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Abstract

:

The summer drought of 2018 was one of the most climatically severe events in Europe that led to record-breaking temperatures and wildfires in many parts of Europe. The main objective of this study was to assess the impact of the 2018 drought on the phenotypic and genetic response of Norway spruce height growth using the Standardized Precipitation-Evapotranspiration Index (SPEI). To achieve this, the total cumulative height growth of about 6000 clones from 2016 to 2019 in four full-sib trials in Sweden, aged 6–7 years, and from 2017 to 2019 in two half-sib trials in Finland, aged 8–9 years, were measured. The results indicate that the 2018 drought caused reductions in the increment of trees. Although heritability estimates were similar to other reports for Norway spruce, the additive genetic variance was highly inflated in one of the visibly drought-damaged trials in Southern Sweden. Similarly, the genotype by environment (G × E) interaction was highly significant in the drought-damaged Southern Swedish trials. Both additive genetic and phenotypic correlations obtained between height increments in 2019 and final heights were the weakest in all studied trials, implying that the drought legacies might have influenced the recovery of trees in 2019. We may conclude that the severe drought can be an underlying factor for a strong G × E interaction and changes in the ranking of genotypes. Therefore, a selection of drought-resistant genotypes with a good growth capacity tested in variables sites should be considered as an important criterion for future breeding of Norway spruce.
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1. Introduction


The ongoing climate change is increasing the frequency of droughts in many areas and particularly in the Northern hemisphere as a result of increasing evaporative demand, higher variability in precipitation and earlier snow melt [1]. Forests are notably vulnerable to climate change because the long lifespan of trees prevents rapid adaptation to environmental changes [2]. A combination of drought and warmer temperatures is one of the main agents of climate-driven tree mortality [3]. Moderate drought can result in reduced growth and survival of trees [4] while severe drought leads to a mass decline [3].



Drought stress occurs whenever soil water drops below a threshold leading to limited growth and transpiration. High evaporating demand and low soil water content result in stomatal closure in most tree species, limiting water fluxes as a result of reduced CO2 assimilation [5]. The response of trees to drought stress may lead to a number of physiological and morphological changes: it can reduce the annual increment, it can affect the xylem element architecture, it may cause changes in the hydraulic properties or it may alter the chemical composition of the wood [6,7]. However, a few tree species and phenotypes are more vulnerable to drought-induced growth decline [8] as the differences in drought susceptibility have both genetic and environmental components [6].



The Norway spruce (Picea abies L. Karst.) is by far one of the most economically and ecologically important forestry species in Europe [9]. Nevertheless, its long-term role in future forests might be endangered due to its high sensitivity to drought events [10] particularly at low elevations and southern exposed sites [11,12].



One of the last spruce decline episodes started at the beginning of the 1990s in Poland and spread southward particularly after the drought spells in 2003 and 2007. A severe infestation by fungi (e.g., Armillaria spp.) and a subsequent attack by bark beetles (e.g., Ips typographus) were identified as the main factors causing the final mortality [10,13]. Similarly, instances of the drought-triggered mortality of spruce seedlings were reported in southern Sweden [14]. Declines in spruce stands were also evidenced in southern Norway and Finland after summer droughts particularly in the early 1990s [15,16]. Therefore, drought tolerance can be regarded as an important trait for the successful regeneration and high productivity of Norway spruce [17]. In this respect, incorporating drought-tolerant genotypes in breeding programs seems worthwhile. Nevertheless, quantitative genetic studies in Norway spruce so far have mainly focused on local adaptation [18] and genetic variation for growth and wood quality traits [19,20]. So far, only a few investigations have addressed the genetics of drought response in Norway spruce [7,17].



There are various climate drought indices to assess drought impacts on forest growth and crop yield, e.g., the Palmer Drought Severity Index (PDSI), the Z Index, the Precipitation Percentile Index (PDECI), the Compound Index (CI) and the Standardized Precipitation Index (SPI) [8,21]. Among the above-mentioned indices, the PDSI and the SPI have been widely used in monitoring drought and also in climate change studies. However, the PDSI with fixed time scales is not good at reflecting the short-term droughts and does not allow different drought types (e.g., hydrological, meteorological, agricultural) to be distinguished [22]; the SPI does not incorporate the effect of temperature [21,23]. Considering the drawbacks of the traditional drought indices, the Standardized Precipitation-Evapotranspiration Index (SPEI) [22] was developed as a novel drought index combining the advantages of the SPI and the PDSI. It is available for varying time scales like the SPI but, in contrast to the SPI, it considers the effect of temperature, which has a marked influence on the drought [23,24].



