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Abstract

:

Small-size, relict and marginal tree-species populations are a priority for conservation of forest genetic resources. In-situ conservation of these populations relies on adequate forest management planning based on knowledge and understanding of both ecological (i.e., recruitment or dispersal dynamics) and population-genetic processes (i.e., female reproductive success, gene flow or inbreeding). Here, we estimate the fecundity (or female reproductive success) of adult trees (i.e., the number of successfully established offspring/adult tree) and the effective dispersal distance distribution in the pine forest of Fuencaliente (southern Spain), a small-sized, marginal and relict population of maritime pine growing on a steep, craggy hill with just 312 reproductively active individuals. Previous studies have shown the population to present reduced allelic richness and suffer from genetic introgression from nearby exotic plantations of unknown origin. Between 2003 and 2004, we surveyed all adults and recruits and we measured several adult-specific covariates, including the number of cones of all adults. The population was found to be distributed into two nuclei with 268 (Stand 1) and 44 adults (Stand 2). We used inverse modeling to adjust several dispersal-and-fecundity models including a model with random variation in fecundity among adults (Unrestricted Fecundity or UF model). Results show that: (i) the average fecundity is 2.5–3.2 recruits/adult; (ii) the mean effective dispersal distance is restricted to 13–24 m and (iii) fecundity is most likely controlled by the spatial location of adult trees in Stand ,1 but it should be considered randomly distributed in Stand 2 (in this stand five adults mothered 80% of recruits). We conclude that the low fecundity in Stand 1 and the unequal fecundity in Stand 2 may decrease the population genetic diversity and lead to lower effective population size while the low average dispersal distance may reduce the probability of this population expanding to adjacent areas. In light of the results, we define the management priorities for in-situ conservation of this population.
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1. Introduction


Small-sized and isolated populations of tree species located in the rear-edge of the range distribution are considered long-term stores of genetic diversity and their conservation is crucial for adaptation of tree species to climate change [1,2]. In situ conservation of genetic resources in such populations relies greatly on adequate forest management aiming at maintaining ecological and population-genetic processes while simultaneously reducing the risk of random genetic drift and allele fixation [3]. Determination, however, of specific management actions to be taken is very challenging without prior information and understanding of some relevant processes governing recruitment by adults, including the adult seed dispersal potential (i.e., the dispersal distance distribution between parents and their successfully established offspring) or the factors affecting adult reproduction success or fecundity (i.e., the number of successfully established offspring produced by an adult tree).



The fecundity of adult trees and the dispersal-distance distribution has often been studied via inverse modeling (IM), a method that estimates simultaneously the number of successfully established offspring and the dispersal-distance distribution using the seed-shadow model [4,5]. In addition, estimation of both parameters through the use of molecular markers for parental assignment has further enhanced the accuracy and precision of these models [6].



The average fecundity and its variation across adults of a population are crucial parameters in population dynamics, especially in small-sized and isolated populations. Fecundity variation among adults will determine the population´s effective size or the within-population spatial genetic structure [7,8]. In addition, depending on pollen flow dynamics, unequal fecundity across adults may likely lead to biparental inbreeding and to a higher risk of random allele fixation and genetic drift that will shape the within-population genetic diversity and its adaptive potential.



For marginal, small-sized and isolated populations suffering from frequent human-induced changes in their population size seed dispersal at short and long distances, determine their probability to recover their initial population size or to occupy new territories [9,10]. Thus, seed dispersal in these populations is intimately related to the probability of the population to survive and/or migrate to new territories, leading to local extinction in cases with limited seed dispersal and/or restricted fertility of adults [9]. Therefore, the study of seed dispersal dynamics is necessary not only for studying species’ responses to climate change but also for developing realistic management plans aiming at conserving species genetic resources in situ [11].



Maritime pine, the focal species of this study, is a wind-dispersed species of the western Mediterranean. In Spain, its natural distribution has been divided into 27 provenances, five of which are considered restricted due to their small population size [12]. This study focuses on one of the restricted provenances of maritime pine, the relict and marginal pine forest of Fuencaliente (Ciudad Real, Spain; Figure 1) located on the southern edge of the species natural distribution range. The Fuencaliente population is considered the unique representative of natural maritime pine forests in the Sierra Morena mountain range (central-southern Spain) and is highly isolated from other natural populations of the species (see the species distribution map in [12]). Historic [13] and palaeobotanical studies suggest that maritime pine grew throughout Sierra Morena mountain range and its surroundings since the Pliocene until the Late Holocene [14,15,16]. The maritime pine range-size reduction, that led Fuencaliente to become a relict, resulted from anthropogenic landscape transformation during the last 4000 years [17]. The main transformation drivers were wood and charcoal over-exploitation for mining and recurrent fires to favor pasture for livestock [18].



The small population of Fuencaliente managed to survive in a marginal habitat (a steep craggy hill) presumably because fires of the last centuries (either natural or human-induced) could not propagate easily in this rocky site. The evolution of this fragmented population depends largely on a well-known process taking place all over the Mediterranean basin: extensive livestock management until the 1970s (approximately) has ceased and the associated activities (frequent pasture burning to induce resprouting that assures livestock feeding) have disappeared. As a result, tree species’ populations are expanding to areas previously used as pastureland [19].



