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  Differences in wood properties of  Picea abies  
L. Karst. in relation to site of provenance and 
population genetics   
  Abstract :  Chemical and physical characteristics of wood 

from six European populations of  Picea abies  were 

investigated taking into consideration their genetic 

 differentiation determined by four microsatellites mark-

ers. The growth conditions of investigated spruce trees 

differed significantly. As a consequence, several adapta-

tions were observed in samples from varying environ-

ments. The adaptation mechanisms include a variation 

to the annual rings morphology as well as the physical 

properties of the wood. It was proved that some proper-

ties, such as wood density or latewood ratio, are strictly 

correlated to the environmental variables. Results show 

that trees from geographically distinct populations pre-

sent some diversity in the genotypes. It was also noticed 

that some trees did not share their genetic profile with 

other plants from the same location due to high intra-

population variability. Samples from  Finland possessed 

the lowest level of internal differentiation, while sam-

ples from northern Poland presented the lowest allele 

richness and were most divergent from the others. It was 

not possible to correlate any wood properties (chemical 

or physical) to genetic features of the population due to 

high intrapopulation diversity.  

   Keywords:    microsatellites,   Norway spruce,   wood proper-

ties,   wood provenance   
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   Introduction 

 Norway spruce ( Picea abies  L. Karst.) is widely cultivated 

in Europe, being one of the most important tree species 

used for the production of pulp and timber products. The 

wood properties of  Picea , as all the other species, may be 

strongly influenced by local variables. Climate (tempera-

ture, rainfall, wind, and sun), as well as soil features (fer-

tility, drainage, and nutrient availability), deeply affect 

the growth of trees. The spruce wood from northern prov-

enances of Norway and Finland has, on average, a higher 

percentage of latewood (LW) and a higher overall density 

than trees from Central Europe ( Skr ø ppa et al. 1999 ). Trees 

growing at higher elevation sites, which are, in general, 

more exposed, often have an inferior stem form and 

contain less stiff wood, compared to those planted in more 

protected sites ( Moore et al. 2009 ). High rainfall induces, 

in most cases, a wider ring width. The correlation between 

wood density and temperature during the growing season 

is generally negative ( Ivkovi ć  et al. 2013 ). Water availabil-

ity is a limiting factor for earlywood (EW) development in 

the spring time, whereas low air temperature is restrain-

ing LW growth in the summer time ( Pokorn ý  et al. 2012 ). 

According to  Franceschini et  al. (2012) , between- and 

within-ring variations are influenced by tree developmen-

tal stage, site, genetics, and forest management. Climate 

or hydraulic maintenance was hypothesized to be respon-

sible for the variation of the radial tracheid width. Several 

other variations in the tree ring structure due to genetic 

provenance were observed by  Park and Spicker (2005) , 

 Miina (2000) ,  Manetti and Cutini (2006) , and  Andreas-

sen et al. (2006) .  Bernabei and Bontadi (2011)  compared a 

series of tree rings as measured on historic musical instru-

ments and effectively linked dendrochronological analy-

sis to wood provenance. The provenance of wood has an 

effect on the chemical composition of the wood. Different 

contents of cellulose, lignin, hemicelluloses, and extrac-

tive components were measured in spruce wood from 

various locations ( Tjoelker et al. 1998 ). 

 Wood properties and the economical value of resources 

may differ between stands as an effect of forest management 
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and silvicultural practices ( Jyske et al. 2010 ). The combined 

effects of tree spacing, thinning, pruning, etc., on wood 

technological properties (wood density, ring width, pro-

portion of juvenile, EW, and LW) were investigated by  Jaak-

kola et al. (2006, 2007) , among others. It was proven that 

increasing thinning intensity resulted in lower mean wood 

density, tracheid length, and LW proportion in harvested 

wood. Fertilization, however, accelerated volume growth 

and increased the overall economic value of resources ( Cao 

et al. 2008 ). Fertilization might also change the fiber charac-

teristics.  M ä kinen et al. (2002)  concluded that fertilization 

reduced fiber length and cell wall thickness, but increased 

fiber and lumen diameter in rings of the same age. 

 Phenotypic traits of trees are greatly influenced by 

the environment and also by their genetic origin. Density, 

for example, shows high heritability and responds well 

to genetic improvement ( Zobel and Jett 1995 ). It was con-

firmed in another work by  Pliura et  al. (2007) , where 

wood density of poplar hybrids was under strong genetic 

control. Heritability and additive genetic coefficient of 

variation within seven traits of forest trees were compiled 

by  Cornelius (1994)  on the basis of 67 published papers. 

Wood specific gravity heritability was always low as well 

as other traits. The analysis of additive genetic coefficients 

of variation suggested that specific gravity tends to have 

lower values than other traits, while height and diameter 

had lower values than straightness. The levels of additive 

genetic variation and heritabilities suggest that reason able 

levels of genetic gain can be achieved by screening rela-

tively low numbers of trees. The term  “ gene diversity ”  (or 

 “ expected heterozygosity ” ), proposed by  Nei (1973, 1987)  

as a measure of diversity, is frequently used to estimate 

genetic variation in population genetics. This was the case 

for quantifying a genetic variation in populations ( Driscoll 

et al. 2002 ;  Hoelzel et al. 2002 ), evaluating genetic diver-

gence and population relationships ( Nei 1973 ;  Ramachan-

dran et al. 2005 ). This parameter is also considered as the 

most suitable for inbred mating populations ( Weir 1996 ). 