The summer of 2018 was characterized by record-breaking temperatures and wildfires that had a greater impact on the forest ecosystem in many parts of Europe than the earlier drought of 2003 [25]. In Sweden only, a unique outbreak was recorded as up to four million m3 Norway spruce were killed by the spruce bark beetle (Ips typographus) triggered by the hot summer of 2018. The infestation even continued in 2019 and 2020 [26].



Therefore, the main goal of our study was to evaluate the impact of the 2018 drought on the height growth of Norway spruce breeding materials in Sweden and Finland using the SPEI. The focus was on the height increments of 2017, 2018 and 2019. The specific genetic parameters of interest included: (i) narrow-sense and broad-sense heritabilities (   h i 2  ,    H i 2  )   for the annual height increments as well as the final heights of 2016, 2017, 2018 and 2019; (ii) the genetic and phenotypic correlations between the annual height increments and the final heights; (iii) the genetic type-B correlations indicative of the magnitude of genotype by environment interaction (hereafter G × E).




2. Materials and Methods


2.1. Field Data


Data from six Norway spruce clonal progeny trials including four full-sib trials in Sweden and two half-sib trials in Finland (Figure 1) were investigated in this study. Two of the trials, Sunnansjö and Nässja, were established in 2013 in central Sweden while Kohagen and Ängelholm were established in 2014 in southern Sweden. The two Finnish trials were established in 2011 (Pori) and 2012 (Nurmijärvi). Detailed characteristics of the trials were shown in Table 1.



2.1.1. Full-Sib Clonal Trials


An incomplete partial diallel mating design consisting of 57 parent plus-trees (34 females and 33 males) was implemented to produce 57 full-sib families. The seeds were sown into pots in the late summer of 2008. The first cuttings taken from donor plants were rooted in the late autumn of 2010. The cuttings were grown for two field seasons and planted in two trials in Nässja and Sunnansjö in the spring of 2013.



The trials in Ängelholm and Kohagen comprised of 84 and 85 full-sib families, respectively. These were from a factorial mating design consisting of 99 parent plus-trees (47 females, 52 males). The seeds were sown into pots in the spring of 2009. The first cuttings were taken from donor plants and rooted in the early spring of 2011 and the trials were established in 2014. A randomized incomplete block design using the single-tree plot was used in all of the Swedish trials. The schematic design of one the Swedish trials was shown in Figure S1.




2.1.2. Half-Sib Clonal Trials


The clonal material in the two Finnish trials consisted of second-generation candidates that were phenotypically pre-selected within open-pollinated families of 98 plus-trees. The excised branches from the candidates were rooted as cuttings in a heated greenhouse and grown to three-year-old clonal plants. Four clonal trials (data from only two of them, Pori and Nurmijärvi, were available for this study) were established in 2011 and 2012 using single-tree plots arranged in randomized complete blocks.





2.2. Measurements


In order to assess the annual height increment of the years 2017, 2018 and 2019 (hereafter Ht17, Ht18 and Ht19, respectively), the cumulative final heights of the years 2016, 2017, 2018 and 2019 (hereafter Tot-Ht16, Tot-Ht17, Tot-Ht18 and Tot-Ht19, respectively) were measured in the autumn of 2019. The cumulative height of 2016 was not measured in the two Finnish trials. All of the trees in all of the trials were assessed for vitality, damage (i.e., frost, drought) and defects (i.e., a double stem). According to the damage assessment in each trial, Kohagen had the highest number of trees with visible drought-related symptoms.




2.3. Climate Data and the SPEI


A simple climatic water balance can be represented by the SPEI that is based on the monthly differences between precipitation and potential evapotranspiration. It is calculated at the monthly scale with typical values of 1-, 3-, 6-, 12- and 24-month intervals, which allows the tracking of seasonality in tree water resources. For instance, June SPEI-3 represents the water balance of April, May and June of a given year. The positive and negative values of the SPEI indicate above-average and below-average moisture conditions, respectively [29]. The weather data from the closest weather station to the trials were obtained from climate databases in Sweden (https://www.smhi.se/ accessed on 10 April 2020) and Finland (https://en.ilmatieteenlaitos.fi/download-observations/ accessed on 10 April 2020). The monthly averages for minimum and maximum temperatures and the sum of precipitation were calculated for each trial for the periods 1996–2019 in Nässja-Sunnansjö, 2003–2019 in Ängelholm-Kohagen, 2000–2019 in Nurmijärvi and 2009–2019 in Pori. The SPEI was calculated using the R software [30], package SPEI [31], for the time scale (memory) of one month and the averages from May to July were obtained for each trial. As the weather data for trial Pori were only available from 2009, the SPEI results for all of the trials were shown from 2009 to 2019.




