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Abstract

:

The current study is the first to describe fertility dynamics in a Silver fir (Abies alba Mill.) seed orchard and among the few reporting related information from a mature seed orchard. The research aim was to evaluate the female cone production in order to provide support to future management measures. Observations were conducted in a clonal seed orchard from the Eastern Carpathians over six years; all the ramets of 44 clones and the zero-inflated data were analyzed with generalized lineal mixed effects models in a Bayesian framework. The results indicated a higher influence of the year and probably of the sensitivity to climate, and less variability between clones, in both the Poisson and zero-inflated components of cones production. The repeatability of mean annual clone production suggests moderate continuity of cone crops in the production rank of individual clones, while the estimates of heritability were under a moderate genetic control. The values of heritability were influenced by the reporting scale (latent vs. original data scale); therefore, caution in the analysis of non-Gaussian data and in comparisons of heritability between seed orchards is required. The variation of the female cone production was higher than expected for a seed orchard, but with marked variation across years, similar to other related indicators, patterns specific to mature, and productive commercial seed orchards. Several management options to be applied in the future were also discussed.
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1. Introduction


Seed orchards represent the close link between breeding activity and forestry practice, genetically improved seeds being used to produce seedlings for artificial forest regeneration, and perhaps, are the most widely used production populations [1]. They maintain almost as much genetic diversity as natural populations and represent a qualitative and quantitative improvement in comparison with the seed stands [2]. The main goal of obtaining genetically improved seeds, which is pursued when establishing clonal seed orchards, can be achieved if several essential conditions are met: the isolation of seed orchard from sources of foreign, genetically inferior pollen, equally and simultaneous blooming of clones, and a very low level occurrence of self-pollination [3]. The degree to which the clones pass on their superiority and genetic diversity to the seeds determines how genetically efficient a seed orchard is. Practical experience and many studies since the 1970s indicated that the transfer is limited [4].



Fertility represents the reproductive potential of a clone, quantitatively estimated in plant species by flowers, pollen, fruits, and seeds [5]. Fertility variation plays an important role in breeding and conservation [2] and its understanding is crucial for the management of seed orchards, as well as for predicting gene diversity, particularly in terms of seed production yield [6,7]. Cones and seeds are the primary sources of income; the fertility of female parents might be prioritized over that of male parents, as the latter is more challenging to quantify than that of seeds [2].



Different factors influence the individual fertility variation: age, size, individual genotype, stand condition, and environment [8]. In a seed orchard, the genetic composition of the produced seeds is also shaped by pollen contamination and flowering time synchronization, counts and weights of clones and ramets in spatial pattern, environment, and climate [7]. Climate (temperature and precipitation) plays a complex role and significant year-to-year variation was reported [9,10]. Higher variation of fertility was found in natural and managed stands compared to the clonal averages from seed orchards, in seed orchards of low age and in years of low production, respectively [8]. Many studies highlighted the small number of clones, which account for a large proportion of the seed orchard crop [11,12,13,14,15]. This was dubbed as the 20:80 rule [16], according to which 20% of the parents produce 80% of the seed-cone crop. However, when coupled with observed fertility variations due to the orchard’s developmental stage, with environmental conditions or management practices, a more realistic view would assume that the genetic composition of any orchard’s crop is unique. In estimating the gene diversity of seed orchard crops, the use of multiple fertility-related tools (i.e., variance partitioning of contributing factors and repeatability, assessment of parental balance, and indicators of fertility variation) is advised [17].



In clonal seed orchards, multiple sources of variability contribute to overestimations of fertility: the presence of scale effects, avoidance of variability between ramets within clones and reporting clone values only, and the influence of the annual characteristics (e.g., climate) [7]. The skewed distribution of phenotypes generates differences among the predicted and observed traits, and in genetic parameters (overestimation of heritability) [18]. Tree fertility, as a skewed trait [7], sometimes following a zero-inflated distribution, and requires adequate data treatment [19,20,21]. In tree genetics, the common approach in fertility analysis is data transformation [15,22], but this could lead to known potential issues [23,24]. In other organisms, genetic measures associated to zero-inflated traits were reported (heritability and evolvability) in a Bayesian framework [25,26], which offer some advantages in comparison to the frequentist approaches, such as flexibility, incorporation of uncertainty [27], accurate estimates of variance and genetic parameters, or providing highest posterior density intervals (HPD) for the genetic measures [28].