 The overall goal of molecular population studies is to 

identify the causal genes of natural variation in traits that 

affect fitness and result in evolutionary change through 

natural selection and adaptation to local environments. 

Similarly, plant breeders seek to identify causative poly-

morphisms for important agronomic traits, thus, provid-

ing a powerful resource for genetic improvement of plant 

crops through direct allele selection ( Haussmann et  al. 

2004 ) and/or biotechnology ( Boerjan 2005 ). DNA markers 

were also proposed for identification of protected species 

in the context of combating illegal logging ( H ö ltken et al. 

2012 ). In this context, there is a tendency for a combina-

tion of genetic, anatomic, and chemical-spectroscopic 

methods for the identification of the origin of a wood 

( Zahnen 2014 ). 

 Genetic variability of  P. abies  from different popula-

tions in Europe has been previously investigated by means 

of several markers ( Acher é  et al. 2005 ;  Goncharenko et al. 

2005 ;  Maghuly et al. 2006 ;  La Porta et al. 2007 ). Also micro-

satellites, as markers especially suitable for studies of tree 

population genetics, have already been applied to highlight 

differences among populations ( Scotti et  al. 2000, 2002 ). 

The major advantages of nuclear microsatellite markers are 

their lower sensitivity to the variation in population effec-

tive size and the possibility of assessing heterozygosity 

( Scotti et al. 2006 ). Populations characterized by a narrow 

genetic basis are thought to be more sensitive to environ-

mental changes or disease, leading to a decrease in pro-

ductivity ( Oleksyn et al. 1994 ). Another benefit of studying 

simple sequence repeat (SSR) markers is their high ability 

of alleles ’  discriminations. Finally, relatively fast analysis 

procedure (the isolation of DNA, the duplication of DNA 

fragments by PCR, and the comparison of markers’ profiles) 

allows rapid and accurate DNA testing ( Nowakowska 2011 ). 

 Summarizing the state of the art, it was stated that 

wood properties can be affected by both environmental 

factors as well as genetic characteristics. The objective of 

this research was, therefore, to investigate the differences 

in wood properties of selected Norway spruce trees taking 

into consideration the location of the stands and genetic 

characteristics of the population. Another goal was to 

determine if any correlation between wood properties and 

genetic features of these populations is noticeable.  

  Materials and methods 
 Norway spruce wood samples collected in six diff erent settlements 

[from Finland, Estonia, Poland (three lots), and Italy] within its natu-

ral range in Europe was investigated ( Figure 1  ). At least 36 disks from 

the bottom of the freshly harvested trees were extracted at each loca-

tion. Stands diff ered in geographical position, elevation, climate, and 

silviculture, covering the actual distribution of  P. abies  in Europe. The 

summary of site characteristics is presented in  Table 1  . The details for 

the procedure of sample harvesting, conditioning, and preparation 

was described previously ( Sandak et al. 2011 ). Experimental samples 

were obtained from adult wood zones ensuring an equal cambial age 

of all investigated samples. It was impossible, however, to collect tree 

samples of exactly the same age. 

 The cross sections of samples, including pith and bark, were 

scanned on the offi  ce scanner and calibrated spatially. The physical 

properties of samples (LW ratio and average ring width) were meas-

ured by means of image analysis. The image processing included fi l-

tering and contrast enhancement. The border between EW rings as 

well as the transition of EW toward LW were automatically detected 

by the soft ware (LabView, National Instruments, Austin, TX, USA) 
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and reported separately for each sample. Wood density was esti-

mated according to both gravimetric method and X-ray radiography. 

The second method provided detailed density maps and profi les in a 

form of X-ray absorbance images. The samples were conditioned to 

 ∼ 12% moisture content (MC) before measurement (20 ° C, 60% RH). 

 Radiometric density was determined on the custom-built X-ray 

densitometer equipped with a long-focus X-ray source (ItalStructure, 

Rovereto, TN, Italy). The settings of the bulb were 55 kV and 35 mA, with 

the exposition time of 100 ms. Scintillated photodiode array (Hama-

matsu S5668, Hamamatsu Photonics k.k., Shizuoka, Japan) served as an 

X-ray detector. The calibration of the system was performed on the basis 

of a set of selected samples, including varying densities and thicknesses. 

 The concentration of cellulose was determined according to the 

Seifert procedure (with acetylacetone-dioxane-hydrochloric acid) 

( Browning 1967 ). Holocellulose content was obtained by wood delig-

nifi cation by sodium chlorite with the addition of acetic acid ( Brown-

ing 1967 ). The amount of other wood components was determined 

according to the following standards: lignin (Tappi standard 2006), 

hot water extractives (Tappi standard 2008), 1% NaOH extractives 

(Tappi standard 2007c), organic solvent extractives (Tappi stand-

ard 2007a), and ash content (Tappi standard 2007b). The quantity 

of hemicelluloses was computed as the diff erence between cellulose 

and holocellulose contents. Detailed chemical analyses were per-

formed on three representative sample sets selected from each lot. 

 Figure 1      The distribution map of Norway spruce ( Picea abies ) and 

sampling locations, source: EUFORGEN 2009,  www.euforgen.org .    

 Table 1      Geographic coordinates, annual mean temperature and precipitation of each locations followed by altitude, mean tree age and 

trunk radius of the trees observed.   ±   standard error of the mean.  

