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Abstract

:

The external and internal factors in the tree development process affect wooden structures and properties. They depend on, for example, a plant species, its age, part and growth conditions. The present study investigated the chemical structure and physical properties of the common urban tree species: small-leaved lime (Tilia cordata Mill.). The properties of trees growing in an urban agglomeration, by a roadside and in a forest, i.e., areas varying in degrees of an environmental stress impact, were compared. Tree-ring width and density, selected hygroscopic properties (sorption hysteresis and isotherms), wood chemical content (percentage content of: holocellulose, cellulose, pentosanes, lignin and substances soluble in 1% NaOH and EtOH) as well as the content of selected chemical elements (Fe, Zn, Cu, Pb, Cd, K, Na, Mg and Ca) were studied. The analysis of the case shows no impact of the environmental stress on the growth patterns characterized by ring width index (RWI). Two-factor analysis of variance (ANOVA) revealed impact significance of growth environment and cambial age on the content of each of the investigated components and chemical elements. There was a relationship demonstrated that for a tree growing in an agglomeration with the highest environmental stress the content of cellulose and lignin was the lowest, whereas the content of substances soluble in NaOH and EtOH was the highest. For mature wood growing under the same conditions, the results corresponded to the highest Zn, Cu, K, Na, Mg and Ca content. It was also shown that the environmental stress affected hygroscopicity which was the consequence of chemical component percentage content. The research proved that Tilia cordata Mill. responded to environmental stress with alternations in its chemical or/and physical properties.
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1. Introduction


The impact of anthropogenic factors on the environment affects adversely trees’ growth and development. The knowledge of an environmental stress influence on the trees’ growth and development can be applied mainly to develop adequate methods of natural and economic environmental management. In this situation, information on tree species with high adaptability may be particularly useful for forest management and the wood industry. Moreover, due to the economic use of wood raw material (biomass), an equally important aspect is to determine the environmental stress impact on the properties of harvested wood, which will assess its suitability for a specific application.



The lowest environmental stress regards trees growing in a forest. This is determined by its natural microclimate, a positive impact of the natural environment related to decomposition of leaves and access to nutrients, the occurrence of mycorrhizal fungi, and natural protection of the stand against harmful pollution [1]. The moderate anthropogenic impact on the environment is characteristic of trees growing by alleys, traffic routes running through forest areas. Such trees are subjected to salt stress resulting from salinity of roads in winter. They are exposed to year-long car exhaust emissions and also their branches spreading over a road surface are damaged mechanically. Trees growing in cities are most vulnerable to environmental stress with their hindered access to soil to which access of air is also limited. They suffer from water and mycorrhizal fungi shortages in soil and roots are subject to cutting and damage. What is more, soil in agglomerations tends to be salt-laden and often chemically polluted, and atmospheric air is polluted with detrimental gases and dusts. Moreover, air temperature in cities is higher and air is drier. The thermal situation is often deteriorated by heat emission reflected back from walls and pavements.



Climate change observations in Poland indicate an explicit tendency of a temperature increase, a longer period of plant active growth and it beginning earlier, a drop in the number of days with snow cover, an increase in winter precipitation and a decrease in summer precipitation as well as an increase in maximum daily precipitation [2]. Tanguy De Jaegere et al. [3] and Erichsen et al. [4] observe a superior lime ability to adapt due to climate warming and research results by Barniak et al. [5] confirming the connection of Tilia cordata Mill. tree radial growth with climate.



Small-leaved lime (Tilia cordata Mill.) is one of two lime species present in Poland, along with large-leaved lime (Tilia platyphyllos L.). It grows all over the country [6]. The tree is up to 30 m tall with a diameter up to 2 m at the height of 1.3 m. The tree crown is ovoid and dense; it develops a strong rooting system with deep side roots spreading diagonally and widely [7]. Limes are usually resistant to frost, they grow in average soil, rather fertile and fresh, not too dry [8]. Current tree stands with small-leaved limes do not play a significant role in Polish forests. The share of the species in State Forests, which administer nearly 80% of the forest surface in Poland, is estimated as 9.4%, and it was stated as a prevailing species in about 2900 stands, with total surface of almost 6500 ha [9]. Tilia cordata Mill. is treated as one of the most useful trees in landscape planting and planting within urban agglomerations due to its aesthetic aspects [10]. The suitability of Tilia cordata Mill. for planting is determined by the fact that it is a good phytoremediant [11]. The amount of literature on the environmental stress impact on the species is moderate. For example, Popek et al. [12] stated that Tilia cordata Mill. microdusting has an adverse influence on photosynthesis and chlorophyll fluorescence in an assimilation apparatus. It was also proven that pollution in the form of car exhaust emissions result in reducing Tilia cordata Mill. seed production [13].



Disturbances to the growth and development of trees as a result of adverse effects of industry and anthropogenic factors on the environment may influence the wood chemical composition, which does not leave its properties unaffected. A polluted environment may cause a rise of heavy metal content in wood, i.e., lead and cadmium [14,15]. In the paper of Kiaei et al. [16] it was determined that there was a relationship between the content of elements such as nickel, lead, cadmium, zinc and iron and wood density. Moreover, Kiaei et al. [16] proved the relationship between selected heavy metal content and chemical composition and wood density. The paper results indicate that, for example, higher cadmium content in a wood tissue leads to high extractive substance content and low lignin content. Krutul et al. [15] investigating oak wood reported that environmental pollution affected distribution and content of biogenic elements i.e., potassium and calcium. Potassium content in oak sapwood growing in a polluted environment was determined to be as much as 15–35% higher than in the samples of the tree growing under limited environmental stress conditions.



The results of numerous studies conclude that wood hygroscopicity is determined by its chemical composition [17,18,19,20]. Simón et al. [21] determined the chemical composition of juvenile and mature wood of Abies alba Mill. wood i.e., extractives, lignin and carbohydrate polymer-cellulose and hemicellulose-content. Moreover, the hygroscopicity and thermodynamic properties of both wood types were studied in temperatures of 15, 35 and 50 °C. It was stated that mature Abies alba Mill. wood had more cellulose and hemicellulose content and less extractives content than the juvenile one. The mature wood sorption isotherms are above the juvenile wood isotherms in all three temperatures. It was also determined that the amount of energy involved in the sorption process is greater in the mature wood than in the juvenile wood. Majka and Olek [22] stated the sorption isotherms at 25 °C for the successive phases (i.e., initial desorption, adsorption and second desorption), sorption hysteresis and the fiber saturation point (FSP) of mature and juvenile lime (Tilia sp.) wood. It was concluded that juvenile wood was characterised by higher equilibrium moisture content than in the case of mature one.



The aim of the article is to assess indirectly the results of an environmental stress impact on Tilia cordata Mill. growing in urban agglomerations, by a roadside and in a forest i.e., under high, moderate and low stress conditions, respectively, comparing selected wood properties. The paper takes into account the determination of annual tree-ring width, density, wood chemical components as well as wood hygroscopicity.