The Silver fir (Abies alba Mill.) is an important component of the European forests, the most significant in terms of both economic importance and ecological relevance among the various fir species naturally occurring in Europe, and a fundamental species to maintain biodiversity in forest ecosystems [29,30,31]. Due to climate change, it is estimated that the Silver fir geographic spread would decline [32], with the peripheral populations from the eastern limit of its distribution having a great potential to reduce the adverse consequences of climate warming [33,34,35]. In Romania, Silver fir is one of the most important conifer species and occupies 4.3% of forest area [36], secondly ranked after the Norway spruce. The Silver fir range is discontinuous and the maximum area is located in the Romanian Eastern and South-Eastern Carpathians, in pure or mixed stands with spruce and beech. The interest in the culture of Silver fir has increased in recent years, hence the need to supply the Romanian and foreign requests with increasing amounts of seeds. The seed orchards are convenient options to ensure this requirement, but also for the ex situ conservation of valuable gene pools. In Romania, the setting up of the seed orchards dates back to 1958, the first being established in 1961–1962 for Grayish oak (Quercus pedunculiflora K. Koch.). From 375 ha in 1975, the rate of seed orchards establishment increased in 1990 to 1004.2 ha. In Silver fir, the breeding program started in 1972, by identifying valuable regional natural populations and the phenotypic selection of more than 600 plus trees, installed in 11 seed orchards, with a total area of 92.1 ha [37]. Currently, ten Silver fir seed orchard with a total area of 84.9 ha are included in the National Catalog of Basic Materials, from which seven are classified as “provenance seed orchard” (Pc.P) and three as seed orchards with the origin of clones in the same “region of provenances” (PC.R).



Despite the importance of the species, with the exception of some general reports [38], data about the Silver fir seed orchard fertility is lacking. We present in this study an analysis of the female cone production of 44 clones over six years. The objectives of this study were: (i) to estimate the variability of clones cone production in a zero-inflated modeling framework, (ii) to determine the female fertility variations based on multi-and single year observed cones, and (iii) to discuss the practical implications for seeds production and seed orchard management.




2. Materials and Methods


2.1. Silver Fir Clonal Seed Orchard


The studied Silver fir clonal seed orchard is located in the north-eastern part of Romania (47°03′29″ latitude north and 26°26′06″ longitude east, close to Bodeşti, Neamţ county), at an altitude between 479–512 m and is administrated by Gârcina Forest District, Neamț National Forest Administration (RNP-Romsilva). The clonal seed orchard PS-BR-NT81 was installed in 1981, by multiplying via grafting 44 plus trees, selected from natural Silver fir forest stands from four provenance regions (Eastern Carpathians-A2, South-Eastern Carpathians, the external wedge-B2, north of Southern Carpathians-C1 and Banat Mountains, Ţarcu-Poiana Ruscă-D2) (Table 1). The orchard has an area of 5 ha, with a completely random design and a planting scheme of 6 × 6 m. The number of ramets per clone varies from 1 to 32, with an average of 14. Among the methods used to estimate the clonal contribution in seed orchards, Woods [39] mention different approaches to estimate the parental contribution, the simplest being the visual estimation of the number of cones on each ramet before harvest, while the most complex is the estimation of seed viability for each clone. To evaluate the maternal contribution, the visual assessment of cone production was used [39] with the aid of Nikon binoculars. For six years (2013, 2015, 2018, and 2020–2022), the female cone production of all the ramets (100% sampling) in the seed orchard was counted during July–August.




2.2. Data Analysis


2.2.1. Genetic Variation


The genetic variation was estimated by fitting zero-inflated Poisson generalized linear mixed effects models (ZIP GLMM) to both multi- and single-year data. All the models contained the clone identity (n = 44) as random effects, while the multi-year models additionally included the year (n = 6) and the interaction between clone and year. The data included a large number of zeros, and we tested it for the presence of dispersion and excess of zeros [40,41,42,43,44]; the results confirmed the presence of zero-inflation (Supplementary Material S2).