  

Provenance  Location  

Coordinates  Climatic conditions  

Altitude (msl)  Age (year)  Radius (mm)  Latitude  Longitude  Avg. temp. ( ° C)  Avg. prec. (mm)  

 � Finland Lieksa 63 ° 22 ′ 00 ″ 30 ° 42 ′ 00 ″  + 2 650  ∼ 140 153  ±  4 135  ±  5
 � Estonia Tartu 58 ° 18 ′ 00 ″ 27 ° 16 ′ 00 ″  + 4.8 600  ∼ 70 92  ±  2 164  ±  8
 � Poland 1 Rynk ó w 53 ° 42 ′ 00 ″ 18 ° 30 ′ 00 ″  + 7.0 548  ∼ 135 52  ±  5 99  ±  6
 � Poland 2 Grz ę dy 50 ° 42 ′ 36 ″ 16 ° 11 ′ 24 ″  + 8.4 600 600 – 810 92  ±  2 167  ±  7
 � Poland 3 Krzesz ó w 50 ° 44 ′ 24 ″ 16 ° 02 ′ 24 ″  + 8.4 600 490 – 540 73  ±  2 183  ±  11

 �   Italy  Paneveggio  46 ° 18 ′ 00 ″   11 ° 49 ′ 59 ″    + 2.4  1260  1700 – 1800  150  ±  6  211  ±  11  

 Total genomic DNA was extracted based on the protocol of 

 Rachmayanti et al. (2006) . Wood, 100 mg, was scratched from each 

sample with a scraper, put in a 1.5-ml vial adding 800  μ l of extrac-

tion buff er made of AP1 DNeasy Plant Mini Kit (Qiagen Sciences, 

Germantown, MD, USA) buff er, PVP 3.1% (w/v), and 8  μ l of RNA-ase, 

then mixed and incubated 65 ° C overnight. Aft er incubation, 250  μ l of 

AP2 buff er was added and then stored at -20 ° C overnight. Finally, the 

solution was mixed for 5 min at 16 000 g  and eluted following DNeasy 

Plant Mini kit instructions. 

 Four nuclear primer pairs for SSR loci were used for this study: 

EAC1G05, EAC1D10 ( Scotti et  al. 2002 ), SpAC1B8 ( Pfeiff er et  al. 

1997 ), and UAPCA24 ( Hodgetts et  al. 2001 ). PCR amplifi cations 

were conducted by a 96-well MasterCycler EpGradient (Eppendorf, 

 Hauppauge, NY, USA) using a total volume of 25  μ l with 2.5  μ l 10  ×   
Dream Taq Buff er, 0.5 U of Dream Taq (Termo Scientifi c, Fermentas, 

Pittsburgh, PA, USA) 200  μ M dNTPs, 0.2  μ M of each primer, 50 ng 

of total genomic DNA. PCR-cycling conditions consisted of fan initial 

denaturation step at 94 ° C for 5 min, followed by 35 cycles of 45 s at 

94 ° C, 45 s at annealing temperature, and 45 s at 72 ° C. Annealing tem-

peratures were 60 ° C, 53 ° C, 55 ° C, and 57 ° C respectively, for EAC1D10, 

EAC1G05, UAPCA24, and SpAC1B8. A fi nal extension step of 45 min 

at 72 ° C ended the cycle. The fl uorescently labeled microsatellite 

fragments were analyzed on a MegaBace 500 (Ge Healthcare, Little 

 Chalfont, UK) automated sequencer. Fragment sizing was performed 

by means of MegaBace 1.2 (Ge Healthcare) fragment profi ler soft ware. 

 Physical and chemical parameters were analyzed using SYS-

TAT 11 (Systat Soft ware Inc., Richmond, CA, USA) statistical package. 

Several procedures of the package were applied to study the impact 

of diff erent factors on the measured variables. Linear correlation was 

applied to study the eff ect of altitude and latitude on chemical vari-

ables. Analysis of variance was applied to study location and tree age 

as a source of variation on average ring width, LW ratio, and wood 

density. Robust discriminant analysis was fi nally used to classify the 

wood in relation to the provenance on the basis of density, LW ratio, 

and ring width. Population genetic parameters were used to evaluate 

genetic polymorphisms and to quantify genetic variation among the 

investigated populations. The number of alleles at each locus, fi xation 

index ( F  
 IS 

 ), inbreeding coeffi  cient ( F  
 ST 

 ), genotypic diff erentiation (exact 

G-test), and P-value (Fisher ’ s method) for each population pair were 

calculated using the soft ware GENEPOP 4.2 (University of Montpellier, 

France) ( Rousset 2008 ). Accessions with only a single amplifi ed frag-

ment were assumed to be homozygous for that fragment. This leads to 

underestimate the percentage of heterozygosity when computing gene 

diversity. The frequency of null alleles was, thus, estimated per locus 

and per population by the EM algorithm of GENEPOP 4.2 ( Dempster 

et al. 1977 ). The so-called  “ gene diversity ” , or expected heterozygosity 
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as proposed by  Nei (1987)  was calculated with the soft ware FSTAT 2.9.3 

(Lausanne University, Lausanne, France) ( Goudet 2002 ). Genetic dis-

tances were computed according to  Nei (1978) . The soft ware NTSYSpc 

(Exter Publishing Ltd., Setauket, NY, USA) served to cluster popula-

tions and plants on the basis of their genetic distances. A sequential 

agglomerative hierarchical nested cluster analysis with an unweighted 

pair group method of clustering (UPGMA) was applied. It was followed 

by a tree plot procedure of the same package to provide a graphic rep-

resentation of similarity parameters, from which relationships among 

populations and plants may be deduced. Euclidean distance single 

linkage method was used (aft er the standardization of data within 

the SIMINT procedure of the NTSYSpc program) to calculate the aver-

age  “ taxonomic ”  distance among the populations based on chemical 

and physical data. The matrix of similarity based on SSRs data was 

compared to the matrix based on chemical or physical parameters 

by a two-way Mantel test ( Mantel 1967 ). The procedure computes the 

product-moment correlation  r  and the Mantel test statistics to measure 

the degree of relationships between the two matrices.  