Several studies using allozymes, chloroplast or microsatellite markers have highlighted the importance of Fuencaliente population (as well as other relict populations) to the total species diversity in the Iberian Peninsula [20,21]. This population has a marked reduction in allelic richness, compared to other populations of maritime pine in Spain [22]. In order to aid Fuencaliente’s conservation, recent investigations have studied genetic introgression patterns from nearby exotic plantations of unknown origin [23,24,25]. Another recent study has evaluated the damage that deer (Cervus elaphus L.) cause to this population by rubbing [26]. However, information on recruitment dynamics and its dispersal potential is still scarce, and this data would serve well to establish an adequate conservation plan, which has yet to be reported.



The general objective of this study was to determine recruitment patterns in the population of Fuencaliente and propose specific forest-management actions aiming at conservation of forest genetic resources. We produced accurate estimates of the effective dispersal distance distribution and of adult fecundity using IM. In addition, we determined the most likely tree-specific traits controlling fecundity variation among adults.




2. Materials and Methods


2.1. Study Area


The relict population of Pinus pinaster Ait. is located in the northern part of Sierra Morena mountain range and, more specifically, in Sierra Madrona (38°25′ N, 4°15′ W; Figure 1) close to Fuencaliente village (Ciudad Real). The site is protected under the Natura 2000 network. The climate in this area is Mediterranean-continental, with 14.5 °C mean annual temperature and 680 mm mean annual precipitation (59 mm in the summer months; [26]). The average altitude of the site is 1011 m a.s.l. (ranging from 907 to 1114 a.s.l.). Soils are rocky, poor in nutrients and acid with a main lithological substrate of quartzites [27]. The steepness (40% average slope), the southern exposure, and the eroded terrain greatly reduce the site quality, which can be considered as the most limiting factor for growth and regeneration, conferring this site its marginal characteristics.




2.2. Forest Inventory


In 2003 we performed a full forest survey within the area occupied by the pine population by tagging all individuals with a basal diameter larger than 1.5 mm (only lignified individuals were recorded). The spatial location of surveyed individuals was defined using a GPS (positioning errors were smaller than 1 m). In 2004, we measured tree total height, diameter at the base of the tree and diameter at breast height (DBH) of all trees tagged in 2003 and we determined the number of open cones and the number of serotinous cones on the crown of all trees by counting all visible cones. For the following analyses, trees were classified into two categories:




	-

	
Adults: trees with at least one cone on their crown




	-

	
Recruits: the rest of the individuals









In 2015 we selected 20 recruits to provide a rough description of the age of the recruitment cohort at the time when the forest inventory was realized. Sampling was based on a systematic rectangular grid superimposed on the spatial distribution map of recruits; individuals closest to the grid nodes were selected for sampling. The age of the sampled recruits was determined by growth-ring counting from cores extracted from their base with a Pressler drill (when their basal diameter was sufficiently large). Small-sized recruits were transported to the laboratory for age measurements via visual counting of tree rings at the tree base.




2.3. Modeling Effective Dispersal


Effective dispersal was modeled using the seed-shadow approach [28]. Quadrat counts (2 m × 2 m in size) of recruits were computed using their spatial coordinates. The observed sample (n1, …, nM) consists of the locations and the number of recruits in the j-th quadrat (j = 1, …, M) as well as the locations of N adult trees (tree is indexed by i, i = 1, …, N) along with several covariates measured on each adult (i.e., DBH, number of cones, etc.). We assumed that the number of recruits λij originating from tree i and dispersed to quadrat (or site) j is Poisson distributed with expected value:


    λ  i j   =  S i    P  (  a   recruit   from   tree   i   lands   upon   site   j  )  ≈    S i   A j   f R   ( r )  / 2 π    r  i j     



(1)







Being Si the fecundity of tree i (i.e., the number of recruits originating from the specific adult), rij the distance separating adult i form quadrat j and Aj the area of site j. Under this model, the total number of recruits on site j from the N trees is also Poisson distributed with expected value:


    λ j  =   ∑   i = 1  N   λ  i j     



(2)







The     f R   ( r )     term of Equation (1) designates the probability density for the random dispersal distance (r) assumed to follow a lognormal distribution with probability density:


    f R   ( r )  =  1  r σ   2 π     exp  (  −     ( ln r − μ )  2    2  σ 2     )    r > 0   



(3)




and μ and σ2 the scale and shape parameters, respectively.




2.4. Models for Fecundity


We modeled the fecundity term of the seed-shadow model using three approaches. First, fecundities were allowed to vary among adults without any restriction by assigning a parameter to every adult [29]. This model (UF model) has a large number of parameters to be estimated and assumes that variability among the adult´s reproductive success is purely random (Table 1).