The count of cones Y of the ramet k in the clone j in the year i was modeled using the Poisson distribution:


Yijk ∼ ZIP(λikj, πijk)



(1)







The two separates, a linear predictor for the conditional mean and another for the excess of zeros were:


  log    λ  i j k     =  β 0  +  O i  +  C j  +  O  c j    



(2)






  logit    π  i j k     =   log    π  i j k         1 −  π  i j k       =  β 0   π    +  O i   π    +  C j   π    + O  C  i j    π     



(3)







In the equations, β0 is the overall fitted mean, Oi is the random effect in the ith observation year (i = 1...6 ∼ NID (0,    σ o 2   ), Cj is the random effect in the jth clone (j = 1…44 ∼ NID (0,    σ c 2   )), and OCij is the random effect of the interaction between year and clone (NID (0,    σ  o c  2   )). The single-year models are similar, with the exception of the presences related to the observation year (i.e., Oi and OCij). The models were fitted within a Bayesian framework (package MCMCglmm, version 2.32) [45]. In the Bayesian analysis, the prior influences model results [46] and, for zero-inflated models, there are different reports on the prior influence on the heritability estimates [47,48,49]; our prior analysis is presented in Supplementary Material S3.



Each model was run for 7,505,000 iterations, with the first 5000 iterations discarded (burning) and every 2500 iterations stored (thinning), resulting in size of effective samples larger than 1000 (close to 3000) and autocorrelations <0.1. The overall settings were chosen to ensure the models passing of the Heidelberger and Welch’s convergence diagnostic and the stationarity tests (functions heidel.diag and autocorr.diag of coda package) [50] (Supplementary Material S3).



The results of MCMCglmm are in unobserved latent scale and, for interpretation, the latent scale posterior distributions of the parameters were back-transformed to observed data scale with the package QGglmm (version 0.7.4) [51].



Repeatability of mean clone cones production (i.e., the broad-sense heritability) was analyzed with correlation-based and GLMM-based methods [24]. In multi-year data, we calculated the Pearson product moment and Spearman’s rank correlation coefficients to test stability and relative order across years, respectively [52]. The model based of multi-year repeatability was calculated as:


   H 2  =    σ c 2     σ c 2  +    σ  o c  2    o c   +    σ e 2    o r      



(4)







In single year analysis, it was:


   H 2  =    σ c 2     σ c 2  +    σ e 2   r     



(5)







In both the formulas,    σ c 2    is the variance between clones,    σ  o c  2    is the variance of the interaction between clone and year and    σ e 2    is the error variance; o, c, r are the numbers of clones, years, and the mean number of ramets per clone, respectively. As the heritability can have values only between 0 and 1 and some of the lower bounds of its 95% credible intervals presented values close to 0, we considered that if the posterior values follow a normal distribution (e.g., mean close to median), then the heritability is not zero.




2.2.2. Female Fertility Variation


The parental balance was assessed by constructing cone yield curves [11], which plot the percentage of clones participating to cone production. The premise of calculating cumulative yield curves or effective population numbers based on cone counts starts from the correspondence between reproductive success (e.g., seed cones count) and reproductive energy (counts of filled seeds per cone) [2]. First, we calculated the cumulative percentage of cone production per clone, then sorted these from high to low, and plotting the cumulative contribution against the proportion of clones [53]. The female fertility was described by the ‘sibling coefficient Ψ′ [17,54]:


   Ψ   f    = N   ∑   i = 1  N   p i 2  = C   V   f    2  + 1  



(6)




where N is the number of clones, pi is the proportional contribution of clone i, and CVf is the coefficient of variation of the clonal proportion of cones production. Female fertility variation—along with male fertility variation Ψm and the component of the clone fertility variation Ψ—is an adimensional measure that relates parents to their progeny and expresses the probability that successful gametes, commonly known as “sibs,” would come from the same parent. Its values cannot be below 1; values Ψ = 1 means that the individuals have the same fertility, while Ψ = 2 means a twice chance that two individuals would share a parent, compared to the above equal parental fertility. For seed orchards, Kang et al. [9] suggested that Ψ = 2.