  Results and discussion 

  Chemical composition 

 The chemical analysis of powdered wood allowed the 

quantitative assessment of the differences in chemical 

composition of investigated materials and is summarized 

in  Table 2  . The values of individual chemical components 

of Norway spruce wood for all locations are within the 

reference values for this species as reported in the litera-

ture ( Tjoelker et al. 1998 ). The quantity of cellulose was 

 ∼ 45.5% and was similar in all samples. The holocellulose 

content ranged from 67% to almost 72% and was the most 

varying component among all. Significant differences 

(almost 2.5%) in lignin content were observed between 

the material from northern Poland ( � ) and Italy ( � ). A 

positive Pearson correlation value was found between 

site altitude and lignin content ( r   =  0.727). Moreover, 53% 

of the variation in the lignin content was explained by 

the increase of altitude ( R   2    =  0.529) at the significance level 

of 90% (P  =  0.101) through a consecutive regression analy-

sis. This finding is in agreement with  Gindl et al. (2001) , 

who observed that trees growing at higher altitudes com-

pensate for the thinner cell walls with increased lignin 

content to maintain mechanical integrity of the xylem. 

 The variation in extractives amount did not exceed 

1.3% within all tested materials. These contents were 

inferior to those published in the literature ( Tjoelker 

et al. 1998 ). Indeed, the extraction was carried out only 

with ethanol, while most of the literature references were 

based on ethanol-benzene mixture extraction. Slightly 

higher differentiations were noticed for substances 

soluble in 1% NaOH and varied in the range of  ∼ 1.8%. 

A positive correlation between the extractive compo-

nents soluble in hot H 
2
 O, and the latitude was observed 

( r   =  0.656,  R   2    =  0.431, and P  =  0.157). Such results are in 

agreement with findings of  Hakkila (1968) , who observed 

that the average proportion of extractives slightly increase 

with increasing latitude in pine heartwood. However, the 

average total extractives’ proportion of sapwood remains 

constant. The most recent research published by  Caron 

et al. (2013)  state that yield class, latitude, longitude, and 

thinning do not have an impact on the total amount of 

acetone-soluble extractives. 

 The quantitative data related to the chemical composi-

tion of wood can be utilized for studies of taxonomy ( Sokal 

and Sneath 1963 ;  Sneath and Sokal 1973 ) and/or ecology 

( Legendre and Legendre 1983 ;  Pielou 1984 ). The average 

 “ taxonomic ”  distance due to chemical content variations 

within all investigated populations is shown as a cluster 

plot in  Figure 2  a. A clear clustering of samples from north-

ern populations of Finland and Estonia is noticed. All the 

other populations are grouped in the second cluster and 

reflect the geographical distances between sites. 

 It should also be noted that traditional  “ wet chemical 

analysis ” , as discussed here, possesses a relatively large 

 Table 2      Chemical composition (average for each group) estimated as percent of dry weight.  

Provenance 
(%)  

Cellulose 
(%)  

Lignin 
(%)  

Holocelulose 
(%)  

Hemicelluloses 
(%)  

Extractives 
(%)  

Soluble in  

Minerals 
(%)  

Hot H 2 O 
(%)  

1% NaOH 
(%)  

 � Finland 45.16 28.82 70.24 25.08 1.82 2.05 11.48 0.28

 � Estonia 45.62 27.06 67.25 21.63 1.97 0.65 9.75 0.29

 � Poland 1 45.52 26.92 67.36 21.84 1.51 0.93 10.87 0.31

 � Poland 2 45.68 28.41 70.18 24.50 1.84 0.56 9.73 0.30

 � Poland 3 45.49 27.91 71.82 26.33 2.45 1.02 11.54 0.27

 �   Italy 45.49 29.34 70.75 25.26 1.15 0.87 10.65 0.31

Standard 

error of mean  

    ±  1.36    ±  0.25    ±  1.80    ±  1.50    ±  0.32    ±  0.30    ±  0.60    ±  0.26  
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error margin and is not capable of providing refined quali-

tative information. Instead, clear evidences of variations to 

the molecular structure (as scrutinized with near-infrared  

spectra), due to the combined effect of tree provenance, 

environmental factors, and silvicultural practices, were 

previously reported by  Sandak et al. (2011) .  

  Physical properties 

 The summary of investigated physical wood properties is 

presented in  Table 3   and  Figure 3  . Average wood densi-

ties are in the range of 0.39 – 0.52 g · cm -3  and correspond 

to values attributed to Norway spruce (Figure 3a and b). 

The samples from Estonia ( � ) and Finland ( � ) possess 

the highest density values, which confirms the hypothesis 

of  Zobel and van Buijtenen (1989)  that growth rate and 

density of conifers are negatively correlated. The lowest 

densities were measured on the Italian wood originated 

from the Dolomite Mountains. It is a typical characteris-

tic of resonance (tone) wood. Such wood, besides having 

superior acoustical characteristics, often possesses a fairly 

steady narrow or narrowing growth, with an average ring 

width of  ∼ 1 to 2 mm. Other characteristic of tone wood is 

its low density associated with stiffness across the grain. 