The second model (MF) assumes that adult fecundities may be modeled using the average fecundity of adults. Under this model, adults are assumed to have produced the same number of recruits so that a unique estimated parameter (i.e., the average fecundity) is sufficient to describe between-adult variation in reproductive success. Finally, we used adult-specific covariates to model fecundity (as in classical seed-shadow modeling). Several covariates were used for this purpose (Table 1) that can be grouped into three categories depending on the nature of the covariate:




	
Tree size covariates (basal area, BA, and tree height, H). From an ecological perspective, these models inherently assume that reproductive success is a linear function of tree size.



	
Cone number covariates (total cones, Tc, open cones, Oc, and serotinous cones, Sc). Models using covariates related to the cone number assume that the number of seeds and number of recruits produced by adults is linearly related.



	
Spatial covariates (the east-west, Xco, and the north-south, Yco, coordinates of adults). Inherently, these models assume the reproductive success has some relation to the microhabitat conditions surrounding the adult tree.









2.5. Parameter Estimation


Parameters of the UF model were estimated through maximization of the incomplete-data log-likelihood function of the Poisson distribution:


    l c   (  μ , σ ,  S 1  , … ,  S N   )  =   ∑   i = 1  N    ∑   j = 1  M   (  −  λ  i j   +  n  i j   ln  (   λ  i j    )  − ln  (   n  i j   !  )   )    



(4)




through the EM-algorithm [30] using the procedure described in [29]. Parameters of the rest of the models were estimated via maximization of the complete-data log-likelihood:


     ∑   j = 1  M   (  −  λ j  +  n j  ln  (   λ j   )  − ln  (   n j  !  )   )    



(5)




as described in several publications on seed dispersal modeling (see, for instance, [28] or [4]). Maximization was achieved through numerical optimization using the nlminb function of R [31]. The negative binomial distribution that has been employed in other studies [32] could not be used since the UF model parameters may be estimated analytically only through the Poisson likelihood.




2.6. Model Comparison


The best model to describe fecundity and dispersal was selected using the corrected Akaike´s Information Criterion (AICc) [33]. Model selection was facilitated by the computation of the following measures/indices:




	
The difference between the AICc for the k-th model and the one with the smallest AICc (AICcmin):


    Δ k  =   AICc  k  −     AICc   min     



(6)







	
The correlation coefficient between observed and predicted counts in quadrats of the k-th model








When the UF model resulted in a valid model, we computed the correlation coefficient between fecundities estimated by this model with the adult-specific covariates. A standard t-test was used to test the hypothesis of the correlation coefficient being larger than zero.





3. Results


3.1. Descriptive Results


The population was found to be divided into two nuclei occupying an area of 7 ha (western stand) and 3.5 ha (eastern stand; we will use the term Stand 1 and Stand 2 for future reference of the western and the eastern stand, respectively). The spatial distribution of adults and recruits in the two stands can be seen in Figure 1. In Stand 1, the average fecundity was 2.56 recruits/adult (268 adults and 686 recruits). In Stand 2, the average fecundity was slightly higher, 3.25 recruits/adult (44 adults and 143 recruits). The average number of cones/adult of Stand 1 (58.2 cones/adult) was twice as large as for Stand 2 (33.9 cones/adult). In addition, a remarkable among-tree variation was found for both stands in the number of cones/adult, which varied between 1 and 587 in Stand 1, and between 1 and 193 in Stand 2. Both distributions were skewed with 25% of trees bearing less than 5 and 3.8 cones/adult for Stand 1 and 2, respectively.



Both stands had a considerably low adult density (38.2 trees/ha and 12.5 trees/ha for Stand 1 and 2, respectively). Both stands were uneven-aged in their structure with several individuals occupying the lower diameter classes (see the DBH column in Table 2). The diameter at the base of the tree-trunk (a variable used as a substitute to DBH in this multi- cohort stand) was very similar for the two stands (27.3 cm and 28.1 cm for Stands 1 and 2, respectively). Finally, the average adult-tree height was 5.4 m for both stands, and 25% of adult trees had a height smaller than 3.5 m.



The mean height of recruits (i.e., individuals without visible cones on their crown) was 0.8 m for both stands, while the mean DBH was 0.5 and 0.3 cm for Stand 1 and Stand 2, respectively. Some large sized individuals exhibited no cones in their crown and, therefore, were classified as recruits (the maximum height of recruits was 6.6 and 4.3 m for Stand 1 and 2, respectively; Table 2). Large-sized recruits without any cones on their crown may have been dispersing some seeds during the previous years, but the total number of seeds produced must have been small (cones of maritime pine, especially serotinous ones, persist on the crown during several years), thus expected errors from misclassification in the recruitment cohort may have no practical importance.



Tree age measurements performed on a subsample of recruits showed that this cohort consisted of individuals that germinated during the time interval from 1973 to 1995 (in 2004 recruits were between 9 and 31 years old, the average age being 22 years).




3.2. Choosing the Best Model for Fecundity


Not surprisingly, the UF model showed the largest log-likelihood in both stands (Table 3). Given the high number of free parameters, this model has a very flexible structure that permits local adjustment due to tree-to-tree differences in fecundities. However, the use of AICc (that punishes models having too many parameters) showed that the best-fit model differed depending on the stand considered.