In an idealized population, of which individuals produce the same number of offspring as the real population, the sibling coefficient can be used to calculate the effective number of female parents (Np(f)) [8]:


   N  p  f    =  N   Ψ   f      =  N  C   V   f    2  + 1    



(7)







The relative effective number of female parents permits comparisons among the census and status number in a seed orchard [8,52]:


   N  r %   =    N  p  f     N  ⋅ 100  



(8)







The genetic diversity [55,56] can be calculated as:


  G D = 1 −   0.5    N  p  f       



(9)







All the statistical analyses were conducted in R (version 4.2.1, Vienna, Austria) [57].






3. Results


3.1. Genetic Variation


Among the 3811 counted ramets in the observational years between 2013 and 2022, the cone production varied between 0 and 350 (Table 2). Although the number of the ramets remained almost constant, a total of 848 (22.25%) have no cones (i.e., zero fertility, Supplementary Material S2, Figure S2.1). The raw average yearly cone production was 41.10 ± 46.44 SD, with extremes in 2021 (7.12 ± 15.10 SD) and 2018 (79.58 ± 61.41 SD) (Table 2). In pooled clone data, the top values were between 58.00 and 64.64 (clones 182, 176, 173), while the lowermost were between 4.70 and 17.75 (clones 3.18, 168, 3.17) (Supplementary Material S1, Table S1.1).



In the multi-year model of cones production, most of the variance is explained by year, both in the Poisson (13.2%, credible interval -CI hereafter- 3.7–33) and zero-inflated component—(37.9%, CI 18.1–61.9). The clone-related values (clone and clone x year interaction) are small in Poisson (1.4%, CI 0.6–2.8) and 1.3% (CI 0.6–2.1), but increased in the zero-inflated part (8.7%, CI 3.2–17.7 and 10.2%, CI 5.0–17.1) (Figure 1). In single-year models, no clear pattern due to clone was observed, just overall larger values in the zero-inflated part compared with Poisson, and wider 95% posterior intervals (Table 3).



The Pearson product moment correlation coefficients of cone production between the years were positive, significant, and higher between the years of good production, while moderate between others; a remark is on the weak, significant correlation between the ‘good’ and the ‘poor’ years (Table 4). The pattern is similar in Spearman’s rank correlation coefficients. No significance was found in negative correlations (2020–2021 and 2015–2022) and in correlations between a specific year (2022) and any others (Table 4). The results support the continuity of cone crops, especially in production rank of individual clones.



The broad-sense heritability of clonal cone production from pooled data was 0.569, with a large 95% CI (0.369, 0.709) (Figure 2). In the zero-inflated component, the values of heritability were very small (0.043 [0.009, 0.113]), tending to zero in good years (e.g., 2015, 2020), but were normally distributed both in pooled and yearly data and, therefore, were different than zero (Table 3, Supplementary Material S4). Across the monitoring period, the lower heritability value was recorded in the poor production year and tended to be similar in the good years. Marked differences were between the latent scale and data scale heritabilities of the Poisson component of the cone production model (Table 3).




3.2. Female Fertility Variation and Genetic Diversity


Yearly cumulative curves of cones crop (Figure 3) showed deviations from the ideal case of a seed orchard with equal contribution, grouping the years in two groups of higher production (2015: closest to the expectation line, 2018 and 2020), and of poor production (2013 and 2021: furthest to the expectation line, and 2022). We found little evidence of the “20:80 rule”; the top 20% parents produced 50.5% of production in the poor year (2021) and 64.58 in the best (2015).



There was also individual clonal variation regarding the presence in the 20% list of parents. No clones were present in this ‘top’ list across all the monitoring years, and just a few were included in more than half of the observed period (the same three and five clones appeared in four and three years, respectively). More constancy was noticeable in the ‘bottom’, poor clones, where 1–2 clones were present persistently in all/most of the years (5–6 years). The two clone groups, one whose production exceeds the cumulative average of observation years, different as provenance (182, 173, 166, 176, 175, 178—local, Văratec; 3.1, 3.2. 3.16—Avrig; 4.29, 4.32—Sinaia), and of low production, below the multi-year average or without cones in some observation years (161, 167, 4.28) (Supplementary Material S1, Table S1.1).