2. Materials and Methods


2.1. Investigation Environment


Tilia cordata Mill. trees were selected from the area of the Greater Poland-Pomerania Natural Forest Regions, located in North-Western Poland (Figure 1). The area is characterised by a similar climate, a similar geomorphologic layout, similar potential natural vegetation and forests [23,24,25]. The research used trees growing in three areas which had been chosen on the basis of a degree of an environmental stress impact. The selected trees were from the environment of the lowest stress, i.e., a forest (tree A—cambial age: 50 years old), of moderate stress, i.e., by a roadside running through forest areas (tree B—130 years old) and of the highest stress, i.e., in a big urban agglomeration (tree C—100 years old) (Figure 2).




2.2. Sampling


Discs of 60 mm (at breast height) and diameter 260, 530 and 460 mm for tree A, B and C, respectively were cut during a vegetation rest period, taking into account a North-South direction. Two twin main strips (1 and 2) were obtained from the discs. The main strips were radially oriented and included all tree rings from pith to bark. The scheme of a sample preparation is presented in Figure 3.




2.3. Ring Width Index (RWI) and Basic Density


The cross-section of the main strips 1 (see Figure 3) was sanded to improve visualization of the growth rings. The annual tree ring widths were measured with a Brinell’s magnifying glass with an accuracy of 0.1 mm. The tree rings series have been visually crossdated and detrended with R and RStudio [26]. Considering a higher level of growth when a tree is young, which is the tree’s natural biological growth trend, standardization was carried out applying a negative exponential curve technique in the dplR package [27,28]. Ring width indices (RWI) were generated by dividing the measured raw ring width by the model curve fit value [29].



For basic density measurements, the same strip of wood was split into smaller pieces, each containing 3 or 6 annual increments (depending on the ring width) in order to obtain about 10 mm-wide samples. Specimens’ dimensions were 20, 20, 10 ± 5 (for the longitudinal, tangential and radial directions, respectively). Basic density was calculated as a mass of oven-dry matter [g] per green wood volume [cm3].




2.4. Chemical Analysis


For a chemical analysis, juvenile and mature wood was used. The examined wood samples prepared according to the scheme presented in Figure 3 were then ground in a Fritsch Pulverisette 15 laboratory mill (Fritsch GmbH, Idar-Oberstein, Germany) and the 0.5–1.0 mm fraction was used.



2.4.1. Chemical Composition of Wood


Chemical analyses included the main chemical components’ content determination and were conducted according to well-established methodologies. Cellulose content was determined according to Seifert’s method [30], using a mixture of acetylacetone, 1.4-dioxane and hydrochloric acid to isolate cellulose. The holocellulose content analysis was conducted according to the chlorite method [30], using NaClO2 as a reagent. Pentosane content was determined according to the TAPPI standard method T 223 cm-01 [31] using hydrochloric acid and phloroglucinol. Acid-insoluble lignin was assessed according to the T 222 om-06 standard TAPPI method [32], using 72% sulphuric acid to hydrolyze and solubilise carbohydrates. Extractives soluble in alcohol were determined according to T 204 cm-97 [33], whereas sodium hydroxide solubility of wood was performed according to T 212 om-02 [34]. All the chemical analyses were repeated with three replicates for each sample and the maximum standard deviation of results within each test was considered as an indicator of the measurement error. The sum of lignin, holocellulose and extractive analysis consistently appears to be greater than 100% in some investigated materials since the results were calculated in relation to wood dry matter. This phenomenon results from the imperfection of classical wet methods which are used during lignocellulosic material main and minor constituents’ concentration determination [35,36].




2.4.2. Chemical Elements of Wood


The samples (0.5000 g) were mineralised with nitric acid (Avantor Performance Materials, Gliwice, Poland) in a semi-closed microwave mineralisation MARSXpress system (CEM Corporation, Matthews, NC, USA). The content of Fe, Zn, Cu, Pb Cd, K, Na, Mg, Ca in the samples was analysed by means of FAAS, using a Spectra 280 AA spectrometer (Agilent Technologies, Santa Clara, CA, USA). The calibration curve was prepared from the serial dilution of a standard Fe, Zn, Cu, Pb, Cd, K, Na, Mg, Ca solution (Sigma-Aldrich, Hamburg, Germany). The correctness of the method was verified using the Poplar Leaf certified reference material NCS DC 73, 350 (NACIS, China). The final results were average values of three simultaneous measurements.





2.5. Sorption Properties


The sorption experiments were made with the dynamic vapour sorption (DVS) apparatus (DVS Advantage 2, Surface Measurement Systems, London, UK). The EMC values were registered for 12 levels of air relative humidity (RH) in the full sorption cycles (i.e., adsorption and desorption) at a flow rate of 150 cm3/s and a temperature of 20 °C. The pre-set RH values ranged from 0% to 95% and back to 0%. Prior to the experiments, the wood samples prepared as for a chemical analysis had been separately stored in a desiccator over phosphorus pentoxide (P2O5) for two weeks leading to an MC close to dry mass. The average dry mass of each sample (0.125–0.250 mm fraction) was ca. 8 ± 0.5 mg; the pre-dried samples were additionally equilibrated in the DVS apparatus in dry nitrogen. After that, the RH was stepwise increased. It was assumed that the hygroscopic equilibrium was obtained at a given air RH value when the mass change was less than 0.0005%/min for at least 60 min. The procedure was repeated for each RH step for the adsorption/desorption modes and the EMC values were calculated.



The adsorption/desorption isotherms were calculated by the Guggenheim, Anderson, and de Boer (GAB) equation [37]:


  E M C =  M m    K ⋅ C ⋅ R H    (  1 − K ⋅ R H  )  ⋅  (  1 − K ⋅ R H + C ⋅ K ⋅ R H  )     



(1)




where Mm (kg/kg) is the monolayer moisture content; C (-), equilibrium constant related to the monolayer sorption; and K (-), equilibrium constant related to the multilayer sorption; RH (-) is the air relative humidity.



The GAB model was often rewritten into the same form directly used during fitting [38,39,40]:


    R H   E M C   = a + b ⋅ R H + c ⋅ R  H 2   



(2)




where


  a =  1   M m  ⋅ C ⋅ K    



(2a)






  b =   ( C − 2 )    M m  ⋅ C    



(2b)






  c =   K ( 1 − C )    M m  ⋅ C    



(2c)







The parameters of Equation (2) were estimated from a plot of RH/EMC versus RH by regression analysis of the experimental sorption data. The last-square method was used to estimate the coefficients of Equation (2). The GAB model parameters (Equation (1)) were then calculated: K is the solution of quadratic equation:


  a ⋅  K 2  + b ⋅ K + c = 0  



(2d)




and then


  C =  b  a ⋅ K   + 2  



(2e)






   M m  =  1  b + ( 2 ⋅ K ⋅ a )    



(2f)







Proposed by Majka et al. [41], the estimators of the sorption hysteresis, i.e., the maximum difference of EMC for desorption and adsorption (ΔEMCmax), and of the hysteresis loop (H) were used.