In Stand 1, the model using one of the spatial coordinates of adults (Yco, the north-south coordinate) was the best in terms of AICc (for this model     Δ k  = 0   ). The model that assumes an average fecundity for adults (MF model) had a     Δ k  = 35.3   , substantially larger than the best model. In addition, five models (BA, UF, H, Xco and Oc) had a     Δ k     larger than the MF model (Table 3) and therefore were not considered in ulterior analyses. Two models, however, including total cones (Tc) or serotinous cones (Sc) as covariates showed an     Δ k     smaller than the MF model (17.6 and 20.9, respectively) and could be considered as alternatives. Notwithstanding, their relative efficiency showed that both were poor approximations of the process generating the dispersal data of Stand 1 as values of     Δ k  > 10    are indicative of no empirical support for the corresponding model [34]. Therefore, the results indicated that there was sufficient experimental evidence to conclude that the model using the north-south coordinate of adults (Yco model) was the best model to describe the process generating the dispersal pattern in Stand 1. However, the Yco model showed a rather poor fit considering the low correlation coefficient between observed and predicted counts (r = 0.2, Table 3). In addition, note that the best correlation coefficient was much higher for the UF model (r = 0.3, Table 3).



The results obtained in Stand 2 were quite different. The smallest AICc was obtained for the UF model (AICc = 1220.9), that, by definition, was assigned     Δ k  = 0   . The null model (MF model), on the other hand, exhibited an     Δ k  = 70.9    with respect to the UF model. Five other models showed a     Δ k     larger than the MF model and were not considered in ulterior analyses (Table 3). These were the two tree-size covariates models (BA and H models) and the three seed-set covariate models (Tc, Oc and Sc). Thus, the only models exhibiting an     Δ k     lower than the one obtained for the null model (apart from the best in terms of AICc, i.e., the UF) were the ones incorporating the spatial coordinates as proxies to fecundity (Yco and Xco). Though, the evidence of the UF model against the two “spatial” models was very strong (    Δ k  = 41.4   and   69.3     for the Yco and the Xco models, respectively). Conclusively, our results supported the hypothesis that the UF model was the best model to describe the process generating the dispersal pattern in Stand 2. Finally, the UF model was the best in terms of minimizing the information loss as it exhibited a rather acceptable fit given the high correlation coefficient obtained between observed and predicted counts (r = 0.34, Table 3).




3.3. Dispersal and Fecundity Parameter Estimates


Table 4 shows the estimated parameters for the two stands and the nine postulated models. In addition, it presents the average dispersal distances (mean, mode and median) only for models showing a     Δ k     smaller than the null model of the corresponding stand. Within the same stand, mean dispersal distances estimated with different models were very similar. For Stand 1, the mean dispersal distance estimates varied between 20.7 and 25.9 m, whereas for Stand 2 they were slightly smaller as they ranged between 12.9 and 15.5 m. The mean dispersal distance in Stand 1 (24 m) was twice as large as in Stand 2 (12.9 m) according to the best model of each stand (i.e., Yco in Stand 1 and UF in Stand 2).



Fecundity estimates in both stands are presented in Table 5. The best model for Stand 1 (Yco model) predicted an average fecundity of 2.6 recruits/adult; this is very similar to the value obtained from the inventory results. Variability of the estimated fecundities was, however, very small for this model (fecundities ranged from 0.1 to 4.3 recruits/adult). Figure 2 shows, in addition, that the relative contribution of each adult to the regeneration cohort, estimated through the fecundities of the Yco model is very homogeneous in Stand 1. Notwithstanding, the variance of (estimated) fecundities is much larger for other models in this stand (according to model Tc, for instance, fecundities of adults varied between 0.04 and 26.08 recruits/adult).



In Stand 2, where the best model was the UF model, we found a much larger variability among estimated fecundities (ranging between 0 and 36.8 recruits/adult) while the variance of the estimated fecundities (63.1) was the largest of all models and stands (Table 5). The rest of the candidate models (Yco, Xco and MF) showed very similar average fecundity estimates but a much smaller among-tree variance in fecundity estimates. Finally, according to the UF model predictions, the fecundity distribution in Stand 2 was very skewed, with three trees having produced 60% of the regeneration (Figure 2). In addition, 30 adults exhibited an estimated fecundity equal to zero and may be considered as being reproductively inactive. Notwithstanding, the number of reproductively inactive adults may be overestimated by the UF model when adults are spatially clustered [35].



Finally, a t-test for the correlation coefficient between the fecundities estimated via the UF model and other adult covariates (i.e., basal area, height, cone numbers and spatial coordinates) showed that correlation was significantly larger than zero only in the case of the y-coordinate of the adult tree (r = 0.34, t = 2.31 with 42 degrees of freedom, p = 0.02). This seems to confirm the results of Table 4 (Stand 2), where we showed that the best model (after the UF model) in terms of AICc reduction was the one using the y-coordinate of adults as a proxy for fecundity. A similar statistical test for Stand 1 was not performed since the UF was not judged appropriate to model these data.