The average female fertility coefficient (Ψf) has a value of 2.28 in pooled data, and inversely depicted the cones production across years, with extremes of 1.37 (2015, ‘top’) and 5.49 (2021, ‘poor’) (Table 5 and Supplementary Material S1, Table S1.2). Similarly, the effective number of female parents (Np(f)) was smaller in 2021 (8.19) and the largest in 2015 (32.90). The relative effective number (Nr) of female parents was between 19% and 75%, in 2021 and 2015, respectively. The lower genetic diversity in cone crops was associated with the poor year (0.939), which was slightly different than in the good years (0.985) (Table 5).





4. Discussion


Reproductive success is the confirmation that the genetic diversity of future generations will be spread [3]. It is common in tree’s fertility studies to present results based on seeds produced in good years [7]; however, for an effective selection of clones in a seed orchard, conclusions based on observations of mature grafts and cumulative cone output over many years are required [58]. The present study is the first describing the clonal genetics and female fertility variation in a mature Silver fir seed orchard, based on a full sampling (100% of ramets observed), over a longer monitoring period.



The presented inter-annual variation is recorded in a mature seed orchard, relative to other findings, which consider the annual variation observed more often in young seed orchards [15,59]. The largest yearly-based proportion of variance, both in Poisson and zero-inflated component, and the lower clone-by-year interaction, as compared to the genetic variation attributable to clone, is still quite high but in agreement with other results [7,60]. Generally, this could be attributed to climate as it has been reported that a warm and dry May contributes to good seed production of Silver fir seed stands [61,62,63] and also, in our case, the extent of observation period, which encompasses more years than other studies and thus opens the possibility to catch the extreme production years, or an increase in the reactions of clone to yearly climate variations as a seed orchard ages [64].



We found small clone-by-year interaction in both the multi-year models, which could suggest stability in the pattern of clone production ranking [2,15]. The low between-clone variation, not frequent in other studies [8], was reported in Pinus sylvestris [7]. Even that though the within-clone variation, associated with response to environmental conditions, is expected to stabilize with age [15] the mature seed orchard of our study still largely responds to the yearly, climatic conditions.



The repeatability in mean clone production was consistent across methods, with the highest heritabilities and correlations among the good years and a second lower value for the year not correlated with the others. We still found a moderate genetic control among clones variation with the estimated values of heritability in the Poisson component being higher than coniferous seed orchards of similar age (H2 = 0.38, 30 years Pinus sylvestris seed orchard) [65]. The overall values are similar to other species, e.g., Pinus nigra [10], with values between 0.61–0.71, higher than in Pinus halepensis [66], and lower than in Pinus radiata [2]-H2 = 0.91 or in Pinus patula (H2 = 0.80) [15] (see the further comments section). The small genetic control found in the zero-component of fertility (data in latent scale) indicates a small, but existing overall probability (4%) that some of the clones will not be fertile, which could increase almost four times in the years of low production.



One common characteristic of seed orchards is the large variation of number of ramets between clones [67], which impact the clone-level statistics [7]. If we also add to this the (present) case of a full, multi-year inventory, the possibility of observing ramets with no cones and with a skewed distribution is real and must be considered when deciding the methods of data processing. The usual methods of transformation of non-gaussian data, with the aim of stabilizing the variance, conduct results which are not in the original data scale, but in latent scale. Even though, in theory, these variance estimates are not changing, in practice this is not true, especially in the case of fertility data (e.g., different counts), which could result in 25% differences when using log and squared root transformations [24]. As one of the components of repeatability (or broad-sense heritability), the residual variance, is related to both the link function used and to details of the computation statistical software (e.g., the approach of overdispersion and additive vs. multiplicative), the recommendations to use proper models in analysis should be followed [24,68]. Our results indicated overestimates in latent scale compared to original data scale larger than mentioned, observed variation being between 16% and 36%, the latter in what we described as a ‘poor fertility year’ (Table 3). Considering the different possible sources of variation, the observation method and sampling, and the statistical treatment of data, the comparisons of heritability estimations across seed orchards should be made with caution; for interpretations close to real data, the above recommendations, to present the results also back-transformed to original data scale are necessary [51]. This was suggested some time before the mentioned studies, and points to the fact that the in practice clonal variability may be smaller than in published data [7].