2.6. Statistical Analysis


The experimental data were statistically analysed using STATISTICA 13.3 software (TIBCO Software Inc., Palo Alto, CA, USA). An analysis of variance (two-factor ANOVA) was performed to test whether cambial age and growth environment had an effect on chemical composition of the examined wood. Significance was established at the p < 0.05. Tukey’s honest significant difference tests (post-hoc) were applied in order to analyse the significant difference of mean values.





3. Results


3.1. Ring Width Index and Basic Density


Time series of ring width index (RWI) were plotted against date (Figure 4). Collected data covered the period from 1966 to 2017 for tree growth in a forest (A), 1886–2017 for tree growth by a roadside (B) and 1918–2017 for tree growth in an urban agglomeration (C). In general, the trees in all environments represented similar growth patterns (i.e., ring width index—RWI) with some low and high episodes, e.g., 1945–1960 for the roadside tree (B), i.e., growing under moderate stress conditions. All of the investigated trees showed a decrease in radial growth in the early 2000s.



Above the RWI time series, sample basic density from corresponding calendar years has been plotted (Figure 4). In diffuse-porous trees, radial variation of wood density differs between species [42,43,44]. Fukuzawa [42] reported for Tilia japonica (Miq.) Simonk. a wood density increases with the distance from pith. Wood basic density radial variation, characteristic for diffuse-porous trees, was retained only for a tree growing under the lowest environmental stress conditions, i.e., in the forest (tree A). In the described case, juvenile wood near pith is characterised by distinctly lower basic density (approx. 250 kgm−3) than mature wood near bark (approx. 450 kgm−3). For trees growing near the forest road and in the urban agglomeration (B and C), density undergoes certain fluctuations, but basically does not vary between their pith and a girth. A minor difference of juvenile and mature wood density which was recorded for trees B and C may result from an influence of moderate and high environmental stress conditions, respectively. What is more, for the forest and by-roadside tree (A and B), mature wood basic density coincides with the values reported in literature (in range 0.41–0.50 g/cm3) [45,46]. In the tree wood growing in the urban agglomeration (C), with the highest environmental stress, juvenile and mature wood basic density is at a lower level, i.e., 0.30–0.40 kg/m3.




3.2. Chemical Analysis


3.2.1. Chemical Composition of Wood


In the range of wood chemical composition percentage content analysis, main components i.e., holocellulose, cellulose, pentosanes and lignin as well as components soluble in 1% NaOH and in ethanol were determined. Table 1 presents the results of a multifactor variation analysis (two-factor ANOVA) for the investigated chemical composition. The analysis results indicate the significance of an environmental impact on content of each of the presented components (for p < 0.05). Additionally, cambial age is a factor influencing substantially the investigated wood chemical composition excluding pentosanes and substances soluble in NaOH (p > 0.05). A factor interaction (a × b) was also stated in every case, excluding pentosane content.



Table 2 shows the content of the investigated wood chemical components. As far as the juvenile wood is concerned, the total carbohydrate content (holocellulose) ranged from 75.7% to 85.8%. The juvenile wood from the tree growing under moderate environmental stress i.e., by the roadside (B) was characterised by the lowest holocellulose content. At the same time, statistically significant differences (α = 0.05) of mean holocellulose content in a tissue of the compared trees were stated. Slightly higher holocellulose content was determined for the mature wood of the investigated trees. In the case described, the content varied from 85.8% to 86.6%. There were no statistically significant differences in average holocellulose content in the mature wood. Cellulose content in the juvenile wood ranged from 42.8% to 44.6%. The most cellulose amount was determined for the tree wood growing by the roadside (B), whereas for the mature wood cellulose content ranged more widely from 41.6% to 46.7%. The highest cellulose content was determined for the tree growing under the lowest environmental conditions, i.e., in the forest (A), and the lowest for the tree growing under the highest environmental stress, i.e., the urban agglomeration (C). According to literature data [47], content of that component in lime wood ranges from 43.2% to 54.0%, therefore the determined content does not diverge significantly from it. The content of pentosanes, major hemicellulose components of biomass, varied in the investigated tree’s juvenile wood from 20.5% to 24.5%. Considering literature data i.e., 19.7–20.4% [47], the determined percentage content is slightly higher. For the mature wood, pentosane content was at an even higher level i.e., 23.0–23.9% and did not display difference significance.



Lignin content in the juvenile wood of the compared trees ranged from 20.2% to 22.1%. Difference significance was reported merely for the results for the tree growing under moderate environmental stress i.e., by the roadside (B). In the mature wood, lignin percent content was lower than in the juvenile wood and ranged from 17.9% to 20.1%. Difference significance was determined also only for the results obtained for the tree growing by the roadside (B). For the wood, both in the juvenile and mature area, the largest amount of lignin was determined. However, all the values obtained for the researched trees are at a low level comparing with literature data [47].



Holocellulose to lignin content ratio (H/L) is an absolute value which gives a possibility to estimate numerical relationships between carbohydrate components and lignin. Lower values were determined for the juvenile wood and higher ones for the mature wood, which means that carbohydrate content in proportion to lignin in the juvenile wood is lower, whereas in the mature wood it is higher. For the tree growing by the roadside (B), both the juvenile and mature, the coefficient was the lowest.



The substances soluble in NaOH and EtOH were determined from the group of soluble components. The substances soluble in NaOH are wood components such as hemicelluloses, low-polymerised lignin, amorphous cellulose, fats as well as waxes. For the juvenile wood, their content ranged from 24.4% to 26.8%. In the mature wood, it changed in the wider range: from 20.0% to 33.4%. The majority of components from the group were determined in the wood from the tree growing under the highest environmental stress, i.e., the urban agglomeration (C), whereas the smallest number under the lowest environmental stress, were in the forest (A). The substances soluble in EtOH are the components from the group of lipid compounds, i.e., mainly resins, fats, waxes and others. Their content in the juvenile wood ranged from 3.3% to 9.3%, whereas in the mature wood this was slightly higher and varied from 5.4 to 14.0%. The highest compound group content, similar to the compounds soluble in 1% NaOH, was determined in the both wood areas from the tree growing in the urban agglomeration (C). Compared with literature data [47], it is clear that percentage content of the both analysed groups of chemical components in lime wood growing in the urban agglomeration exceeds it greatly.



The results obtained for the juvenile and mature wood revealed that they showed similar reactions involving increasing or decreasing biosynthesis intensity of selected chemical components depending on the volume of environmental stress. It was observed that in both the juvenile and mature wood of the trees growing in the urban agglomeration (C), i.e., under high stress conditions, there was the least cellulose and lignin and the most substances soluble in NaOH and EtOH compared with the remaining trees. It can be concluded that despite the juvenile and mature wood being developed in various tree growth periods and differing in anatomy [48,49,50], they demonstrated a similar response to environmental stress.




