (FST = 0.27 and RST = 0.70; [46]). Contrary to the last two species, P. latifolius populations did not show shifts in microsatellite allele sizes (RST not significantly higher than FST), even between Central and East Africa, indicating relatively recent divergence compared to the reciprocal of the mutation rate (µ). Indeed, theory predicts that RST > FST if the number of generations since divergence ≥1/µ [31], requiring at least c. 40,000 generations according to the posterior estimate of µ following the ABC modeling (µ = 2.56 × 10−5; Table 3), that is nearly two million years assuming a generation time of 50 years. Genetic drift is thus the main driver of population differentiation at the nine nSSR used in our study. Genetic drift appears much higher in western Central Africa than in East Africa. Accordingly, in East Africa, genetic diversity within the population is much higher and FST remains relatively low even at large distances, compared to populations from western Central Africa (FST ≤ 0.14; Figure 3; Table 1). The large East African populations are thus more genetically diverse than the small populations from western Central Africa.



Moderate or even low levels of gene flow between fragmented populations could significantly alleviate the loss of genetic diversity by preventing the effects of genetic drift [47]. However, considering the interactions between population size, degree of isolation, matrix characteristics, and how rapid global changes challenge connectivity, podocarp populations in western Central Africa could be pushed to the limits of their persistence, thus threatening the long-term survival of the species in this region.




4.2. Recent and Strong Bottleneck in the West despite Past Connections throughout Africa


The phylogeographic pattern revealed by genomic data [16], indicating a westward range expansion of P. latifolius is completed by the present nSSR markers: DAPC analysis suggests that western Central Africa was colonized from East Africa following two independent pathways, a northern one leading to Cameroon, and a southern one leading to the Republic of Congo through Angola and possibly Rwanda (Figure 4 and Figure S1). This pattern provides further evidence for historical migration routes connecting East and western Central Africa, as previously shown by phylogenomic data on P. latifolius, but also by data on Prunus africana [48], Delphinium taxa [49], and Afroalpine Festuca grasses [50]. In our case, including Angolan and Congolese populations supported genetic isolation between northern and southern populations of western Central Africa that could be related to different historical dynamics. Indeed, climate changes impacted differently Podocarpus on both sides of the equator in western Central Africa. In the north, pollen percentages fell to low levels after 74 kyrs, supporting their possible disappearance from the Guinean mountains, while southern marine paleorecords in the Atlantic indicated that Podocarpus was fairly abundant during the last glacial cycle [8].



Demographic inference supports differentiation of current populations of P. latifolius during the last million years when glacial/interglacial oscillations intensified [51]. A strong bottleneck is detected in the last 100 kyrs in western Central Africa, contrary to East Africa where populations seem to have remained more stable (Figure 5 and Table 3). The mid- and late Pleistocene seem to have been crucial for the evolution of current Afromontane species, as evidenced by Festuca abyssinica, which colonized the Cameroon volcanic line as a result of two independent long-distance dispersal events (Albertine Rift and Mt. Cameroon 860 kyrs ago, Kilimanjaro to Bioko 520 kyrs ago; [50]). A key role of Pleistocene climatic cycles has also been shown on the sequential divergence of chameleons per mountain range in Kenya from 590 to 930 kyrs with expansion for the largest isolate 182 kyrs ago [52], vicariant speciation of eastern Afromontane flightless orthopterans between 500 and 900 kyrs [53], diversification of endemic rodents from the Albertine Rift region starting from 910 kyrs [54,55], avian diversification across Africa [56], and on the recent expansion of drosophilid populations starting 130 kyrs ago [57].



The past dynamics of Cameroonian podocarps reconstructed here excludes successive migration waves of (re)colonization of all the Cameroon Volcanic Line. There were probably no large amplitude altitudinal shifts with reconnection of the mountain range as each mountain range is genetically well structured. New pollen data from Cameroon [58] suggest that, instead of migration waves of Podocarpus, changes in populations size or density occurred in response to climate change. The genetic pattern observed today results from a more ancient fragmentation event than the last Holocene environmental crisis and highlights the absence of recent reconnection between mountains. The population decay recorded in western Central Africa c. 3 kyrs ago by fossil pollen data, leading to the small, scattered distribution of the species we see today, apparently did not leave detectable genetic signatures, like a signature of very recent population decline. The likely reason is that the number of generations elapsed (probably <100) is not yet sufficient, at least in regard to the previous signatures of the bottleneck. It may also explain why estimates of current effective sizes (Ne) are larger than the census size of small populations (N < 100) if these estimated Ne largely reflects those occurring before the population reduction 3 kyrs ago.