Fertility variation presents importance in the management of forest genetic resources in different areas like seed production programs and gene conservation [5] and is also a management tool for an efficient seed crop management and in preventing the potential diminishment of genetic diversity [56].



The cumulative contribution curves or the parental balancing curves [11,53] showed a clonal contribution less than expected (i.e., equal contribution). In seed crops from seed orchards, the greatest gene diversity is only achievable when all parents equally contribute to the gamete gene pool (e.g., the H-W equilibrium). This hardly happens and frequently a small percentage of orchard parents provides an excessively large quantity of seed crops [17]. In the present analysis, the cone crop clonal involvement was relatively low, but consistent with other conifer results (e.g., 15); the top 20% of clones contributed between 51–65% of production. According to the current analysis, in top 20% only 3–5 clones ranked highly for their output in more than half of the monitoring period, an additional plus argument for extended periods of observation, which capture different performance years and, thus, more reliable average results.



In the present study, the pooled values of Ψ(f) are slightly higher than expected in seed orchards, but there was marked year-to-year variation, lower than expected in good production years and more than double in poor years. Similar variations of clone fertility over productivity years were reported in young seed orchards [8]. A possible source of variation in female fertility remains the unbalanced number of ramets per clone, as in our case, which will contribute to a larger coefficient; the mentioned reference value Ψ = 2 could be used in order to pass this [7]. The effective number of female parents (Np(f)), derived from effective population sizes, is used to assess the level of gene diversity in the population and refers to the number of individuals which, in a hypothetical population, would produce the same number of siblings (relatives) as the actual population [5,52]. Our results indicated a value over the years of Np(f) less than half the number of clones (Table 5) and yearly values which mirror the fertility variation and the cumulative curves. Similarly, the largest deviations from the equal fertility, expected when Np(f) equals the number of clones in the seed orchard [4], were found in poor years. The relative number of female parents Nr% in pooled data of 44% and annual extremes between 18% and 73% (Table 5) is different than the pattern reported in similar studies, but observed in young seed orchards, where the fertility changes with ageing [52]. The expected gene diversity of seed crops (GD) were in accordance with the other fertility indicators.



The scope of the seed orchards is to provide high genetic quality crops, under a balance of genetic gain and gene diversity [56]. From a seed orchard manager perspective, the female fertility will be prioritized because its aims are centered on the seeds as an income source, which can be quantitatively better estimated than the male, i.e., the precise number of successful female gametes of a ramet is known at harvest [2]. Although by counting the number of cones the female fertility was not fully estimated, it being necessary to estimate the number of seeds and their viability, our approach is useful in making informed decisions regarding the cone harvest and seed orchard management.



For commercial use, the values of clone-related variances present direct practical implications: single-years values depict the gene diversity received by customers using single-year seeds, while the multi-year value portray the gene diversity of the corresponding forest area regenerated using multi-year seeds from the seed orchard [7]. Thus, in order to accurately estimate the predicted genetic composition and the genetic gain of reforestation seed lots, the clonal differential contribution to the gamete gene pool is crucial [52]. Compared to earlier studies reports, the variance in female fertility is less in the studied seed orchard. Still, other factors can influence the genetic variation in cone production, including root-stock effect, crown-size, flowering synchronization and individual fecundity [16,69,70]. Also, climatic factors have a great influence in the variation of the clone production. According to marginality indices [71], the seed orchard is located in marginal site conditions for Silver fir. Recent studies have since highlighted that the climate has changed in Romania over the last few decades [72], which has certainly had a negative effect on the reproductive capacity of Silver fir in this seed orchard as the cone production gradually decreased from 2015 to 2022.



The use of information from year-to-year variation in cone crop can be useful for forestry practice. According to the lower between-clone variance and the rather substantial interaction with years, additional measures need to be added to fecundity as criteria for selecting clones. In our case it is unlikely that a few clones will have a dominant influence on the genetic diversity of the seed crop, as indicates the same magnitude of variance between clones, as between ramets within clones [7], and the parental balance of cumulative curves. Even though that the heritability estimates suggest that observations we made in the seed orchard are useful, for the future selection of clones to be developed in second-generation orchards, the fertility-based conclusions will be improved with other traits results [15]. Multiple techniques are available to manage the fertility variation: genetic thinning of individuals of low genetic values and fertility capabilities, toping and pruning, irrigation, and fertilization or intensification of flowering with plant growth regulators [2]. In our seed orchard, the estimates of the relative effective number were low and some measures to improve the genetic diversity would be required, such as genetic thinning of low fertility individuals and top pruning, which are already tested and successful methods in other Silver fir seed orchards (authors data) [52,56,70].