Low ambient temperature and short grooving season 

negatively affect LW formation ( Splechtna et al. 2000 ). It 

follows the supposition that the wood of trees growing at 

higher elevations has lower density (and LW width) com-

pared to that of low altitudes. As a consequence, Norway 

spruce from the Paneveggio forest  �  has a particular 

microstructure (low density and high stiffness at the same 

time) determining its superb acoustic properties ( Nocetti 

and Romagnoli 2008 ). 

 The X-ray radiograms and density profiles, as pre-

sented in  Figure 4  , demonstrated slightly different density 

patterns for each location. Relatively low values of density 

are noticed for samples from Italy  � , Poland  � , and 

Poland  � . Accordingly, the reaction wood was most fre-

quent in the samples originated from mountainous areas 

(Italy  �  and Poland  � ). The zone of juvenile wood had 

relatively high density in most samples. A tendency to a 

Coefficient of dissimilarity

5.0 4.0 3.0 2.0 1.0

Italy

Poland

Poland

Poland

Finland

Estonia Italy

Poland

Poland

Poland

Finland

Estonia

Coefficient of dissimilarity

1.2 0.9 0.6 0.3 0

a b

 Figure 2      Cluster plots of the taxonomic distances among six populations of  Picea abies  on the basis of chemical (a) and physical (b) wood 

characteristics.    

 Table 3      Average ring width, latewood (LW) ratio, and density of  Picea abies  wood from different origins (  ±  the standard error of mean).  

  Site  

Source of variation  

Avg. ring width (mm)  LW ratio  Density (g · cm -3 )  

Poland 1 2.135  ±  0.192 0.204  ±  0.017 0.457  ±  0.012

Poland 2 1.836  ±  0.074 0.245  ±  0.013 0.471  ±  0.005

Poland 3 2.419  ±  0.086 0.162  ±  0.010 0.430  ±  0.009

Estonia 1.841  ±  0.091 0.283  ±  0.015 0.515  ±  0.016

Finland 0.898  ±  0.037 0.379  ±  0.009 0.518  ±  0.006

Italy 1.444  ±  0.039 0.216  ±  0.008 0.393  ±  0.006

P  in F test 0.003 0.059 0.721

P for tree age 0.170 0.019 0.170

P for site* and tree age  0.000  0.006  0.432  
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gradual increase of density with the age of tree can also be 

noticed on several density profiles. 

 The size of logs (log radius) was not correlated with 

the age. The wood samples from the north of Poland  �  

were the youngest and had the highest standard devia-

tion of the ring width. The moderately young trees from 

southern Poland  �  were relatively large in diameter. On 

the contrary, Finnish samples with the smallest diameter 

were extracted from the oldest trees. The small annual 

ring widths in both, Scandinavia and high mountainous 

areas, were caused by a short vegetation period and severe 

climate, as well as presumably soil fertility and silvicul-

ture. In the case of samples from southern Poland  � , the 

mean width of annual rings was more than twice as great 

in comparison to that from Finland. It was also noticed 

that even if two locations in Southern Poland ( �  and 

 � ) were close to each other (the distance of  ∼ 5 km), rela-

tively large differences between the physical characteris-

tics were noticed. The wood in  �  was taken from a steep 

mountain slope at the level of  ∼ 800 masl. Samples of  �  

were collected from the flat land ( ∼ 500 masl) at the foot 

of the mountain. Narrower rings in wood from  �  can be 

explained, therefore, by more severe climatic conditions 

and natural environment (steep slope  –  up to 30%  –  and 

less fertile soil-bonitation III). 

 Wood from Finland  �  had the highest share of LW 

(Figure 3d). It is due to the short vegetation season and a 

more severe climate. Analogical observations were made 

for spruce wood from nearby Estonia  � , Italy  � , and 

Poland  � .  Splechtna et al. (2000)  reported, however, the 

decline in the percentage of LW and the mean ring density 

with increasing elevation. In this context, contradictory 

information is published by different authors.  Zobel and 

van Buijtenen (1989)  reported that LW genesis is depend-

ent on the water availability. Irrigated trees have a higher 

percentage of LW. This statement might be particularly 

valid for spruce form Italy where the precipitation was the 

highest (1260 mm annually). The wood from Poland  �  and 

 �  had the lowest LW ratio. A clear tendency to increase 

the share of EW with the increase of the ring width was 

observed. An analogous remark was reported for spruce 

by  Zobel and van Buijtenen (1989) , among others. 
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 Figure 3      Wood density (a), X-ray measured wood density (b), average ring width (c), and late wood ratio (d) of different provenances of 

 Picea abies .    
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 Figure 4      Examples of x-ray radiograms and density profiles for trees of different provenances: Finland  �  (a), Estonia  �  (b), Poland  �  (c), 

Poland  �  (d), Poland  �  (e) and Italy  �  (f). (Note: arrows indicate locations of the reaction wood.)    

 Robust discriminant analyses were performed based 

on density, LW ratio, and average ring width. The summary 

of results is presented in  Figure 5   and shows a great range 

of differentiation in terms of site of origin. The first two 

canonical scores enabled a clear separation of samples 

from Italy  � , Finland  � , and the other provenances. The 

analysis of variance on the physical properties of samples, 

as shown in Table 3, evidenced a strong influence of the 

site on the average ring width (P  =  0.003), whereas both 

density and LW ratio were less correlated to the site loca-

tion. It was also found that the age of trees affected the 

wood properties, especially the LW ratio (P  =  0.019). 