2.4. Statistical Data Analysis


2.4.1. Single-Site Analysis


The first step was a single-site analysis where growth observations were adjusted to the environmental variability by applying a spatial analysis based on a two-dimensional autoregressive model [32]. This was followed by a univariate single-site analysis to estimate the additive and non-additive genetic variance components at each trial. For the Swedish trials with full-sib families, the following general linear mixed model was used:


  y = X b +  Z 1  u +  Z 2  f +  Z 3  c + e  



(1)




where  y  is the vector of the adjusted observations for heights or height increments;  b  is a vector of fixed effect (i.e., overall mean),  u  is a vector of the random additive genetic effects of an individual clone;  f  is a vector of the random effects of a full-sib family;  c  is a vector of the random effects of clones within full-sib families and  e  is a vector of the random residual terms.  X ,    Z 1   ,    Z 2    and    Z 3    are the incidence matrices relating to the observations in  y  to  b ,  u ,  f  and  c , respectively.



For the Finnish trials with half-sib families, the following general linear mixed model was used as:


  y = X b +  Z 1  u +  Z 3  c + e  



(2)




where all variables are as described above except    b   includes the fixed effects of means and block and    c  , which here is a vector of the random effects of clones within half-sib families [33]. All random effects were assumed to be independently and normally distributed with the expected mean of zero where   V a r    u  = A  σ A 2   ,   V a r    f  =  σ f 2   ,   V a r    c  =  σ c 2    and   V a r    e  =  σ e 2    and  A  is the pedigree relationship matrix.



The individual tree narrow-sense heritability (   h i 2   ) and broad-sense heritability (   H i 2   ) estimates for measured traits at full-sib trials were calculated using Model 1 as follows:


    h i 2  =    σ A 2             σ A 2  +  σ f 2  +  σ c 2  +  σ e 2             H i 2  =    σ A 2  +  σ f 2  +  σ c 2               σ A 2  +  σ f 2  +  σ c 2  +  σ e 2      








where    σ A 2  ,  σ f 2  ,  σ c 2  ,  σ e 2    are the additive, full-sib family, clonal and residual variance components, respectively.



Heritability estimates in half-sib trials were calculated using Model 2 as follows:


    h i 2  =    σ A 2               σ A 2  +  σ c 2  +  σ e 2             H i 2  =    σ A 2  +  σ c 2               σ A 2  +  σ c 2  +  σ e 2    .   











All of the variables are as described above.



In both full-sib and half-sib trials, a bivariate single-site analysis was then carried out to estimate the additive genetic and phenotypic correlations between traits (   r A   ) within a site as follows:


   r A  =    σ x  ,  σ y       σ x 2  ×  σ y 2       








where    σ x 2    and    σ y 2    are the variances and    σ x  ,  σ y    are the covariances of trait  x  and  y .




2.4.2. Multi-Site Analysis


In order to determine the extent of the G × E interaction for growth traits, paired-site (two sites within each zone) univariate analyses were conducted and type-B genetic correlations [34] were estimated using the following linear mixed models:


  y = X b +  Z 1  u s +  Z 2  f s +  Z 3  c s + e  



(3)







Model 3 for the full-sib trials is similar to Model 1 except that here  b  includes the fixed effect of the site and   u s  ,   f s   and   c s   are random interactions between site effects and the additive genetic, full-sib family and clonal effects.


  y = X b +  Z 1  u s +  Z 3  c s + e  



(4)







Model 4 is for the half-sib trials and similar to Model 2, except that  b  includes the fixed effect of the site. All of the multi-site analyses assumed a homogenous additive genetic variance with a uniform correlation and heterogenous error variances. The across-site (type-B) genetic correlations were calculated as follows:


   r B  =    σ  x 1 , x 2        σ  x 1  2  ×  σ  x 2  2       








where    σ  x 1 , x 2     is the covariance between the additive effects of the same trait in two sites and    σ  x 1  2    and    σ  x 2  2    are the additive genetic variances of the trait in two sites. The standard errors of the estimates were approximated using a Taylor series expansion. The analyses were performed using the statistical software package ASReml [35].