5. Conclusions


The unprecedented rates of climate change, in addition to land-use changes that impede gene flow, can be expected to disrupt the interplay of adaptation and migration, likely threatening the persistence of many species [59]. Assessing extinction risks and evolutionary potential of Afromontane ecosystems, already highly disconnected, is a challenging task [60]. In this context, investigating intraspecific genetic structure and diversity has direct implications for assessing resilience in the face of environmental change. Especially, as each mountain range, even small isolates (CMngo for example) harbor genetically and evolutionarily distinctive populations of P. latifolius, as documented here, it is important to argue for the conservation of these smaller isolated and often peripheral areas [61]. However, once a detailed view of the evolutionary history and genetic resources has been established, the evolutionary timescale is rarely considered in conservation biology and ecology, despite crucial implications.



As evidenced from Cameroonian pollen records [10,58], species’ response to the post-glacial climate amelioration must be considered in terms of millennia, during which local environmental conditions and competition between species play a key role in determining the resilience of podocarps after an environmental crisis. According to our genetic data, the genetic response of populations also has to be considered at a longer timescale than the short-term timescale used in conservation. Indeed, we detected genetic inertia, since the estimated effective population sizes from genetic data are higher than what we encountered in the field. The negative effects of recent population reduction and habitat fragmentation on genetic diversity may not be observed in the current mature individuals but might be reflected in their future generations [62]. Understanding the forest dynamics implies thus integrating environmental and biotic changes that occurred at the millennial-scale, which is clearly distinct from the timescale currently considered by policymakers.



Finally, our study focused on western Central Africa, but further work should be conducted in eastern and southern Africa where P. latifolius is more common, probably underwent a very distinct demographic history, and perhaps exposed to different threats.
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Figure 1. Populations of Podocarpus latifolius sampled for genetic analyses in Angola (AO), Cameroon (CM), Republic of the Congo (CG), Kenya (KE), and Rwanda (RW). Symbols and colors correspond to the DAPC analyses. Black dots refer to the distribution range of P. latifolius (data extracted from GBIF, field missions, herbarium specimens (BRLU, BR, P), the Conifers of the world database, see [16]). Colors on the map refer to elevation, using the software QGIS (QGIS.org, 2021. QGIS Geographic Information System. QGIS Association (http://www.qgis.org, accessed on 25 January 2022). 
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Figure 2. Fine-scale spatial genetic structure within populations of P. latifolius in Cameroon (CM), Republic of the Congo (CG), and Kenya (KE) assessed by kinship-distance decay for populations with more than 30 individuals sampled (Oku in CM, Maba Moubou and Kouyi in CG, Kereita and Taita Hills, combining KEnga and KEmsi, in KE). 
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Figure 3. Pairwise genetic differentiation (FST) in relation to spatial distances. We distinguish population pairs of P. latifolius sampled between western Central Africa and East Africa, within East Africa, and within western Central Africa. 
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Figure 4. Discriminant Analysis of Principal Components (DAPC) including 229 samples of P. latifolius from western Central Africa and East Africa using nine nuclear SSR markers. X and Y axes of the DAPC scatterplots describe the first and second discriminant functions. Barplots of discriminant analysis eigenvalues (top left) display the proportion of genetic information comprised in each consecutive discriminant function. Populations sampled are distinguished by symbols and colors with 95% inertia ellipses and mapped within the distribution range of P. latifolius (Figure 1). 
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Figure 5. Most likely scenario retained for inferring the demographic history of populations of P. latifolius in Kenya (KE), the Republic of the Congo (CG), and Cameroon (CM). Prior and posterior of each parameter (effective sizes N1–N6, Na1–Na6, Nb, Nc, Nd, and time intervals ta, ta1, ta6, tb, tc, td) are detailed in Table 3. 
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Table 1. Genetic diversity parameters of the 12 P. latifolius populations studied using nine nuclear SSR loci.
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	Population
	n
	Missing Genotypes
	NA
	AR
	Ho
	He
	Fi
	Pval