4. Discussion


4.1. Fecundity Dynamics


Cone production by adult trees does not seem to be a limiting factor to regeneration and expansion of this population given that 268 trees in Stand 1 and 44 in Stand 2 are seen with cones in their crowns. Furthermore, some of them (the most vigorous) may be classified as high seed producers having up to 587 and 193 cones in Stand 1 and 2, respectively, while some really short individuals (just 0.5 m height) are seen with cones in their small crowns. Nevertheless, the distribution in reproductive success (in the seed stage) that was shown to be unequal among adults (25% of adults have less than 5 visible cones on their crown in Stand 1) should be a factor that reduces the regeneration potential of this stand.



On the other hand, fecundity is dramatically reduced in both stands. Recruitment in this population started to be effective only after 1973 (the maximum age in the sample of recruits was 31 years when sampling was performed in 2004). This time period coincides with the ceasing of extensive livestock management and the disappearance of the associated activities, such as frequent pasture burning. However, the average number of recruits/adult (3.25 recruits/adult in Stand 2) is a clear indication of low recruitment potential. Several factors may be responsible; among others is the high density of deer living in the area, which by browsing and fraying can cause severe damage and mortality to the regeneration cohort [26]. Deer can also affect fecundity of mature pines since those trees highly damaged by fraying produce fewer cones [26]. In addition, severe summer drought effects in conjunction with the poor edaphic conditions (complete absence of soil in many areas due to erosion) may be important factors contributing to massive mortality during the seed-to-sapling transition. A recent study using seed from this population [23] showed that seedlings obtained from seeds of Stand 1 exhibited higher mortality rates in water-stress experiments as compared to seedlings grown from seeds from nearby plantations.



Our results for Stand 2 also indicate that the distribution of fecundity across adults is highly skewed with the three most successful individuals (6.8% of adults) mothering 60% of the regeneration cohort. Unequal reproductive success in the seedling and sapling stages is a common phenomenon in forest stands and it has been reported previously in maritime pine in Spain [36] and in other tree species [35]. Should this pattern repeat itself during the subsequent years, we may predict an additional loss of genetic variation in a population that has been shown to be poor in terms of allelic composition of the adult cohort [22]. In addition, the unequal fecundity of adults in small populations can increase the genetic bottlenecks and further exacerbate the risk of random genetic drift. These results can aid conservation measures by helping identify individuals from which seed should be collected in order to minimize diversity losses, i.e., from those trees that the model shows that are not mothering recruits.



Results on variance of reproductive success are not reported in Stand 1 because the UF model that allows for a covariate-free estimation of fecundities had to be rejected due to its     Δ k     being smaller than the null model. Interestingly, the UF model was the best model in Stand 2 (with 3.25 recruits/adults) but could not be informative enough in Stand 1 with just 2.56 recruits/adult given the high number of parameters to be estimated.



The results of this study may further enhance our knowledge on the factors governing fecundity and dispersal. According to our results, the hypothesis that fecundity is greater for bigger individuals should be rejected (see also [8,36]). Models based on tree size (basal area and tree height) to estimate fecundity were rejected for their performance being smaller than the null model. The same conclusion may be reached for covariates related to cone counts in Stand 2. However, in Stand 1, the use of the number of cones as a covariate improved the null model’s performance so, in the absence of other more informative covariates, we may accept the hypothesis that effective fecundity is positively correlated to seed set variables (total number of cones/adult). Nevertheless, these results have to be interpreted with caution since this species has serotinous cones [35] and, therefore, it may be possible that results differ if regeneration is evaluated after a fire since, in that case, we may expect higher fecundity for trees with a higher number of serotinous cones.



Additionally, future studies using molecular markers to identify parentage relationships between parents and successfully established offspring may be used to confirm the patterns revealed by inverse modeling ([37,38]). Previous studies have shown that results for sapling dispersal kernels estimated via classical inverse modeling were remarkably similar to the ones obtained by genetic methods [36,39].



Our results highlight the importance of spatial covariates in estimating the effective adult fecundity and further support the hypothesis that in this relict population of maritime pine the most important factors in shaping the reproductive success of adults (evaluated as the number of seedlings and saplings they disperse) are related to their spatial location. According to model parameter estimates, adults with higher reproductive success are located in the northern part of both stands (note that the   β   parameter for the Yco models is positive in both stands, Table 4), where we may find better site qualities that allow for higher success in seed germination and establishment. It should be noted that the northern part of these stands corresponds to higher elevations in this population; therefore, Yco covariate might be capturing an environmental gradient, (i.e., a factor causing a direct effect on seed germination and establishment). Another possible explanation is that population expansion from south to north is causing higher reproductive success in the northern part because more sites free of intraspecific competition are available in this previously unoccupied area.