Models 3 and 4 impose a constant correlation between environments with the correlation between any pair of environments  j  and    j *    being equivalent to:


   r  j ,  j *    =    σ  j  j *         σ j 2       σ   j *   2      =    σ G 2     σ G 2  +  σ ε 2     








where    σ G 2    is the random additive genetic variance and    σ ε 2    corresponds with the residual (which includes the true G × E and error) [36].






3. Results


3.1. Drought Index (SPEI)


Based on the one month time scale SPEI results (with monthly averages from May to July), Ängelholm and Kohagen experienced a severe drought in 2018. However, in Sunnansjö, Nässja and Pori, the drought was moderate whereas in Nurmijärvi, the year 2018 was nearly normal (Figure 2). The pairs of trials Nässja-Sunnansjö and Pori-Nurmijärvi experienced similar weather in 2016 and 2017 while Kohagen had been drier than Ängelholm since 2015. The Ängelholm site was exposed to an abrupt drought in 2018 (as indicated by the drastic drop of the SPEI +0.1 in 2017 to about −1.6 in 2018).




3.2. Annual Height Increments by Trials


Of the Swedish trials, the lowest and highest height increments of the years 2017, 2018 and 2019 were observed in Nässja and Sunnansjö, respectively. The trees in Ängelholm and Kohagen grew only slightly faster than those in Nässja (Figure 3). In the Swedish trials, except for Sunnansjö, the height increment of 2018 was similar to that of 2017 and much lower than in 2019. Of the Finnish trials, Nurmijärvi showed much faster growth in 2019 than in 2018. In Pori, there was not much difference (Figure 3).




3.3. Genetic Variance Components and Heritability Estimates


The heritability estimates as well as the additive (   σ A 2   ) and clonal (   σ c 2   ) variance components for the height traits are presented in Table 2 and Table 3. The estimates of other genetic components are shown in Table S1 and Table S2. In general, the narrow-sense (   h i 2   ) and the broad-sense heritability estimates (   H i 2   ) obtained for the total-height traits were slightly higher than those obtained for the annual increment heights. Among the Swedish trials, such estimates were lower overall in Nässja and Sunnansjö compared with Ängelholm and Kohagen.



The narrow-sense heritability estimates were generally slightly higher for Ht18 than other height increments. This was particularly true for Kohagen, which showed an exceptionally high additive genetic variance (   σ A 2    = 110.3) compared with other full-sib trials. Contrarily,     H i 2    was highest for Ht17 and decreased slightly in Ht19. However, such a trend was not observed in Kohagen where    H i 2    for Ht18 was much higher than    H i 2    for Ht17 and Ht19 (Table 2).



In contrast to what was observed in the Swedish trials, the Finnish trials showed    lower     estimates of    h i 2     for Ht18 than those for H19 (Table 3). In Nurmijärvi,    H i 2    estimates for Ht18 were marginally higher than that of Ht19 while the opposite was true in Pori.



In general, the heritability estimates increased from Tot-Ht16 to Tot-Ht19 in the Swedish trials and from Tot-Ht17 to Tot-Ht19 in the Finnish trials.




3.4. Genetic and Phenotypic Correlations


The additive genetic   (  r A   ) and phenotypic    (  r P   ) correlations of the annual height increments (Ht17, Ht18, Ht19 in full-sib and Ht18, Ht19 in half-sib trials) with total-height traits are shown in Figure 4. In all of the trials, the lowest estimates of    r A    and    r p    were consistently found for Ht19 vs. total-height traits.



Among the full-sib trials, the lowest    r A    of Ht19 with total-height traits was obtained in Sunnansjö where    r A    of Ht19 with Tot-Ht16 was about 0.5 and increased to about 0.75 for its correlation with Tot-Ht19. Although the    r A    of Ht19 with Tot-Ht18 and Tot-Ht17 was similarly the lowest in the half-sib trials, the absolute values of the correlation estimates were generally higher than those obtained in the full-sib trials.




3.5. G × E and Type-B Genetic Correlations


The magnitude of the G × E interaction in the traits is presented in Table 4. In general, the type-B genetic correlation (    r   b    ) varied between zero and one with smaller values indicating a larger G × E interaction. The estimates of the type-B genetic correlations for total-height traits were moderate in all trials, ranging from 0.52 to 0.86. Slightly lower estimates were obtained for the corresponding annual height increments. The lowest estimate (    r   b      = 0.23) was obtained for Ht18 in trial pair Ängelholm-Kohagen while the estimates were 0.71 in Nässja-Sunnansjö and 0.48 in Nurmijärvi-Pori.