	AOtun
	9
	1.4 (16.0%)
	3.56
	2.72
	0.210
	0.560
	0.650
	0



	CGkou
	28
	1.8 (6.3%)
	4.33
	2.69
	0.417
	0.582
	0.288
	0



	CGmab
	33
	2.6 (7.7%)
	3.22
	2.25
	0.302
	0.483
	0.381
	0



	CGmou
	8
	0.6 (6.9%)
	2.22
	1.87
	0.306
	0.336
	0.097
	0.396



	CMebo
	23
	0.7 (2.9%)
	4.11
	2.71
	0.560
	0.613
	0.089
	0.047



	CMkup
	12
	0.9 (7.4%)
	3.22
	2.55
	0.546
	0.570
	0.047
	0.543



	CMngo
	16
	0.2 (1.4%)
	2.67
	2.12
	0.480
	0.458
	−0.050
	0.473



	CMoku
	37
	0.6 (1.5%)
	5.89
	3.02
	0.516
	0.606
	0.150
	0



	KEker
	32
	0.6 (1.7%)
	8.33
	3.55
	0.454
	0.705
	0.359
	0



	KEmsi
	16
	1.7 (10.4%)
	5.22
	3.21
	0.445
	0.690
	0.365
	0



	KEnga
	22
	1.3 (6.1%)
	7.00
	3.49
	0.415
	0.707
	0.420
	0



	RWbig
	11
	1.1 (10.1%)
	5.44
	3.33
	0.439
	0.651
	0.339
	0



	All populations
	247
	13.3 (5.4%)
	12.56
	3.80
	0.443
	0.768
	0.423
	0







n: sample size. NA: number of alleles. AR: allelic richness. Expected number of alleles among 6 gene copies. Ho: observed heterozygosity. He: expected heterozygosity. Fi: individual inbreeding coefficient. Pval: tests if Fi = 0 after 999 randomization of gene copies among individuals.
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Table 2. Genetic differentiation between 12 P. latifolius populations at nine nuclear SSR loci: FST (below diagonal) and RST (above diagonal).
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Populations

	
AOtun

	
CGkou

	
CGmab

	
CGmou

	
CMebo

	
CMkup

	
CMngo

	
CMoku

	
KEker

	
KEmsi

	
KEnga

	
RWbig






	
AOtun

	

	
0.18

	
0.15

	
0.17

	
0.33

	
0.26

	
0.39

	
0.29

	
0.15

	
0.16

	
0.21

	
0.07




	
CGkou

	
0.16

	

	
0.03

	
0.14

	
0.47

	
0.37

	
0.42

	
0.32

	
0.21

	
0.32

	
0.32

	
0.32




	
CGmab

	
0.25

	
0.16

	

	
0.05

	
0.43

	
0.38

	
0.43

	
0.32

	
0.16

	
0.31

	
0.30

	
0.28




	
CGmou

	
0.33

	
0.19

	
0.08

	

	
0.41

	
0.40

	
0.48

	
0.27

	
0.14

	
0.31

	
0.29

	
0.32




	
CMebo

	
0.25

	
0.25

	
0.30

	
0.35

	

	
0.23

	
0.28

	
0.19

	
0.19

	
0.21

	
0.27

	
0.29




	
CMkup

	
0.34

	
0.34

	
0.37

	
0.44

	
0.21

	

	
0.19

	
0.23

	
0.21

	
0.19

	
0.29

	
0.15




	
CMngo

	
0.37

	
0.33

	
0.33

	
0.45

	
0.25

	
0.28

	

	
0.22

	
0.26

	
0.26

	
0.27

	
0.25




	
CMoku

	
0.24

	
0.25

	
0.30

	
0.36

	
0.19

	
0.23

	
0.24

	

	
0.10

	
0.15

	
0.18

	
0.28




	
KEker

	
0.16

	
0.23

	
0.30

	
0.33

	
0.20

	
0.22

	
0.29

	
0.17

	

	
0.05

	
0.10

	
0.14




	
KEmsi

	
0.21

	
0.27

	
0.31

	
0.34

	
0.18

	
0.18

	
0.26

	
0.15

	
0.10

	