4.2. Effective Dispersal Distances


Average effective dispersal distances were reduced in this population (24 m in Stand 1 and 13 m in Stand 2). In other Pinus pinaster stands of central range [14], an average effective dispersal distance of 40 to 60 m was reported (depending on the model used). The most comprehensive study of maritime pine primary seed dispersal (i.e., before Janzen-Connell effects and secondary dispersal) performed in Spain [40] reported average primary seed dispersal distances of 14–25 m. Therefore, our findings suggest that the average effective dispersal of Fuencaliente population is in the same order of magnitude as primary seed dispersal in other populations.



Reduced dispersal distances may be due to the small height of trees in this population. Indeed, the average tree height of adult individuals was only 5.4 m, and the shortest mature tree in our data-set, bearing two cones on its crown, was just 45 cm in height. As seed dispersal distances are strongly correlated with plant height [41], dispersal distances may have been drastically reduced by tree height (seed release height), which is directly related to site quality. Other factors that could also account for the strong dispersal limitation observed, such as the absence of animal-mediated dispersal or density-dependent mortality [34,42], should also be considered but our data-set does not allow for more specific conclusions to be drawn.



In addition, the fact that the population grows in low stand densities does not seem to have favored effective dispersal at larger distances by offering sites free of conspecific competition [19]. This should be expected in this stand since the low stem density does not imply the existence of adequate sites for seedling establishment. Indeed, favorable microsites for establishment are very limited due to complete soil loss (in some cases) or because they have been already occupied by adult conspecifics. Under these conditions, it seems very unlikely that new recruits will establish in this population in the mid-term. Seemingly, dispersal potential and population expansion are drastically reduced in poor environments due to both decreasing adult tree height and safe-site limitation for seedling establishment.




4.3. Management Implications


In situ conservation of this population is a great priority for forest management and conservation, especially taking into account the results of recent studies on genetic diversity [26,28]. Due to its relict nature, the population of Fuencaliente has been included as one of the provenances of Pinus pinaster and is also considered as a model population for studying genetic introgression by exotic plantations [23]. However, no specific measures have been implemented for the protection, conservation, and restoration of Fuencalinente pine population other than being part of a Natura 2000 Site.



Measures to support the conservation and recovery of this population should include both legislative initiatives towards generating a special legal status that will recognize the uniqueness of the population as well as actions with local institutions and society to achieve higher awareness for this forest genetic resource.



Managerial actions may also enhance the viability of the population. Seeds from the individuals that show lower fecundity, mainly located in the southern part of both stands, should be used for population augmentation. Seedlings grown from these seeds could be used in small plantation programs within the population targeting favorable microhabitats with limitations in seed arrival. This action would increase or at least maintain stand genetic diversity by enhancing recruitment of reproductively inactive individuals. Additionally, as we report in a parallel study [26], deer density in the area should be reduced to avoid excessive damage caused by these animals to regeneration and adult individuals.



On the other hand, silvicultural treatments should be applied in Fuencaliente’s surroundings to reduce fire risk as currently, the population might not be able to recover if it burns due to its small size. Moreover, canopy seed bank contained in closed cones has been severely reduced since the arrival of squirrels (Sciurus vulgaris L.) in this area in 2005 [26]. Finally, seeds from this local population should be used in plantation programs in the nearby areas in accordance with [23] proposal after studying introgression dynamics between the local and the introduced gene pools.





5. Conclusions


Fecundity is very low in the pine forest of Fuencaliente and managerial actions seem to be necessary for the conservation of its genetic resources. In addition, unequal fecundity among adults in one of the stands suggests that further loss of genetic diversity may be expected from reproductive inactivity of the majority of adult trees in Stand 2. Furthermore, we found no evidence that adult tree size is related to higher adult fecundity. However, we found evidence that adult fecundity is mostly related to the spatial location of adults, a finding suggesting that the most limiting factor to regeneration is the lack of microsites favorable for seed emergence and survival. Finally, we report very low dispersal distances for successfully established offspring, a fact that further reduces the probability of the population to expand to adjacent and unoccupied areas. Forest management should aim at reinforcing the reproductive potential of less fecund adults by designing small plantation programs within the population targeting favorable microhabitats with limitations in seed arrival.
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Figure 1. Maps of the maritime pine population of Fuencaliente. (a) Location of adults and recruits in Stand 1 and (b) in Stand 2; (c) Location of Fuencaliente population within Spain; (d) Location of both stands in relation to each other. 
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Figure 2. Adult reproductive success estimated through the best model in each stand. The models using the spatial coordinate (north-south) as a proxy to fecundity (Yco model) is used in Stand 1 (upper panel). In Stand 2 (lower panel) the UF model is used to estimate fecundities. Bar heights represent the estimated number of recruits produced by each adult. Lines represent the estimated relative contribution of each adult (cumulative) to the total number of recruits in each stand. 
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Table 1. Alternative models for the fecundity term of the seed shadow model.
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Type of Model

	
Model Name

	
Abbr.