Our analysis presents some limitations. All the results of female fertility estimations are based on visual estimations, a method prone to errors, which could have been present even in our case, where all the trees were relatively small (about 7 m height), the cones were visible, and their count was relatively easy. In such estimations, the literature indicates possible underestimates in cones counts by a factor between 4 and 10 [7]. We based our conclusions on a set of assumptions, which are not valid in the real world, e.g., no possibility of pollen contamination, no influence of male fecundity, no clones inbreeding (e.g., the 44 plus trees acting as mothers and selected from different stands have no common genetic found), and equal gamete contributions from all the clones [2,7]. As these have implications in defining and applying further goals, these will be considered when defining the final management measures [15].




5. Conclusions


The studied Silver fir seed orchard have been established with 44 clones originating from plus trees selected in natural seed stands from four provenance regions; hence, the hypothesis that the genetic base is quite broad. Although the variation was observed between the clones, the influence of the provenances is insignificant, which means that maintaining the level of high genetic diversity is achieved. Clonal variation in cone production across years indicate that the good cone crop years, closer to the ideal situations (equal contribution of all clones) is the year with the average number of cones per tree as evenly distributed as possible, while for the years with high total production but wide variation between ramets, equal seed harvest is recommended. Considering that the storage of Silver fir seeds is possible for a period of 8 years [73], mixing seeds from consecutive years could apply, while in years with poor fructification the cone harvest will be dropped. Our results complete the fertility data of Silver fir and can be further integrated in breeding the tasks regarding the selection of the most adapted Silver fir clones to climate change, for conservation as a forest genetic resource, and to advance to the next generation of seed orchards.
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Figure 1. Variance explained by random effects in the multi-year model, Poisson (P), and zero-inflated (zi) components. Posterior means (points), 99%, and 95% credible intervals (lines, respective blocks) are in latent scale. 
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Figure 2. Posterior MCMC samples (bars), kernel density estimation (thin solid line), posterior mean (dotted line), and 95% credible intervals (thick solid line) of heritability in zero-inflated (a) and Poisson (b) components of cone crops. Estimates are in data scale. 
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Figure 3. Cone crop parental balance curve over six years, based on the entire orchard clones (n = 44). The straight line represents an ideal orchard with equal contribution among individuals, while the dotted horizontal line is the 20:80 rule. 
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Table 1. Clone origin in the Silver fir (Abies alba Mill.) seed orchard.
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	Provenance

(Provenance Region)
	Clone IDs
	Number of Clones
	Latitude N
	Longitude E
	Altitude (m)
	Mean Annual

Temperature (°C)
	Mean Annual Precipitations (mm)





	Avrig (C1)
	3.1–3.18
	7
	45°39′
	24°29′
	750
	7.5
	694



	Rusca Montană (D2)
	3.55–3.72
	4
	45°39′
	24°29′
	1000
	6.6
	878



	Sinaia (B2)
	4.17–4.36
	7
	45°19′
	25°32′
	1150
	4.8
	783



	Văratec (A2)
	158–181
	26
	47°08′
	26°15′
	600
	6.9
	606
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Table 2. Statistics of cones production across years.






Table 2. Statistics of cones production across years.





	Parameter/Year
	2013
	2015
	2018
	2020
	2021
	2022
	Pooled





	Alive ramets (n)
	636
	636
	636
	636
	636
	631
	-



	Fertile ramets (%)
	75.3
	95.12
	91.5
	94.3
	42.6
	67.5
	77.7



	Mean
	28.0
	67.92
	79.6
	47.5
	7.1
	16.2
	41.1



	Std. deviation
	35.9
	41.18
	61.4
	36.3
	15.1
	21.3
	46.4



	Median
	14.5
	67.5
	70.0
	42.0
	0.0
	7.0
	25.0



	Range
	0–206
	0–200
	0–350
	0–215
	0–115
	0–110
	0–350
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Table 3. Proportion of variance explained by random effects and heritability in single-year models. Estimates are reported as posterior mode (95% credible interval, proportion of variance from latent scale, heritability in both latent (H2l(P)), and data scale (H2(zi), H2(P)), for Poisson (P) and zero-inflated (zi) component of the model.