Moreover,    r b    estimates for the final heights increased from Tot-Ht16 to Tot-Ht19 in Nässja-Sunnansjö while they decreased in Ängelholm-Kohagen. It was mostly in a similar range from Tot-Ht17 to Tot-Ht19 in the Finnish trials.





4. Discussion


4.1. Drought Index and Annual Height Increments


With the progression of climate change, extreme climate events such as drought and heat events are more likely to occur frequently. During the summer of 2018, the temperature was exceptionally high and precipitations were low in many parts of Europe. The results of our investigation signified a phenotypic and genetic sensitivity to drought stress of spruce trees during the growing season of 2018 as the height increment of trees was mostly similar in 2017 and 2018 but notably faster in 2019. We also observed that drought stress could be an underlying factor for a significant genotype by environment (G × E) interaction, causing rank changes of genotypes across trials.



In trial Sunnansjö, however, the height increment of 2018 was significantly higher than that of 2017 and only slightly smaller than in 2019, although this trial was exposed to drier weather during these three years than the parallel trial in Nässja (Figure 2). Although the Swedish trials were very similar in climatic and edaphic conditions (i.e., soil type, soil texture, soil depth), Sunnansjö was the only trial on a hillside slope. This might mean that the trees had access to more mobile water than the trees on the other trials [37]. This hypothesis was supported by another study that demonstrated that spruce stood on steeper slopes were associated with higher site indices [38]. Comparing the Finnish trials, Pori experienced a drier growing season in 2018 than in 2019 whereas the opposite was true for Nurmijärvi. Nevertheless, the height increments for these years were generally higher in Nurmijärvi, which was established on a field of a more fertile soil type than the Pori trial.



There are indeed various drought indices to examine the impact of water availability on tree growth. The time scale differences between the PDSI and the SPEI for drought monitoring have been the subject of investigations. It has been evidenced that the PDSI can capture mid- and long-term drought signals owing to the strong lagged autocorrelation whereas the SPEI can be qualified as a short- and long time scale drought-monitoring index [39]. Similarly, when considered for a one month time scale, closer growth-drought correlations were indicated for the SPI and the SPEI compared with the PDSI [40].



The findings of one investigation quantifying the growth response of nine different tree species across Europe to various drought indices revealed distinct species-specific, elevation- specific and bioclimatic-specific patterns [23]. For instance, for the same species, those stood at higher elevations were less drought sensitive compared with those at lower elevations. Additionally, of the different drought indices tested, the results revealed that the response to drought for Norway spruce in temperate climates was best captured by the long-term drought indices SPI and SPEI from March to September while in continental climates, a short-term drought during early growing seasons is the best representative [23].



In general, the growing season is relatively short in Finland and Sweden, starting in late May and ceasing in July, with the majority of growth occurring in June [16]. Moreover, in early spring, the soil is still frozen in a few areas; thus, in this study, we used the period from May to July to calculate the SPEI with a one month time scale.




4.2. Genetic Variance Components and Heritability Estimates


Our results demonstrated that there was a significant genetic variation in all studied growth traits in all sites except for    h i 2    of Ht19 in Sunnansjö. The genetic parameter estimates for the height growth in the Norway spruce genetic tests established between 1992 and 2006 in Sweden were reviewed [41]. The results showed moderate narrow-sense and broad-sense heritability estimates (     h i 2     ¯      = 0.29 and      H i  2      ¯    = 0.18, respectively) in the studied sites [41].



In general, the heritability estimates in this study were lower for the height increments compared with the accumulative final heights but still in a similar range with the recent heritability estimates reported for Norway spruce clonal trials in Sweden [33,42]. However,    h i 2    and    H i 2    were unexpectedly high for the drought year (Ht18) in Kohagen. The trees in Kohagen were visibly damaged by drought. It is probable that the genetic differences in drought tolerance indirectly affected the growth responses, inflating the additive genetic variance and resulting in more pronounced growth differences among genotypes. This signifies a high capacity and sufficient genetic variation among trees for significant shifts in response to drought stresses [43].