3.2.2. Chemical Elements of Wood


Table 3 presents the results of the two-factor ANOVA for the investigated groups of the elements’ chemical composition i.e., Fe, Zn, Cu, Pb, Cd, respectively. The analysis results indicate the significant effect of both included factors, i.e., cambial age and environment on the content of each of the included components (for p < 0.05). Also stated are statistically significant interactions of factors (a × b) for all the analysed cases of the investigated chemical composition in lime wood.



The content of the selected heavy metals (Table 4) determined in the juvenile and mature wood changed to a very high extent. The differences of the obtained results were statistically significant. In the juvenile wood, the highest value of iron (75.4 mg/kg) was determined for the tree growing in the urban agglomeration, i.e., under the highest environmental conditions (C). In the juvenile wood of the trees growing in two remaining locations with lower environmental stress, in the forest (A) and by the roadside (B), iron was determined at the level of 51.2 and 36.4 mg/kg, respectively.



The highest content of zinc and copper was determined in the mature wood of the tree growing in the urban agglomeration, i.e., under the highest environmental stress conditions (C). In the wood, the least cellulose and lignin but the most soluble substances were determined (see Table 2). The mature wood of the tree growing in the forest, i.e., under the lowest environmental stress (A), contained the lowest content of zinc, copper, lead and cadmium yet the most cellulose (see Table 2). The results of higher content of heavy metals in the wood stemming from the trees from more polluted areas were also mentioned in the article by Krutul et al. [15]. The authors investigating oak wood, obtained from an unpolluted area, determined a lack or trace amounts of lead. Moreover, according to Watmough et al. [51,52], lead content in sugar maple wood (Acer saccharum Marshall) ranged from 0.5 to 1.5 mg/kg. The lead concentration results at 0 level presented in this article and determined in the mature lime wood from the tree growing in the forest (A) confirm that as well. To compare, cadmium content in oak (Quercus petraea Liebl.) wood from a non-polluted environment was from 0.02, 0.01 and 0.15 mg/kg in the sapwood, heartwood and bark, respectively [14]. In the presented research, cadmium was determined at a distinctly higher level in the mature wood growing under the highest or moderate environmental stress, i.e., in the urban agglomeration (C) 0.3 mg/kg and by the roadside (B) 1.4 mg/kg, respectively. The lowest zinc and cadmium content, as in the mature wood, was determined in the juvenile wood growing under the lowest environmental stress (A), i.e., in the forest (Zn: 23.7 mg/kg and Cd: 0.1 mg/kg).



Table 5 presents the two-factor ANOVA results for the investigated chemical composition groups of elements i.e., K, Ca, Na, Mg, respectively. The analysis results show a substantial influence of both included factors, i.e., cambial age and environment on the content of each of the included components (for p < 0.05). The statistically significant interactions of factors (a × b) for all the analysed cases of the investigated chemical composition in Tilia cordata Mill. wood also occurred.



The potassium, sodium, magnesium and calcium content (Table 6) in the juvenile and mature wood changed to a high extent and differences between the results were statistically significant. In the juvenile wood, the highest potassium, sodium and calcium concentration was determined in the tree by the roadside (B), for which environmental stress was moderate (K: 3376.3 mg/kg, Na: 3186.6 mg/kg and Ca: 9732.2 mg/kg). However, the biggest amount of magnesium was determined in the juvenile tree wood growing in the forest, i.e., in the area with the lowest environmental stress (A) (Mg: 1446.8 mg/kg). The lowest concentration of elements was determined in the juvenile wood of the tree growing in the urban agglomeration, i.e., under the highest environmental conditions (C) (K: 410.6 mg/kg, Na: 1814.3 mg/kg, Mg: 536.0 mg/kg, Ca: 5100.9 mg/kg). It is worth noticing that for the mature tree wood growing under those conditions (i.e., C), the highest volume of potassium, sodium, magnesium and calcium was determined (K: 3337.6 mg/kg, Na: 3400.0 mg/kg, Mg: 898.5 mg/kg, Ca: 3189.8mg/kg), whereas the lowest content of elements, excluding magnesium, for the mature wood was determined for the tree growing under the lowest environmental stress (A), i.e., in the forest (K: 1307.7 mg/kg, Na: 1161.9 mg/kg, Ca: 1902.7 mg/kg).



For the mature wood from the urban agglomeration, i.e., growing under the highest environmental stress (C), in which the highest potassium, sodium, magnesium and calcium content was determined, there was the lowest content of cellulose and lignin and the largest number of soluble substances (Table 2). However, in the mature wood from the least polluted area (A), i.e., from the forest, with the lowest content of potassium, sodium and calcium, the highest content of cellulose and the lowest content of soluble substances was determined (see Table 2).



In our research, relationships between very high potassium and calcium content and heavy metal content e.g., zinc, cadmium and copper were noticed. In the wood of the tree growing in more polluted areas (C and B) in which potassium and calcium were determined at a very high level (mature wood K: 3337.6 mg/kg, Ca: 3189.8 mg/kg; juvenile wood K: 3376.3, Ca: 9732.2 mg/kg), zinc, copper and cadmium were also determined in the highest concentration (mature wood Zn: 78.6 mg/kg, Cu: 26.3 mg/kg; juvenile wood Zn: 33.5, Cd: 0.5 mg/kg). Moreover, relationships between very high calcium concentration and very low iron content can be reported for the juvenile wood of the tree growing by the roadside (B). The reported relationships between calcium and iron can also be observed in the mature wood of the tree growing in the area of the lowest stress, i.e., the forest (A). In the wood, calcium was determined at the lowest level, which corresponded with the highest iron content. Such high iron concentration compared with low calcium concentration confirms the results presented by Krutul et al. [15] who proved that plants accumulate iron when soil pH is low. When soil contains a huge amount of calcium, iron transforms into a form inaccessible to plants and it is not accumulated by them.





3.3. Sorption Properties


The results of sorption experiments are presented in Figure 5. Each plot consists of two sets of isotherm loops, i.e., juvenile and mature wood taking into account growth conditions. The isotherms were constructed by calculating the GAB model to each set of experimental data, i.e., measured EMC values are also depicted in the plots. The GAB sorption model is separately fitted to juvenile and mature wood samples for which adsorption and desorption isotherms were determined. Figure 6 typifies ratio RH/EMC versus air relative humidity for adsorption and desorption of juvenile lime wood. The fitting results for all the sets of the wood samples are presented in Table 7.