	
Formula

	
Number of Parameters




	
Stand 1

	
Stand 2






	
Full model

	
Unrestricted Fecundity

	
UF

	
    S i    

	
268

	
44




	
Null model

	
Mean fecundity

	
MF

	
      S ¯    

	
1

	
1




	
Tree size covariates

	
Basal area

	
BA

	
    S i  = β × B  a i    

	
1

	
1




	
Height

	
H

	
    S i  = β ×  h i    

	
1

	
1




	
Cone number covariates

	
Total cones

	
Tc

	
    S i  = β × T  c i    

	
1

	
1




	
Open cones

	
Oc

	
    S i  = β × O  c i    

	
1

	
1




	
Serotinous cones

	
Sc

	
    S i  = β × S  c i    

	
1

	
1




	
Spatial covariates

	
X coordinate of adult

	
Xco

	
    S i  = β × X c  o i    

	
1

	
1




	
Y coordinate of adult

	
Yco

	
    S i  = β × Y c  o i    

	
1

	
1








    S i    : Fecundity of tree i;      S ¯    : average fecundity (over all trees of the stand);    B  a i    : basal area;     h i    : tree height;    T  c i    : total cones;    O  c i    : number of open cones;    S  c i    : Number of serotinous cones;    X c  o i     and    Y c  o i    : spatial coordinates of tree i and   β   a parameter.
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Table 2. Descriptive statistics for adults and recruits of both stands.
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Dbase (cm)

	
DBH (cm)

	
Height (m)

	
Total Cones




	
St1

	
St2

	
St1

	
St2

	
St1

	
St2

	
St1

	
St2






	
Adults

	
Min.

	
5.7

	
7.6

	
0.0

	
0.0

	
0.5

	
1.2

	
1.0

	
1.0




	
1st Qu.

	
16.5

	
18.9

	
8.8

	
13.1

	
3.5

	
3.5

	
5.0

	
3.8




	
Median

	
23.2

	
27.4

	
17.2

	
19.8

	
5.0

	
5.8

	
17.0

	
11.5




	
Mean

	
27.3

	
28.1

	
19.2

	
20.1

	
5.4

	
5.4

	
58.2

	
33.9




	
3rd Qu.

	
35.7

	
35.5

	
28.7

	
27.5

	
7.0

	
6.8

	
67.5

	
52.0




	
Max.

	
68.8

	
65.6

	
56.3

	
44.6

	
16.5

	
10.0

	
587.0

	
193.0




	
Recruits

	
Min.

	
0.1

	
0.3

	
0.0

	
0.0

	
0.04

	
0.07

	
0.0

	
0.0




	
1st Qu.

	
2.1

	
4.1

	
0.0

	
0.0

	
0.3

	
0.5

	
0.0

	
0.0




	
Median

	
4.7

	
7.6

	
0.0

	
0.0

	
0.6

	
0.8

	
0.0

	
0.0




	
Mean

	
5.7

	
7.7

	
0.5

	
0.3

	
0.8

	
0.8

	
0.0

	
0.0




	
3rd Qu.

	
8.2

	
11.3

	
0.0

	
0.0

	
1.0

	
1.0

	
0.0

	
0.0




	
Max.

	
34.3

	
31.5

	
19.0

	
11.1

	
6.6

	
4.3

	
0.0

	
0.0








St1: Stand 1; St2: Stand 2.
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Table 3. Comparison statistics for different dispersal-and-fecundity models for the two stands (models are ordered, within each stand, according to smaller AICc).
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Model

	
Ln(L)

	
AICc

	
     Δ   k     

	
cor






	
Stand 1

	
Yco

	
−2753.7

	
5513.4

	
0.0

	
0.20




	
Tc

	
−2762.5

	
5531.0

	
17.6

	
0.20




	
Sc

	
−2764.1

	
5534.3

	
20.9

	
0.19




	
MF-null

	
−2771.3

	
5548.7

	
35.3

	
0.18




	
BA

	
−2823.4

	
5652.8

	
Nc

	
0.18




	
UF

	
−2431.8

	
5749.5

	
Nc

	
0.30




	
H

	
−2883.6

	
5773.2

	
Nc

	
0.15




	
Xco

	
−2911.9

	
5829.8

	
Nc

	
0.16




	
Oc

	
−2982.4

	
5970.8

	
Nc

	
0.16




	
Stand 2

	
UF

	
−546.2

	
1220.9

	
0.0

	
0.34




	
Yco

	
−628.1

	
1262.3

	
41.4

	
0.22




	
Xco

	
−642.0

	
1290.2

	
69.3

	
0.20




	
MF-null

	
−642.8

	
1291.8

	
70.9

	
0.18




	
Tc

	
−661.8

	
1329.8

	
Nc

	
0.18




	
Sc

	
−663.8

	
1333.8

	
Nc

	
0.18




	
Oc

	
−667.5

	
1341.1

	
Nc

	
0.17




	
BA

	
−691.0

	
1388.1

	
Nc

	
0.11




	
H

	
−692.0

	
1390.2

	
Nc

	
0.12








Ln(L): log-likelihood; AICc: Bias-corrected Akaike´s Information Criterion; Δk: Delta AIC (with respect to the model with smaller AICc); Nc: indicates that the corresponding model was not considered (models exhibiting an AICc larger than the MF model were not considered in comparisons); cor: correlation coefficient between observed and predicted counts in quadrats.
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Table 4. Parameter estimates and average dispersal distances for the two stands and nine tested models (models are ordered according to increasing     Δ k     as in Table 3).
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Model