The lowest additive genetic and phenotypic correlations were obtained for correlations of the height increment in 2019 (Ht19) with total-height traits in all of the trials. This indicated that the carry-over effects of the 2018 drought stress might have negatively influenced the recovery of the trees in 2019. One possible explanation for this might be that the height and radial increment in most conifers is mainly predetermined during the year previous to the growth [44]. There was also an obvious structural reason; with the cessation of growth and bud set, the newly formed bud starts to form needle primordia for the next growing season whereafter it enters an endodormant state [45].




4.3. G × E and Type-B Genetic Correlations


The genotype by environment (G × E) interaction plays a significant role in the design of breeding programs and the resulting genetic gains. The interactions of genotypes with environments are more pronounced when there are large changes in climates or soils [46].



In Sweden, the patterns of the G × E interaction and their significance for Norway spruce breeding have been widely investigated. In almost all of these reports, frost damage was considered as the main driver of the G × E in southern and central Sweden [47,48,49]. The study by Berlin et al. (2014) reported a low to moderate G × E interaction with an average of 0.72 site-site type-B genetic correlation (   r b   ) in 65 Norway spruce trials in southern Sweden while Karlsson and Högberg (1998) observed a value of 0.54 for the tree height in several clonal trials at the age of 11 [48].



The    r b    values obtained for the growth traits in our study were mostly in a similar range with those reported for the growth of Norway spruce in other investigations. However, the G × E was unusually high for the drought year in the southern Swedish trials (Ängelholm-Kohagen). Additionally, the correlations became weaker as trees became more mature in these trials whereas this was not observed for the trials in central Sweden. In general, the trial pairs investigated in this study shared mostly similar edaphic and climatic conditions based on the recorded data from 1961 to 2007 (Table 1) except that the mean annual precipitation was much lower in Kohagen compared with Ängelholm. Based on the observed SPEI results and also the documented drought damages in Kohagen, it was conceived that the drought of 2018 might be the main underlying factor to the cause of the high and undesirable G × E observed in these trial pairs.





5. Conclusions


This study aimed to evaluate the drought sensitivity of Norway spruce in terms of height increment of trees at early ages from a tree breeding perspective. Given the projected occurrence of more frequent and severe drought events as well as the high sensitivity of Norway spruce to drought, our results suggested that drought tolerance should be regarded as an important trait for successful regeneration and high productivity of this species. As such, a selection of drought-resistant genotypes, while having a good growth capacity, is of great importance for Norway spruce future breeding programs. Although our investigation gave an insight into an improved understanding of drought impacts, the long-term reaction of trees should be further tested using larger temporal and geographical scales.
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Figure 1. Location of the trials. 
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Figure 2. The Standardized Precipitation-Evapotranspiration Index (SPEI) based on a one-month time scale (SPEI1 May to July) for each pair of trials. The positive and negative SPEI1 values indicate wet and dry periods, respectively. Trials within the same breeding zone are presented in one figure. 
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Figure 3. Boxplots of the annual height increment of the years 2017, 2018 and 2019 (Ht17, Ht18, Ht19) in six full-sib and half-sib clonal trials of Norway spruce in Sweden and Finland. 
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Figure 4. Estimated additive genetic (a) and phenotypic (b) correlation of three years of height increment measurements with total heights in six full-sib and half-sib trials. 
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Table 1. Details for the six clonal trials in Sweden and Finland.
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Details

	
Swedish Trials

	

	
Finnish Trials






	
Trial

	
Nässja

	
Sunnansjö

	
Ängelholm

	
Kohagen

	
Nurmijärvi

	
Pori




	
Latitude (N)

	
60.27

	
60.17

	
56.35

	
57.62

	
60.50

	
61.65




	
Longitude (E)

	
16.79

	
14.97

	
13.02

	
15.47

	
24.71

	
21.73




	
Altitude (m)

	
81

	
175

	
170

	
165

	
100

	
20




	
Soil type

	
Podzol, morain

	
Podzol, sandy morain

	
Podzol, morain

	
Podzol, morain

	
Clayey fine silt

	
Fine sand




	
a Tsum (°C)

	
1337.3

	
1216.7

	
1414.6

	
1407.7

	
1298.3

	
1264.4




	
b MAP (mm)