The sorption experiments’ results presented in Figure 5 generally support earlier conclusions that hygroscopic properties of juvenile and mature lime wood differ [22]. The lowest differentiation of hygroscopic properties regards the juvenile and mature wood tissue of the tree growing under low stress conditions (A), i.e., in the forest (see Figure 5a). In the case described, equilibrium moisture content which is gained by the juvenile wood is slightly higher than for the mature wood in all the range of air relative humidity (0–0.95). In the remaining cases, i.e., regarding moderate and high stress, (B and C) respectively, a higher variety of the mature and juvenile wood hygroscopic properties was reported. However, it is peculiar that for the tree growing under high stress conditions, i.e., in the urban agglomeration (C), for air relative humidity near saturation (RH above 0.90), the juvenile wood shows explicitly lower equilibrium moisture content than the mature one.



The obtained values of the saturation moisture content of the monolayer (Mm coefficient of the GAB model) are higher for an adsorption phase than for a desorption one. Furthermore, water sorption phenomena in juvenile wood are characterised by considerably higher Mm values than in mature wood. A mature wood tissue of the tree growing in the urban agglomeration (C) was characterised by the lowest accessibility of the primary sorption sites.



The values of the C coefficient were higher than 2 for all the estimated isotherms, i.e., the necessary condition for classifying the isotherms as type II of Brunauer’s classification was satisfied [53]. Moreover, all the isotherms can be classified as the fully sigmoidal type II because the additional condition proposed by Lewicki [54] i.e., the conjunction of the relations 5.57 < C < ∞ and 0.24 < K < 1 was satisfied (Table 7).



The C values were significantly higher than K, which indicates much higher sorption heat of the monolayer as compared to the multilayer [55]. It was stated that the C values for the juvenile wood tissues were higher than for the mature wood (for the tree growing in the forest (A) and by the roadside (B)). However, for the wood tissues obtained from the tree growing in the urban agglomeration (C), the value of the parameter was higher for the mature wood tissue. It can be interpreted that the monolayer water was bound more strongly to the primary sorption sites. A higher parameter C value means that removing monolayer water within the wood structure as it required more heat to remove water.



The K coefficient is related to the multilayer water. The coefficient was significantly lower than 1 for all the studied sorption isotherms (Table 7), which complied with its physical meaning [37]. A decrease of the K coefficient was interpreted by Timmermann et al. [56] as a less structured state of the multilayer. In each of the analysed cases, the adsorption phase was characterised by higher values of the K parameter. Furthermore, the mature wood tissue obtained from the tree growing in the urban agglomeration was characterised by the highest K parameter values, which means that multilayer water was of the highest order degree of both remaining cases.



The obtained descriptors of sorption hysteresis are presented in Figure 7 and Table 8. It was found that the juvenile wood is characterised by a slightly higher sorption hysteresis than the mature wood. Additionally, the highest sorption hysteresis was recorded for the juvenile wood gained from the by the roadside tree (B).





4. Discussion


4.1. Physical Properties


This study shows that in the investigated cases of Tilia cordata Mill., the environment did not affect the growth patterns characterised by RWI. There are no noticeable differences between RWI even if we consider a different growth pattern of trees at remarkably different ages, since the age-related trend in ring widths was removed by detrending.



The tree basic density from the urban agglomeration is the lowest among the researched trees. Taking into consideration the growth conditions of the compared trees, the reason might lie in soil hydrological process interferences in which the tree grew and restricted rooting volume—usually developed and deep [57], due to a paved surface [28]. Wood density depends mainly on a wood structure. In the investigated cases, lower wood density of the tree growing under the highest environmental stress conditions, i.e., in the urban agglomeration, does not reflect in distinctly reduced annual growth rings’ width indices of the tree. It confirms the thesis that for diffuse-porous deciduous species, the width of annual rings influences wood density moderately [58,59]. The observed density differences may result from the differences in porosity [59,60].



For the wood of the tree growing under the lowest environmental stress, i.e., in the forest, pith areas of the wood were characterised by explicit lower density. As mentioned, this is a natural relationship in many species of diffuse-porous trees in which juvenile wood including rings located the closest to the pith is distinguished with lower density than a tissue further from it [42,61,62]. The trend was not observed in the trees from the roadside and urban agglomeration, which may suggest that the polluted environment caused interferences of a natural relationship between density and cambial age.




4.2. Chemical Composition of Wood


The amount of wood components like carbohydrates and lignin depends on, e.g., the plant species, age, plant part and growth conditions. The growth condition factors effecting wood chemical composition are temperature, light intensity, amount of water, food, photoperiod, climatic conditions and geographical conditions [63,64]. The pollution influence is vital but still insufficiently recognized. According to general information from literature [65,66], the cellulose and lignin content as well as other wood components change under the influence of air pollution.



Waliszewska et al. [67] proved that holocellulose and cellulose content in elm which grew with the addition of arsenic was lower than in wood which grew without the element. Also Mleczek et al. [68] showed that for plants growing in a polluted area, holocellulose and cellulose was lower than for plants growing in a non-polluted area. For the Tilia cordata Mill. trees investigated, reducing holocellulose content was recorded only for the tree growing under moderate stress conditions, i.e., by the roadside. Major differences, in accordance with the observations by Waliszewska et al. [67] and Mleczek et al. [68], were shown for cellulose content. The lowest content of the component was determined in the mature and juvenile wood of the tree growing under the highest stress conditions, i.e., the urban agglomeration. The similar observations concerning cellulose content reduction influenced by pollution from sulphur mining were described by Krutul et al. [15]. Considering the above, one can conclude that growth in a high-stress environment resulted in cellulose biosynthesis inhibition both in the juvenile period and when lime wood was a mature plant. In the mature wood, the highest biogenic elements’ content i.e., K, Na, Mg or Ca including heavy metals, i.e., Zn and Cu, was determined.



The results of the previous research do not offer a possibility to address the question of whether lignin percentage content in plants growing under high environmental stress conditions is higher or lower than in plants growing under low environmental stress conditions. Waliszewska et al. [67] claims that in the wood of elm trees growing with an addition of arsenic to the substrate, the amount of lignin was greater in comparison to the level in wood of elm growing without an addition of arsenic. Similar observations were made by Krutul et al. [69] for pine trees growing in a polluted environment. Nevertheless, Mleczek et al. [68] reported the reduction in lignin content in S. viminalis L. stems growing in a polluted area. The contradiction is likely to originate from the complexity of factors influencing chemical composition mentioned at the beginning. Wood cambial age affects greatly lignin content [70,71,72]. In the trees investigated, the least amount of lignin was determined in the juvenile and mature wood growing in the urban agglomeration, which, as for cellulose, may indicate biosynthesis inhibition of the component under heavier pollution conditions.