Table 3. Proportion of variance explained by random effects and heritability in single-year models. Estimates are reported as posterior mode (95% credible interval, proportion of variance from latent scale, heritability in both latent (H2l(P)), and data scale (H2(zi), H2(P)), for Poisson (P) and zero-inflated (zi) component of the model.





	Parameter/Year
	2013
	2015
	2018
	2020
	2021
	2022





	Clone(zi)
	33.2

(17.9–50.4)
	18.9

(0.1–55.6)
	56.8

(36.9–74.6)
	20.2

(0.1–52.6)
	26.4

(13.1–42.7)
	24.6

(10.1–42.8)



	residual(zi)
	27.3

(20.1–34.2)
	55.4

(30.3–69.9)
	25.9

(15.5–38)
	46

(27.3–58.7)
	31.3

(23.8–38.3)
	37

(27.9–45)



	Clone(P)
	10.2 (5–18.3)
	5.5 (2.2–10.6)
	2.6 (1–5.4)
	6.2 (2.6–11.7)
	5.7 (1.1–13.4)
	6 (2.3–12)



	residual(P)
	29.3

(21.2–37.4)
	20.2

(10.9–26.3)
	14.6

(8.5–21.7)
	27.6

(16.3–36)
	36.7

(27.4–46.2)
	32.4

(24–40.2)



	H2(zi)
	0.127

(0.07, 0.237)
	0

(0, 0.049)
	0.088

(0.033, 0.188)
	0

(0, 0.065)
	0.147

(0.07, 0.229)
	0.106

(0.037, 0.191)



	H2l(P)
	0.83

(0.723, 0.914)
	0.797

(0.663, 0.891)
	0.733

(0.548, 0.846)
	0.783

(0.616, 0.866)
	0.698

(0.323, 0.868)
	0.724

(0.541, 0.877)



	H2(P)
	0.607

(0.543, 0.633)
	0.662

(0.536, 0.751)
	0.616

(0.46, 0.715)
	0.614

(0.486, 0.698)
	0.443

(0.188, 0.594)
	0.549

(0.353, 0.628)
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Table 4. Pearson product moment and Spearman’s rank correlation coefficients (above and below the diagonal) among clone mean cone production across years.
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	Year
	2013
	2015
	2018
	2020
	2021
	2022





	2013
	1
	0.473 ***
	0.462 *
	0.297 *
	0.276
	0.001



	2015
	0.535 ***
	1
	0.797 ***
	0.560 ***
	0.343 *
	−0.003



	2018
	0.492 **
	0.811 ***
	1
	0.588 ***
	0.162
	0.077



	2020
	0.346 *
	0.599 ***
	0.596 ***
	1
	−0.069
	0.163



	2021
	0.280
	0.329 *
	0.159
	−0.049
	1
	0.136



	2022
	0.151
	0.28
	0.302
	0.262
	0.295
	1.000







Statistical significance: ***—p < 0.001, **—p < 0.01, *—p < 0.05.
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Table 5. Clonal coefficient of variation (CV), female fertility coefficient (Ψf), effective number of female parents (Np(f)), relative effective number of female parents (Nr%), and gene diversity (GD) in the Silver fir clonal seed orchard.
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	Parameter/Year
	2013
	2015
	2018
	2020
	2021
	2022
	Pooled





	CV
	128.24
	60.63
	77.16
	76.44
	211.96
	131.06
	113.00



	Ψ(f)
	2.64
	1.37
	1.60
	1.58
	5.49
	2.72
	2.28



	Np
	17.02
	32.90
	28.21
	28.40
	8.19
	16.56
	19.76



	Nr%
	37.82
	73.12
	62.68
	63.12
	18.20
	36.80
	43.92



	GD
	0.971
	0.985
	0.982
	0.982
	0.939
	0.970
	0.975
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