 The  “ taxonomic ”  distances (a cluster analysis) due to 

the physical wood characteristics are shown in Figure 2b. 

Three clusters can be defined here, with Poland  �  being 

the most distant from other locations. It was found that 

wood from Finland  �  and Italy  �  had relatively similar 

characteristics. 

 Wood density and LW ratio were correlated to the 

geographical position of the sampling. It was found that 
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 Figure 5      Canonical scores plot resulting from the robust discrimi-

nant analyses of density, late wood ratio, and ring width.    

83% of the variation in wood density were explained by 

differences in the latitude (regression P  =  0.010), whereas 

66% by the altitude above the sea level (P  =  0.048). Wood 

density increased at higher latitudes ( r   =  0.913) and was 
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inversely correlated to the altitude ( r   =  -0.815). The regres-

sion between LW ratio and latitude was statistically sig-

nificant (P  =  0.035), while latitude explained 71% of the 

total variation. LW ratio was directly correlated with the 

increase in latitude ( r   =  0.842). On the contrary, the effect 

of altitude on this propriety was lower ( r   =  -0.363) and indi-

cated the decrease in the LW ratio with the increase in the 

altitude. 

 Both geographical latitude and site altitude strongly 

affect climatic conditions and the tree growth environ-

ment, even if they have influenced wood density and 

LW ratio differently. Regulation of tree growth is con-

trolled genetically, in response to environmental cues, 

such as day length, light quality, and/or ambient tem-

perature.  Heide (1974)  showed that formation of the LW 

tracheids possessing thick walls and narrow lumens 

took place upon exposure to a short-day photoperiod. 

The photoperiod control can in some cases be omitted; 

the growth cessation can be induced even in long pho-

toperiods through a combination of high day and low 

night temperature. Light and temperature are important 

environmental factors affecting all physiological pro-

cesses as the annual growth of the tree is a continuum. 

These responses involve environmentally-dependent 

modulations of the expression of specific genes and 

enzyme activities ( Asante et  al. 2011 ). The opposite 

trends observed for latitude and altitude can therefore, 

be explained by the different modulation imposed on the 

physiological processes from day length-light-tempera-

ture variables. 

 Only 2% and 25% of the total variance, for altitude 

and latitude, respectively, explained the variation of 

average ring width. Ring width was only moderately cor-

related (negatively) to both latitude ( r   =  -0.496) and alti-

tude ( r   =  -0.136). It can be assumed, therefore, that genetics 

(besides silviculture, stand density, soil fertility, age, among 

others) may affect the ring width within the six popula-

tions investigated. The influence of genetic differentiation 

was analyzed, therefore, in relation to the ring width, but 

 considering also other wood properties of interest. 

 The SIMINT procedure of NTSYSpc was used for group-

ing the studied populations by physical characteristics, 

in an analogy to the chemical analysis discussed before. 

The resulting dendrogram is shown in Figure 2b. It is clear 

that the clustering differs significantly from that obtained 

by the analysis of chemical components (Figure 2a). The 

two-way Mantel test ( Mantel 1967 ) was used for the sta-

tistical comparison of matrices used for clustering. The 

results showed very poor fit ( r   =  -0.011,  t   =  -0.044, P  =  0.516), 

indicating that differentiation of the six populations 

studied were related to other (than physical properties) 

factors. Moreover, such differentiations were related to 

chemical and physical properties independently.  

  Genetic variables 

 The number of alleles  N , gene diversity  GD , and fixation 

index  F  
 IS 

  were calculated for each locus and population 

( Table 4  ). The number of alleles per locus obtained in this 

research is lower than those described by other authors 

for  P. abies .  Acher é  et  al. (2005)  found alleles per locus 

for the 25 microsatellites studied in the range of 5 – 55 (25 

in average).  Maghuly et al. (2006)  detected 27 (in average) 

alleles within five loci. Allelic richness, total number of 

alleles in a population, is also reported in Table 4. The 

values ranged from 31 (Poland  � ) to 54 (Estonia  �  and 

Italy  � ). The slightly lower number of scored alleles 

within this study could be explained by the dimension of 

the experimental matrix (plants/number of loci). The pos-

sibility of detecting new alleles increases with increasing 

number of analysis and the polymorphism of each locus. 

  F  
 IS 

  index is a coefficient of consanguinity due to not-

usual mating. The high values at each locus indicate a 

significant excess of intrapopulation homozygosity. Some 

differences in alleles among population were present in 

both locus UAPCA24 and SpAC1B8. Finland  �  and Estonia 

 �  show lower values in gene diversity and  F  
 IS 

  for these 

loci. Italy  � , however, had the lowest values of  F  
 IS 

  at locus 

EAC1D10. For Finland  � , the lowest value was found for 

overall genetic diversity ( F  
 IS 

   =  0.497). 

 According to  Maghuly et  al. (2006) , populations of 

 P.  abies  from high elevation exhibit more genetic varia-

tion than samples from middle and low elevations. This 

was not confirmed in the present research as the stands 

located at the lowest (Estonia  � ) and highest (Italy  � ) 

elevations possessed 54 alleles. 