The results of determining soluble component content in the compared trees indicate explicitly that their content is higher, both in juvenile and mature wood, for the wood of the tree growing in the urban agglomeration, i.e., under high stress conditions. The literature clearly shows that biosynthesis of components such as resins, tannins, waxes, fats, flavonoids or lignans is more intense in plants growing in polluted areas [66,67,68,73]. Those are the components which play the protective role in a plant and are of biocide and antioxidant character [74]. The natural durability of wood is usually correlated to its extractives content and composition [75,76,77,78]. As can be concluded from the conducted research and from the literature, they also play a protective role against pollution.




4.3. Chemical Elements of Wood


It can be observed both in our research and in the paper by Krutul et al. [14,15] that environmental pollution definitely affects the content of not only lead but also cadmium, especially in mature wood and cadmium like lead may be a pollution indicator considering environment pollution factors. Moreover, Marković et al. [79] reported that lead concentration in lime wood, obtained from four locations in Serbia, may be correlated to traffic intensity. Huge differences in the concentration of that element in lime wood obtained from trees growing in the vicinity of main roads as opposed to those coming from forest areas were noticed. The differences in cadmium concentration in wood were reported in the paper by Kiaei et al. [16], in which they were explained by high extractive content and low lignin content in wood, among other reasons. In our research, low cadmium content in mature lime wood can be correlated to low content of substances soluble in NaOH and relatively low lignin content.



Similar to the presented studies, Krutul et al. [15] showed that environment pollution influences potassium, sodium and calcium distribution and content in wood. Potassium is absorbed by trees in an ion form and is characterised by high mobility, therefore the authors discovered the highest content of the element in sapwood coming from polluted environment (higher by 15–35% compared to “non-polluted” samples). In our research, the relationship between very high potassium and calcium content and heavy metals’ content, e.g., zinc and cadmium can be observed. In the wood from the area of the highest and moderate stress, i.e., the urban agglomeration and the roadside, in which potassium and calcium were determined at very high levels, zinc, copper and cadmium were also determined in the highest concentrations. The oak wood research results [15] show that iron content in wood depends merely on trees’ habitat not on a polluted environment whereas our research results indicate that in juvenile wood the differences between heavy metals’ content, including iron for three investigated locations, were statistically significant. The highest iron concentration for juvenile wood was determined for the wood from the urban agglomerations. Furthermore, it was also observed that the lowest cellulose content was determined in the wood.



Kiaei et al. [16] noticed that there were significant differences between the content of elements such as nickel, lead, cadmium, zinc and iron and wood density. However, the relationship between copper and wood density was not displayed. Moreover, relationships between elements’ content (except for lead) and chemical composition (except for cellulose content) and wood density were reported. In our research, relationships were found between low cellulose and lignin content in the lime mature wood coming from the area of the highest stress, i.e., the urban agglomeration, and high zinc and copper content.



Krutul et al. [15] stated that pollution affected calcium and potassium distribution and content in oak wood in cross-section and longitudinal section, and magnesium content is higher in sapwood from unpolluted areas than in samples gained from a polluted area. In our research, relationships between high potassium and sodium content and low lignin content in mature wood from the urban agglomeration were shown. Also, such relationships between potassium chloride and sodium chloride and lignin content in cultivated plants were noted by Liu et al. [80].




4.4. Sorption Properties


The results of sorption experiments and chemical composition analysis confirmed a significant influence of the presence of extractives on the course and scope of sorption phenomena. However, in terms of the influence of air with a higher RH, the juvenile wood achieved higher EMC despite the significantly low cellulose content as compared to the mature wood. For high RH (above 0.80) the significantly lower EMC of the mature wood (excluding the wood obtained from the tree growing in the urban agglomeration) compared to the juvenile wood is the effect of different content of extractives. The role of extractives in the sorption phenomenon was described previously and it was pointed out that their high concentration causes the decrease in EMC [18,21]. The removal of extractives resulted in higher EMC as well as in a higher rate of sorption both in adsorption and in desorption [20]. Hernandez [17] citing the work of Spalt [19] states that wood containing high concentrations of extractives shows low EMC, especially when RH is above 50%. Moreover, Spalt [19]) states that wood extractives have little effect on monolayer sorption (for low RH values), while they had an appreciable effect on polylayer sorption (for high RH values).





5. Conclusions


	
This study shows that in the investigated cases of Tilia cordata Mill. environment stress did not affect the growth patterns characterized by RWI.



	
Tilia cordata Mill. density research may suggest that environmental stress results in interfering with natural relationships of density and cambial age.



	
Growth environment and cambial age influence significance on the content of each of the investigated components and chemical elements was shown.



	
Both the juvenile and mature lime (Tilia cordata Mill.) wood respond to environmental stress with an increase in soluble substance content, playing the protective role in the wood, and with a decrease in structural component content, i.e., cellulose and lignin.



	
Mature wood of the Tilia cordata Mill. trees growing under the highest environmental stress conditions, the highest content of elements Zn, Cu, K, Na, Mg and Ca is accompanied by the lowest percentage content of the main components (cellulose and lignin) and the highest percentage of soluble components.



	
Differentiation of the juvenile and mature lime wood hygroscopic properties is enhanced by an adverse environmental stress impact.



	
High environmental stress results in rising extractives’ content, which leads to a wood hygroscopicity increase.



	
The sorption analysis results performed with parameters of GAB models show that the effect of high environmental stress is that the monolayer water was bound stronger to the primary sorption sites.
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Figure 1. The location of the investigated Tilia cordata Mill. trees in Greater Poland–Pomerania natural forest regions (grey area). (A)—cambial age: 50 years old; (B)—130 years old; (C)—100 years old. 
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Figure 2. The illustration of the growth environment of the compared Tilia cordata Mill. trees ((A)—forest, (B)—roadside, (C)—urban agglomeration). 
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Figure 3. The scheme of a sample preparation (h—breast diameter (1.3 m), 1—main strip for ring width and basic density measurements, 2—main strip for chemical composition, content of chemical elements and sorption measurements, (a)—cutting pattern of the samples for basic density measurements, (b)—cutting pattern of the samples for chemical composition, content of chemical elements and sorption measurements, d1—distance from the pith (3 annual rings), d2—distance from the bark (6 annual rings), dimension in mm). 
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Figure 4. The radial pattern of basic density and standardised tree-ring width (RWI) of lime (Tilia cordata Mill.) wood taking into account growth conditions (A—forest, B—roadside, C—urban agglomeration, dots represent experimental data). 
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Figure 5. Experimental sorption data (dots) and results of modelling (lines) with Guggenheim, Anderson, and de Boer (GAB) model of the juvenile and mature lime (Tilia cordata Mill.) wood at 20 °C take into account growth conditions (a)—forest (A), (b)—roadside (B), (c)—urban agglomeration (C). 
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[image: Forests 11 00746 g005]







[image: Forests 11 00746 g006 550] 