	
648.3

	
757.2

	
1189.7

	
643.4

	
579.7

	
538.2




	
No. of clones

	
2121

	
2120

	
2600

	
2601

	
1062

	
931




	
No. of families

	
57

	
57

	
84

	
85

	
96

	
96




	
Average No. of ramets/clone

	
3.99

	
3.95

	
3.31

	
3.32

	
5.99

	
7.98




	
Average No. of clones/family

	
37.2

	
37.2

	
30.9

	
30.6

	
10

	
10




	
Type of material

	
Full-sib

	
Full-sib

	
Full-sib

	
Full-sib

	
Half-sib

	
Half-sib








a Temperature sum (calculated as degree-days with 5 °C as threshold [27]). b Mean annual precipitation. These variables were obtained based on climate indices for operational forestry in Sweden and Finland from 1961–2007 [28].
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Table 2. Genetic parameters with standard errors in parenthesis for height measurements in four full-sib clonal trials.
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Traits

	
      σ   c  2     

	
      σ   A  2     

	
      h   i  2     

	
      H   i  2     




	
Nässja






	
Ht17

	
9.75 (2.70)

	
16.90 (2.10)

	
0.10 (0.03)

	
0.26 (0.02)




	
Ht18

	
4.4 (3.30)

	
20.60 (2.40)

	
0.04 (0.03)

	
0.23 (0.01)




	
Ht19

	
20.2 (5.50)

	
18.20 (3.90)

	
0.10 (0.03)

	
0.20 (0.02)




	
Tot-Ht16

	
22.76 (11.30)

	
78.42 (8.40)

	
0.06 (0.03)

	
0.26 (0.02)




	
Tot-Ht17

	
50.3 (21.50)

	
147.55 (15.40)

	
0.07 (0.03)

	
0.29 (0.02)




	
Tot-Ht18

	
77.51 (38.40)

	
252.28 (26.30)

	
0.07 (0.03)

	
0.30 (0.02)




	
Tot-Ht19

	
136.9 (65.50)

	
370.30 (43.20)

	
0.07 (0.03)

	
0.29 (0.02)




	
Sunnansjö




	
Ht17

	
8.3 (5.60)

	
20.90 (3.40)

	
0.05 (0.04)

	
0.22 (0.02)




	
Ht18

	
15.0 (6.60)

	
28.73 (4.40)

	
0.07 (0.03)

	
0.20 (0.01)




	
Ht19

	
* 0.00

	
43.4 (3.30)

	
* 0.00

	
0.20 (0.01)




	
Tot-Ht16

	
26.50 (12.50)

	
75.60 (8.80)

	
0.06 (0.03)

	
0.23 (0.01)




	
Tot-Ht17

	
57.05 (30.0)

	
152.00 (18.90)

	
0.07 (0.03)

	
0.27 (0.02)




	
Tot-Ht18

	
102.10 (55.50)

	
270.90 (34.50)

	
0.07 (0.04)

	
0.27 (0.02)




	
Tot-Ht19

	
185.20 (87.70)

	
462.80 (55.50)

	
0.07 (0.03)

	
0.27 (0.01)




	
Ängelholm




	
Ht17

	
12.73 (4.48)

	
18.87 (2.89)

	
0.09 (0.03)

	
0.32 (0.02)




	
Ht18

	
20.15 (5.29)

	
18.52 (3.21)

	
0.15 (0.04)

	
0.29 (0.02)




	
Ht19

	
36.89 (11.55)

	
58.79 (7.25)

	
0.12 (0.04)

	
0.23 (0.01)




	
Tot-Ht16

	
61.95 (15.68)

	
31.32 (8.72)

	
0.21 (0.05)

	
0.33 (0.02)




	
Tot-Ht17

	
123.73 (34.2)

	
88.27 (19.14)

	
0.19 (0.05)

	
0.35 (0.02)




	
Tot-Ht18

	
236.33 (63.0)

	
171.3 (34.67)

	
0.23 (0.05)

	
0.42(0.02)




	
Tot-Ht19

	
400.54 (112.19)

	
389.02 (62.04)

	
0.23 (0.06)

	
0.49 (0.02)




	
Kohagen




	
Ht17

	
22.46 (7.20)

	
21.45 (4.51)

	
0.10 (0.03)

	
0.22 (0.02)




	
Ht18

	
110.39 (23.39)

	
22.52 (12.65)

	
0.29 (0.05)

	
0.35 (0.02)




	
Ht19

	
36.75 (10.59)

	
46.55 (7.06)

	
0.10 (0.03)

	
0.24 (0.02)




	
Tot-Ht16

	
131.85 (31.24)

	
19.43 (16.61)

	
0.29 (0.06)

	
0.34 (0.02)




	
Tot-Ht17

	
283.47 (72.68)