 The values of pairwise differentiation  F  
 ST 

  among pop-

ulations, as summarized in  Table 5  , were very low espe-

cially in the case of Italy  �  vs. Poland  �  and  � , as well 

as for Finland  �  vs. Estonia  � . It was also confirmed by 

UPGMA cluster analysis from genetic distances among 

populations. The UPGMA dendrogram shows cluster-

ing of populations independently from the country of 

provenance ( Figure 6  ). Poland  �  population is the most 

divergent from the others. Two other clusters can also be 

distinguished, the first, grouping the northern popula-

tions of Estonia  �  and Finland  � , the second, grouping 

Poland  �  and  �  and Italy  � . The fact of clustering three 

out of six populations in a single cluster (Italy  � , Poland 

 �  and  � ) indicates a moderate level of genetic separation 

due to geographical provenance. 
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 Table 4      Number of alleles  N , estimated null allele frequency  NA  gene diversity  GD  fixation index  F  
 IS 

  calculated for each locus and prov-

enance, and overall allelic richness  AR .  

Origin  

Locus EAC1D10  Locus EAC1G05  Locus UAPCA24  Locus SpAC1B8  Overall  

 N    NA    GD    F   IS     N    NA    GD    F   IS     N    NA    GD    F   IS     N    NA    GD    F   IS     AR   F IS   

 �  Finland 14 0.239 0.936 0.525 14 0.246 0.948 0.531 12 0.203 0.851 0.478 5 0.140 0.498 0.410 45 0.497

 �  Estonia 14 0.326 0.938 0.704 15 0.359 0.946 0.706 15 0.262 0.918 0.577 10 0.191 0.565 0.509 54 0.637

 �  Poland 1 13 0.379 0.926 0.820 12 0.236 0.922 0.518 9 0.327 0.835 0.734 9 0.306 0.858 0.611 43 0.671

 �  Poland 2 13 0.201 0.943 0.470 11 0.316 0.978 0.693 8 0.404 0.886 0.906 8 0.171 0.705 0.409 40 0.630

 �  Poland 3 13 0.212 0.939 0.468 12 0.326 0.964 0.717 9 0.266 0.875 0.619 7 0.257 0.754 0.668 31 0.616

 �  Italy  15  0.150  0.920  0.275  14  0.287  0.962  0.629  19  0.327  0.963  0.634  6  0.364  0.731  0.895  54  0.593  

 Table 5       F  
 ST 

 -pairwise differentiation values for each population pair.  

Region   �  Finland   �  Estonia   �  Poland 1   �  Poland 2   �  Poland 3  

 �  Estonia 0.0082  –  –  –  – 

 �  Poland 1 0.0460 0.0445  –  –  – 

 �  Poland 2 0.0242 0.0054 0.0470  –  – 

 �  Poland 3 0.0452 0.0391 0.0132 0.0120  – 

 �  Italy  0.0203  0.0246  0.0408  0.0016  0.0027  

Poland 

Poland 

Italy 

Poland 

Estonia

Finland 

High differentiation/Low differentiation 

 Figure 6      UPGMA cluster plot of the genetic distances among six 

populations calculated from SSR data.    

 The above clustering reflects the statistical differen-

tiation of the studied populations. The P values resulting 

from the exact G-test are summarized in  Table 6  , where all 

the population pairs are compared at the genotypic level 

(number of shared genotypes). Each pair differs statisti-

cally when P   ≤   0.05, assuming 95% level of confidence. 

Only Poland  �  differed from all the other regions. Estonia 

 �  was dissimilar from Finland  � , as well as Italy  �  was 

statistically different from Poland  �  and  � . No significant 

difference was noticed between the genotypic structures 

of samples from Estonia  �  and Poland  � . The set of the 

above observations is a corroboration of the five popula-

tions grouping within the same cluster as presented in 

Figure 6. 

 The existence of geographical trends of genetic vari-

ation over the European Norway spruce natural range 

was observed by classical statistical methods ( Borghetti 

et al. 1988 ;  Lagercrantz and Ryman 1990 ). Investigations 

carried out by the genetic markers revealed differentia-

tion between southern and central European populations 

( Vendramin et  al. 2000 ) and identified 16 genetic zones 

( Bucci and Vendramin 2000 ). Other studies focused more 

specifically on the area between the northern and south-

ern natural ranges, defined as European disjunction or 

 “ spruceless zone ”  ( Nowakowska 2009 ). The zone covers 

the Middle Polish Plains where  P. abies  has a recently 

sparse distribution.  Dering and Lewandowski (2009)  

described this area as a hybrid for Norway spruce origi-

nating from Carpathian and Russian Weichselian refuges. 

The results reported here show that trees from Poland  �  

belong to a genetic group of spruce well separated from 

all the others. This has been confirmed by the findings of 

other researches stating that Baltic area of Norway spruce 

in Poland is a part of the Scandinavian area. The south-

ern part of Poland, however, belongs to the Hercyno-Car-

pathic zone, even if there are stands with Norway spruce 

trees being introduced by German and/or Austrian forest-

ers before the 1 st  World War. 