Figure 6. Plotted experimental data (points) and fitted curves (lines) by Equation (2) of the ratio relative humidity (RH)/EMC versus air relative humidity for adsorption and desorption at 20 °C of juvenile lime (Tilia cordata Mill.) wood (tree growth in the forest (A)). 
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Figure 7. The sorption hysteresis ΔEMC of the (a) juvenile and (b) mature lime (Tilia cordata Mill.) wood at 20 °C taking into account growth conditions (A—forest, B—roadside, C—urban agglomeration). 
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Table 1. Two-factor analysis of variance (ANOVA) tables for chemical composition of lime (Tilia cordata Mill.) wood taking into account the effect of cambial age and environment.
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	Chemical Composition
	Effect
	SS
	df
	MS
	F-Value
	p-Value





	Holocellulose
	Cambial age (a)
	81.71
	1
	81.71
	193.01
	0.000



	
	Environment (b)
	93.93
	2
	46.96
	110.94
	0.000



	
	a × b
	83.25
	2
	41.63
	98.33
	0.000



	Cellulose
	Cambial age (a)
	1.30
	1
	1.30
	13.98
	0.003



	
	Environment (b)
	24.51
	2
	12.25
	132.19
	0.000



	
	a × b
	20.51
	2
	10.26
	110.62
	0.000



	Pentosans
	Cambial age (a)
	1.10
	1
	1.10
	0.79
	0.392



	
	Environment (b)
	16.65
	2
	8.33
	5.99
	0.017



	
	a × b
	7.41
	2
	3.70
	2.67
	0.114



	Lignin
	Cambial age (a)
	18.61
	1
	18.61
	147.47
	0.000



	
	Environment (b)
	13.19
	2
	6.60
	52.28
	0.000



	
	a × b
	0.06
	2
	0.03
	0.23
	0.801



	Substances soluble in NaOH
	Cambial age (a)
	1.09
	1
	1.09
	1.65
	0.228



	
	Environment (b)
	87.67
	2
	43.83
	66.11
	0.000



	
	a × b
	171.62
	2
	85.81
	129.42
	0.000



	Substances soluble in alcohol
	Cambial age (a)
	29.04
	1
	29.04
	326.61
	0.000



	
	Environment (b)
	62.68
	2
	31.34
	352.51
	0.000



	
	a × b
	100.14
	2
	50.07
	563.19
	0.000







SS—a sum of squares, df—degrees of freedom, M—mean squares, F—Fisher’s F-test.
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Table 2. Chemical composition of lime (Tilia cordata Mill.) wood.
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Wood Samples

	
Holocellulose [%]

	
Cellulose [%]

	
Pentosans [%]

	
Lignin [%]

	
HC/L

	
Substances Soluble in NaOH [%]

	
Substances Soluble in Alcohol [%]




	
Cambial Age

	
Environment






	
Juvenile wood

	
A

	
85.8 c ± 0.6

	
43.2 a ± 0.2

	
23.7 a ± 1.7

	
20.5 a ± 0.7

	
4.2

	
24.4 a ± 0.2

	
6.7 b ± 0.5




	
B

	
75.7 a ± 0.3

	
44.6 b ± 0.2

	
20.5 a ± 0.6

	
22.1 b ± 0.3

	
3.4

	
25.3 a ± 0.5

	
3.3 a ± 0.1




	
C

	
84.2 b ± 1.0

	
42.8 a ± 0.6

	
24.5 a ± 1.6

	
20.2 a ± 0.3

	
4.2

	
26.8 b ± 0.1

	
9.3 c ± 0.4




	
Mature wood

	
A

	
86.6 a ± 1.0

	
46.7 c ± 0.2

	
23.4 a ± 1.0

	
18.4 a ± 0.5

	
4.7

	
20.0 a ± 0.2

	
5.4 a ± 0.1




	
B

	
86.0 a ± 0.1

	
43.9 b ± 0.2

	
23.0 a ± 0.6

	
20.1 b ± 0.1

	
4.3

	
24.7 b ± 1.7

	
7.8 b ± 0.1




	
C

	
85.8 a ± 0.3

	
41.6 a ± 0.2

	
23.9 a ± 0.8

	
17.9 a ± 0.1

	
4.8

	
33.4 c ± 0.5

	
14.0 c ± 0.2




	
Literature data [47]

	
-

	
43.2–54.0

	
19.7–20.4

	
18.3–29.3

	
-

	
23.5

	
6.5 1








1 substances soluble in alcohol—benzene 1:1.Mean value (n = 3) ± standard deviation; identical superscripts (a, b, c) denote no significant difference (p < 0.05) between mean values according to post-hoc Tukey’s honest significant difference (HSD) test.
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Table 3. Two-factor ANOVA tables for chemical composition of elements (Fe, Zn, Cu, Pb, Cd) of lime (Tilia cordata Mill.) wood taking into account the effect of cambial age and environment.
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	Chemical Composition
	Effect
	SS
	df
	MS
	F-Value
	p-Value





	Fe
	Cambial age (a)
	72,530
	1
	72,530
	23,670
	0.000



	
	Environment (b)
	12,582
	2
	62,926
	20,536
	0.000



	
	a × b
	132,446
	2
	66,223
	21,612
	0.000



	Zn
	Cambial age (a)
	887.1
	1
	887.1
	7152.5
	0.000



	
	Environment (b)
	3707.9
	2
	1853.9
	14,948
	0.000



	
	a × b
	3941.1
	2
	1970.5
	15,889
	0.000



	Cu
	Cambial age (a)
	16.68
	1
	16.68
	103.94
	0.000



	
	Environment (b)
	262.21
	2
	131.11
	816.74
	0.000



	
	a × b
	643.34
	2
	321.67
	2003.9
	0.000



	Pb
	Cambial age (a)
	21.98
	1
	21.98
	36.75
	0.000



	
	Environment (b)
	269.78
	2
	134.89
	225.54
	0.000



	
	a × b
	582.29
	2
	291.15
	486.80
	0.000



	Cd
	Cambial age (a)
	0.345
	1
	0.3
	69.14
	0.000



	
	Environment (b)
	2.244
	2
	1.12
	224.79
	0.000



	
	a × b
	0.837
	2
	0.4
	83.90
	0.000







SS—a sum of squares, df—degrees of freedom, M—mean squares, F—Fisher’s F-test.
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Table 4. Chemical composition of elements (Fe, Zn, Cu, Pb, Cd) of lime (Tilia cordata Mill.) wood.
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Wood Samples

	
Fe [mg/kg]

	
Zn [mg/kg]

	
Cu [mg/kg]

	
Pb [mg/kg]

	
Cd [mg/kg]