	
78.56 (38.70)

	
0.27 (0.06)

	
0.37 (0.02)




	
Tot-Ht18

	
729.72 (168.50)

	
159.03 (89.30)

	
0.32 (0.06)

	
0.41 (0.02)




	
Tot-Ht19

	
1040.83(241.49)

	
344.57 (129.05)

	
0.31 (0.06)

	
0.43 (0.02)








* Standard errors for parameter estimates at zero were not available due to ASReml parameter restrictions.
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Table 3. Genetic parameters with standard errors in parenthesis for height measurements in two half-sib clonal trials.
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Traits

	
     σ A 2     

	
     σ C 2     

	
     h i 2     

	
     H i 2     




	
Nurmijärvi






	
Ht18

	
48.57 (11.01)

	
20.12 (7.00)

	
0.17 (0.04)

	
0.24 (0.02)




	
Ht19

	
66.78 (13.46)

	
1.39 (7.75)

	
0.21 (0.04)

	
0.21 (0.02)




	
Tot-Ht17

	
815.95 (177.58)

	
563.00 (111.04)

	
0.26 (0.05)

	
0.44 (0.02)




	
Tot-Ht18

	
1197.30 (257.50)

	
763.46 (159.40)

	
0.27 (0.05)

	
0.44 (0.02)




	
Tot-Ht19

	
1796.11 (378.12)

	
951.01 (229.16)

	
0.28 (0.05)

	
0.43 (0.02)




	
Pori




	
Ht18

	
42.11 (10.85)

	
23.80 (7.34)

	
0.13 (0.03)

	
0.20 (0.02)




	
Ht19

	
76.19 (17.35)

	
23.24 (10.80)

	
0.18 (0.04)

	
0.24 (0.02)




	
Tot-Ht17

	
642.20 (166.80)

	
652.23 (113.40)

	
0.18 (0.04)

	
0.36 (0.02)




	
Tot-Ht18

	
983.60 (252.20)

	
943.90 (170.10)

	
0.18 (0.04)

	
0.36 (0.02)




	
Tot-Ht19

	
1634.96 (434.83)

	
2047.83 (303.38)

	
0.17 (0.04)

	
0.39 (0.02)
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Table 4. Estimated type-B of additive genetic correlations (   r b   ) with standard errors in parenthesis, estimated additive genetic variance (   σ G 2   ) and residual variance (   σ ε 2   ) (which includes the true G × E and error) for height increments and heights in four full-sib and two half-sib clonal trials.






Table 4. Estimated type-B of additive genetic correlations (   r b   ) with standard errors in parenthesis, estimated additive genetic variance (   σ G 2   ) and residual variance (   σ ε 2   ) (which includes the true G × E and error) for height increments and heights in four full-sib and two half-sib clonal trials.





	
Trait

	
Trial Pairs




	
Nässja-Sunnansjö

	
Ängelholm-Kohagen

	
Nurmijärvi-Pori




	
     r b     

	
     σ G 2  ,  σ ε 2     

	
     r b     

	
     σ G 2  ,  σ ε 2     

	
     r b     

	
     σ G 2  ,  σ ε 2     






	
Ht17

	
0.69 (0.11)

	
9.7, 4.32

	
0.59 (0.11)

	
13.6, 9.4

	
-

	
-




	
Ht18

	
0.71 (0.11)

	
11.3, 4.6

	
0.23 (0.13)

	
14.6, 54.2

	
0.48 (0.11)

	
22.4, 23.8




	
Ht19

	
0.79 (0.09)

	
16.5, 4.3

	
0.35 (0.15)

	
15.4, 28.7

	
0.44 (0.10)

	
25.8, 35.7




	
Tot-Ht16

	
0.72 (0.11)

	
26.3, 10.1

	
0.70 (0.08)

	
79.7, 33.8

	
-

	
-




	
Tot-Ht17

	
0.78 (0.09)

	
65.4, 18.4

	
0.67 (0.08)

	
168.9, 83.3

	
0.66 (0.09)

	
506, 256.10




	
Tot-Ht18

	
0.82 (0.08)

	
127.2, 27.7

	
0.54 (0.10)

	
296.5, 262.7

	
0.63 (0.10)

	
726.8, 421.1




	
Tot-Ht19

	
0.86 (0.06)

	
212.1, 35.8

	
0.52 (0.62)

	
437.3, 404.5

	
0.62 (0.10)

	
1099.2, 690
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