 The result of comparing the matrices of genetic simi-

larity with the average ring width by a two-way Mantel 

test reveals that both sets of data are poorly correlated 

( r   =  -0.007,  t   =  -0.023, P  =  0.491). No statistical correlation 

was also found between the matrices of genetic similar-

ity and chemical contents ( r   =  0.208) as well as physical 
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properties ( r   =  0.323). Thus, it was not possible to identify 

any marker, depending on provenance and associable to 

wood properties. The presence of alleles shared among 

all the provenances can be deduced as well from the 

Lynch ’ s similarity analysis dendrogram ( Figure 7  ). All 

the cases, each representing a single analyzed tree, are 

not clustered in relation to the tree provenance. Individ-

ual samples from each of the six locations are dispersed 

throughout the entire dendrogram because of the large 

intrapopulation variability. Several studies have shown 

that genetic variation is relatively high and that the 

majority is partitioned within (rather than between) pop-

ulations ( Cottrell et al. 2003 ;  Acher é  et al. 2005 ).  Maghuly 

et al. (2006)  analyzed genetic diversity in different sub-

populations of Norway spruce in Austria by nuclear SSRs 

finding more genetic variation and heterozygosity within 

populations than among populations. The geographi-

cal differentiation of genes is relatively low due to both 

the mating system and the high migration rate ( Taberlet 

et al. 1998 ). 

 Adaptive traits in forest trees have often both evolu-

tionary and agronomic relevance with practical impor-

tance in lumber and pulp production ( Peter and Neale 

2004 ). Molecular approaches to genetically dissecting 

wood properties (and other adaptive traits in forest trees) 

have focused on quantitative trait locus (QTL) mapping 

( Casasoli et al. 2006 ). Although given the large genetic-to-

physical distance in most conifers, identification of spe-

cific genes responsible for phenotypic variation in these 

species is unlikely via QTL mapping. Association genetics 

has become a favored genetic approach for studying quan-

titative traits in many organisms. It is taking advantage of 

historical recombination to identify trait-marker relation-

ships on the basis of linkage. The essence of applying 

genetic approach is the identification of statistical asso-

ciations between variation in relevant phenotypic traits 

and allelic polymorphism in known genes, although it is 

generally difficult to demonstrate that a particular allelic 

variant is, indeed, causally related to a phenotype ( Weigel 

and Nordborg 2005 ). Association genetics has been 

 Table 6      Genotypic differentiation for each population pair (exact G-test) and P-value (Fisher ’ s method).  

Origin  

 �  Finland   �  Estonia   �  Poland 1   �  Poland 2   �  Poland 3  

  χ   2   P-value    χ   2   P-value    χ   2   P-value    χ   2   P-value    χ   2   P-value  

 �  Estonia 14.00 0.081  –  –  –  –  –  –  –  – 

 �  Poland 1 43.80 0.000 31.16 0.000  –  –  –  –  –  – 

 �  Poland 2 22.51 0.004 10.73 0.217 35.28 0.000  –  –  –  – 

 �  Poland 3 30.79 0.000 20.68 0.008 16.33 0.038 8.19 0.414  –  – 

 �  Italy  24.10  0.002  25.20  0.001  38.73  0.000  7.23  0.512  6.48  0.594  

Italy

Lynch’s similarity coefficient 

1.000 0.25 0.50 0.75

Finland

Estonia

Poland

Poland

Poland

 Figure 7      UPGMA dendrogram of the single plants from the six origins, produced by Lynch ’ s similarity coefficient.    

Brought to you by | CNR / Ivalsa
Authenticated | sandak@ivalsa.cnr.it author's copy

Download Date | 10/21/14 4:18 PM



J. Sandak et al.: Wood properties of  Picea abies  L. Karst      11

recently applied in several studies on trees ( Gonz á lez-Mar-

t í nez et al. 2007 ;  Denis et al. 2013 ;  Guerra et al. 2013 ). The 

present study is based on only four microsatellites and 

low number of markers. Nevertheless, these were suffi-

cient to discriminate plants among and within the studied 

populations. Only two couples had the same fingerprint-

ing as visible in Figure 7. 

 Authors are aware that genetic variability of traits can 

be best studied in planned experiments where several gen-

otypes are grown in the same site and climatic conditions, 

with an adapted experimental design. Our study cannot 

be used for direct association between molecular and mor-

phological features also because molecular approaches 

based on neutral genetic diversity as microsatellites are 

not directly connected to selection. These markers can 

be used (in combination with others) for quantitative 

mapping of trait loci. Moreover, it is generally recognized 

that any information about variation at the population 

level would help in assessing the importance of evolution-

ary processes. Such knowledge (genetic parameters based 

on molecular markers for each genetic zone) might also be 

of great commercial potential for selection and breeding 

activities, as well as for forest certification.   

  Conclusions 
 It was demonstrated here that some physical proper-

ties, such as wood density or LW ratio, are correlated to 

the environmental variables. On the other hand, it was 

shown that trees from geographically distinct provenance 

present some genetic diversity. It was also observed that 

some trees were not sharing their genetic profile with 

other plants from the same location, due to high intra-

population variability. The samples from Finland  �  pos-

sessed the lowest level of internal differentiation, while 

a set of samples from Rynk ó w in Poland  �  was the most 

divergent from the others. 

 The growth conditions of  Picea abies  trees from 

various sites investigated in this research differed sig-

nificantly. As a consequence, several adaptations were 

observed in samples from varying environments. The 

adaptation mechanisms include the variation to annual 

rings morphology (ring width and EW ratio) as well as 

wood properties (such as density). The variation in the 

chemical structure was perceptible but only with a small 

variation. Discriminant analysis on wood properties 

allowed accurate separation of investigated wood lots 

and the recognition of wood lot sources. Molecular analy-

sis of tree populations allowed separation among the 

provenances, even if the geographic differentiation was 

low. It was not possible to correlate any potential commer-

cial and adaptive traits to investigated microsatellite loci 

due to the high intrapopulation diversity. Both tree age 

and provenance were most influential on the wood prop-

erties of the studied  P. abies  samples.   
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