	
   μ   

	
     σ 2     

	
   β   

	
Median

	
Mean

	
Mode






	
Stand 1

	
Yco

	
2.66

	
1.02

	
0.01

	
14.30

	
24.05

	
5.05




	
Tc

	
2.87

	
0.77

	
0.04

	
17.67

	
23.74

	
9.79




	
Sc

	
2.95

	
0.78

	
0.08

	
19.11

	
25.90

	
10.40




	
MF-null

	
2.57

	
0.96

	
2.58

	
13.07

	
20.71

	
5.20




	
BA

	
2.71

	
0.86

	
35.33

	
Nc

	
Nc

	
Nc




	
UF

	
2.26

	
0.87

	
-

	
Nc

	
Nc

	
Nc




	
H

	
2.72

	
0.99

	
0.00

	
Nc

	
Nc

	
Nc




	
Xco

	
2.77

	
1.16

	
0.01

	
Nc

	
Nc

	
Nc




	
Oc

	
4.25

	
1.45

	
0.14

	
Nc

	
Nc

	
Nc




	
Stand 2

	
UF

	
2.27

	
0.76

	
-

	
9.69

	
12.94

	
5.43




	
Yco

	
2.31

	
0.89

	
0.02

	
10.07

	
14.97

	
4.56




	
Xco

	
2.32

	
0.92

	
0.004

	
10.18

	
15.54

	
4.36




	
MF-null

	
2.32

	
0.91

	
3.32

	
10.18

	
15.40

	
4.45




	
Tc

	
2.67

	
0.80

	
0.10

	
Nc

	
Nc

	
Nc




	
Sc

	
2.67

	
0.80

	
0.24

	
Nc

	
Nc

	
Nc




	
Oc

	
2.69

	
0.81

	
0.16

	
Nc

	
Nc

	
Nc




	
BA

	
2.46

	
0.86

	
44.50

	
Nc

	
Nc

	
Nc




	
H

	
2.38

	
0.97

	
0.01

	
Nc

	
Nc

	
Nc








  μ  ,    σ 2    : Dispersal kernel parameters,   β  : parameter of the fecundity model; Nc: Not considered (average dispersal distances (median, mean and mode) are estimated only for models showing a     Δ k     smaller than the one for the null model of the corresponding stand.
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Table 5. Descriptive statistics for estimated fecundities for adjusted models in two stands.
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Model

	
Ave

	
Min

	
Max

	
Var

	
Sum






	
Stand 1

	
Yco

	
2.6

	
0.1

	
4.3

	
0.9

	
699




	
Tc

	
2.5

	
0.04

	
26.0

	
18.3

	
692




	
Sc

	
2.5

	
0.0

	
47.6

	
24.3

	
693




	
MF-null

	
2.5

	
2.5

	
2.5

	
0.0

	
693




	
Stand 2

	
UF

	
3.2

	
0.0

	
36.8

	
63.1

	
143




	
Yco

	
3.3

	
2.5

	
4.5

	
0.3

	
145




	
Xco

	
3.3

	
2.5

	
4.0

	
0.2

	
146




	
MF-null

	
3.3

	
3.3

	
3.3

	
0.0

	
146








Ave: Average fecundity; Max, Min: Maximum and minimum estimated fecundity; Sum: Summation of all the estimated fecundities in the stand; Var: Among-adults variance of the estimated fecundities. Note: Models are ordered according to increasing     Δ k     However, only models with     Δ k     larger than the null model are shown in each stand.














© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
N° of recruits/adult

N° of recruits/adult

Estimated reproductive sucess in Stand 1 (using the Yco model)

q- —
c() —]
N -
o - T T T
25 50 75 100
Cumulative contribution of adults in the regeneration cohort (%)
Estimated reproductive sucess in Stand 2 (UF model)
0
™
o _
™
0
(qV
o _
N
0
=
LO —
O -

25 50 75 100
Cumulative contribution of adults in the regeneration cohort (%)





nav.xhtml


  forests-08-00312


  
    		
      forests-08-00312
    


  




  





media/file0.png





media/file2.png
(a)

X
. 4
Stand 1 Xy %X
xxxx&
X XX
N X
, X
100

I | Meters

(b)
Stand 2
N Legend
+ X Adults
Tifsiams Recruits
(©) (d)

Fuencaliente

N & N

200 | %
‘“%* | |Meters






media/file3.jpg
N° of recruits/adult

e of recruitsadult

in Stand 1 (using the Yco model)

~
2 50 75
Cumulative contribution of aduts in the regeneration cohort (%)
Estimated reproductive sucess in Stand 2 (UF model)
8
°

2 50 75
Cumulative contribution of adults in the regeneration cohort (%)





media/file1.jpg
(a)

Stand 1 e s o

x
A %
x
Legend
* Adults
Recruits
(©
| S 200
+ [