	
Cambial Age

	
District






	
Juvenile wood

	
A

	
51.2 b ± 1.3

	
23.7 a ± 0.2

	
14.5 c ± 0.4

	
18.3 c ± 0.6

	
0.1 b ± 0.0




	
B

	
36.4 a ± 0.3

	
33.5 b ± 0.6

	
9.9 b ± 0.4

	
10.5 b ± 1.4

	
0.5 a ± 0.1




	
C

	
75.4 c ± 0.7

	
23.9 a ± 0.2

	
8.1 a ± 0.2

	
0.7 a ± 0.1

	
0.4 a ± 0.1




	
Mature wood

	
A

	
419.8 b ± 3.6

	
8.6 a ± 0.0

	
4.3 a ± 0.3

	
0.0 a

	
0.2 a ± 0.0




	
B

	
61.5 a ± 0.7

	
36.1 b ± 0.3

	
7.7 b ± 0.3

	
16.0 c ± 0.6

	
1.4 c ± 0.0




	
C

	
62.5 a ± 1.7

	
78.6 c ± 0.4

	
26.3 c ± 0.6

	
6.9 b ± 1.0

	
0.3 b ± 0.1








Mean value (n = 3) ± standard deviation; identical superscripts (a, b, c) denote no significant difference (p < 0.05) between mean values according to post-hoc Tukey’s HSD test.
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Table 5. Two-factor ANOVA tables for chemical composition of elements (K, Ca, Na, Mg) of lime (Tilia cordata Mill.) taking into account the effect of cambial age and environment.
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	Chemical Composition
	Effect
	SS
	df
	MS
	F-Value
	p-Value





	K
	Cambial age (a)
	686,573
	1
	686,573
	470.90
	0.000



	
	Environment (b)
	4,575,286
	2
	2,287,643
	1569.04
	0.000



	
	a × b
	14,885,336
	2
	7,442,668
	5104.75
	0.000



	Ca
	Cambial age (a)
	80,238,479
	1
	80,238,479
	4739.80
	0.000



	
	Environment (b)
	19,422,764
	2
	9,711,382
	573.66
	0.000



	
	a × b
	26,038,807
	2
	13,019,403
	769.07
	0.000



	Na
	Cambial age (a)
	196,876
	1
	196,876
	1111.57
	0.000



	
	Environment (b)
	3,923,061
	2
	1,961,531
	11,074.88
	0.000



	
	a × b
	7,546,609
	2
	3,773,304
	21,304.23
	0.000



	Mg
	Cambial age (a)
	571,644
	1
	571,644
	9641.01
	0.000



	
	Environment (b)
	490,179
	2
	245,089
	4133.54
	0.000



	
	a × b
	1,163,202
	2
	581,601
	9808.94
	0.000







SS—a sum of squares, df—degrees of freedom, M—mean squares, F—Fisher’s F-test.
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Table 6. Chemical composition of elements (K, Na, Mg, Ca) in lime (Tilia cordata Mill.) wood.
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Wood Samples

	
K [mg/kg]

	
Na [mg/kg]

	
Mg [mg/kg]

	
Ca [mg/kg]




	
Cambial Age

	
Environment






	
Juvenile wood

	
A

	
1815.2 b ± 10.0

	
1953.4 b ± 8.2

	
1446.8 c ± 16.6

	
5119.7 a ± 114.9




	
B

	
3376.3 c ± 12.1

	
3186.6 c ± 8.0

	
1103.7 b ± 6.0

	
9732.2 b ± 242.2




	
C

	
410.6 a ± 8.7

	
1814.3 a ± 8.2

	
536.0 a ± 2.2

	
5100.9 a ± 149.1




	
Mature wood

	
A

	
1307.7 a ± 17.4

	
1161.9 a ± 3.3

	
719.5 b ± 0.3

	
1902.7 a ± 27.2




	
B

	
2128.6 b ± 6.8

	
1764.9 b ± 8.4

	
399.3 a ± 1.3

	
2192.3 b ± 64.1




	
C

	
3337.6 c ± 89.9

	
3400.0 c ± 28.0

	
898.5 c ± 6.0

	
3189.8 c ± 51.3








Mean value (n = 3) ± standard deviation; identical superscripts (a, b, c) denote no significant difference (p < 0.05) between mean values according to post-hoc Tukey’s HSD test.
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Table 7. Estimated coefficients of the sorption GAB model for juvenile and mature lime (Tilia cordata Mill.) wood.
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Wood Samples

	
Sorption

	
a

	
b

	
c

	
R2

	
Mm

	
K

	
C




	
Cambial Age

	
Environment

	
Phase

	

	

	

	

	
[kg/kg]

	

	






	
Juvenile wood

	
A

	
Ads.

	
4.003

	
13.25

	
−13.54

	
0.9858

	
0.0505

	
0.8189

	
6.042




	
Des.

	
2.847

	
8.902

	
−7.809

	
0.9901

	
0.0771

	
0.7141

	
6.379




	
B

	
Ads.

	
3.262

	
11.75

	
−11.53

	
0.9921

	
0.0589

	
0.8024

	
6.491




	
Des.

	
2.182

	
7.971

	
−6.438

	
0.9959

	
0.0914

	
0.6808

	
7.365




	
C

	
Ads.

	
3.674

	
13.30

	
−13.35

	
0.9902

	
0.0518

	
0.8189

	
6.420




	
Des.

	
2.677

	
8.961

	
−7.796

	
0.9890

	
0.0781

	
0.7166

	
6.672




	
Mature wood

	
A

	
Ads.

	
4.378

	
13.21

	
−13.81

	
0.9860

	
0.0490

	
0.8219

	
5.671




	
Des.

	
3.250

	
8.917

	
−8.222

	
0.9810

	
0.0732

	
0.7287

	
5.766




	
B

	
Ads.

	
4.183

	
12.49

	
−12.61

	
0.9886

	
0.0522

	
0.7970

	
5.747




	
Des.

	
3.086

	
8.638

	
−7.509

	
0.9814

	
0.0773

	
0.6961

	
6.021




	
C

	
Ads.

	
3.523

	
16.39

	
−16.83

	
0.9881

	
0.0445

	
0.8660

	
7.371




	
Des.

	
2.714

	
11.93

	
−11.42

	
0.9957

	
0.0613

	
0.8083

	
7.438
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Table 8. Sorption hysteresis loop (H), maximum difference in equilibrium moisture content for desorption and adsorption (ΔEMCmax) and corresponding air relative humidity (RH) indices for lime (Tilia cordata Mill.) wood.






Table 8. Sorption hysteresis loop (H), maximum difference in equilibrium moisture content for desorption and adsorption (ΔEMCmax) and corresponding air relative humidity (RH) indices for lime (Tilia cordata Mill.) wood.





	
Wood Samples

	
H

	
ΔEMCmax

	
RH




	
Cambial Age

	
Environment

	
[Arb. Units]

	
[kg/kg]

	
[-]






	
Juvenile wood

	
A

	
0.0184

	
0.028

	
0.70




	
B

	
0.0219

	
0.032

	
0.67




	
C

	
0.0183

	
0.028

	
0.70




	
Mature wood

	
A

	
0.0168

	
0.026

	
0.73




	
B

	
0.0162

	
0.025

	
0.70




	
C

	
0.0157

	
0.025

	
0.78












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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