	
0.00

	
0.11




	
KEnga

	
0.19

	
0.24

	
0.33

	
0.36

	
0.20

	
0.23

	
0.30

	
0.12

	
0.08

	
0.08

	

	
0.16




	
RWbig

	
0.09

	
0.23

	
0.26

	
0.33

	
0.21

	
0.26

	
0.33

	
0.23

	
0.09

	
0.14

	
0.11

	




	
Average:

	
FST = 0.24

	

	

	

	

	

	

	

	

	
RST = 0.25
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Table 3. Results of ABC demographic inference for P. latifolius: prior and posterior distributions of the demographic and historical parameters (graphical representation in Figure 4). Times in year BP and effective sizes in a number of individuals.
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Parameter

	
Prior Distribution

	
Mean

	
Mode

	
q025

	
q975






	
N1

	
Effective population size KEker at t0

	
Uniform (10–50,000)

	
37,700

	
46,600

	
16,200

	
49,600




	
N2

	
Effective population size CGmab at t0

	
Uniform (10–20,000)

	
2440

	
960

	
325

	
11,900




	
N3

	
Effective population size CMkup at t0

	
Uniform (10–2000)

	
1010

	
793

	
257

	
1900




	
N4

	
Effective population size CMngo at t0

	
Uniform (10–2000)

	
737

	
476

	
150

	
1760




	
N5

	
Effective population size CMoku at t0

	
Uniform (10–20,000)

	
8440

	
4130

	
1810

	
19,000




	
N6

	
Effective population size CMebo at t0

	
Uniform (10–2000)

	
1210

	
1140

	
372

	
1940




	
Na1

	
Effective population size KEker at ta1

	
Uniform (10–100,000)

	
51,800

	
34,800

	
14,400

	
96,600




	
Na2

	
Effective population size CGmab at ta3–6

	
Uniform (10–100,000)

	
53,700

	
96,300

	
7740

	
98,200




	
Na3

	
Effective population size CMkup at ta3–6

	
Uniform (10–100,000)

	
54,900

	
81,400

	
6560

	
98,000




	
Na4

	
Effective population size CMngo at ta3–6

	
Uniform (10–100,000)

	
57,700

	
93,300

	
6730

	
98,500




	
Na5

	
Effective population size CMoku at ta3–6

	
Uniform (10–100,000)

	
31,500

	
8950

	
2690

	
92,300




	
Na6

	
Effective population size CMebo at ta3–6

	
Uniform (10–100,000)

	
47,700

	
20,200

	
4970

	
96,600




	
Nb

	
Effective population size CM at tb

	
Uniform (10–100,000)

	
42,500

	
22,700

	
4860

	
94,900




	
Nc

	
Effective population size CM+CG at tc

	
Uniform (10–100,000)

	
53,200

	
47,200

	
7590

	
97,700




	
Nd

	
Effective population size CM+CG+KE at td

	
Uniform (10–100,000)

	
47,000

	
29,500

	
9130

	
93,000




	
ta1

	
Last demographic changes for KEker

	
Uniform (500–250,000)

	
91,500

	
14,750

	
3350

	
237,000




	
ta2

	
Last demographic changes for CGmab

	
Uniform (500–250,000)

	
151,500

	
232,000

	
17,350

	
246,000




	
ta3–6

	
Last demographic changes for CM

	
Uniform (500–250,000)

	
32,650

	
31,800

	
8800

	
67,000




	
tb

	
Divergence CM pops

	
Uniform (500–1,000,000)

	
311,000

	
250,500

	
75,000

	
680,000




	
tc

	
Divergence CG pop

	
Uniform (500–1,000,000)

	
560,000

	
499,000

	
231,000

	
895,000




	
td

	
Divergence KE pop

	
Uniform (500–1,000,000)

	
845,000

	
980,000

	
525,000

	
995,000




	
Mean µ

	
Mean mutation rate

	
Uniform (1.0 × 10−5–1.0 × 10−4)

	
4.00 × 10−5

	
2.56 × 10−5

	
1.28 × 10−5

	
8.59 × 10−5




	
Mean P

	
Mean coefficient P

	
Uniform (0.1–0.3)

	
0.226

	
0.300

	
0.122

	
0.300
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