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Abstract

In the long-term field provenance experiment in the south of Krasnoyarsk region (Russia) the interspecies heterogeneity of pines (Pinus sibirica Du Tour и Pinus koraeansis  Sieboldd et Zucc.) was shown to influence some soil chemical properties. The plots under the Siberian pine, as compared to the ones under the Korean pine, were found to have higher (P ≤ 0.05) contents of soil total nitrogen (0.124% vs. 0.105%), nitrites (0.21 vs. 0.14 mg N·kg-1 soil), and higher pH (6.21 vs. 6.05); as well as (P ≤ 0.10)  soil organic carbon (3.84% vs. 3.53%), nitrates (2.6 vs. 1.4 mg N·kg-1 soil) and labile phosphorus (3.0 vs. 2.5 mg·kg-1 soil) contents. The pines’ intraspecies heterogeneity was shown to have practically no influence on soil chemical properties. Overall the variability of soil chemical properties to a much greater extent was determined by the immediate influence of pine roots, i.e. rhizosphere effect, than by inter- or intraspecies variability of the studied pines.
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Introduction

Currently the influence of woody plants on chemical, physical and microbiological processes in soils and relevant soil properties are being increasingly investigated [
, 
]. Such issues have become especially actual due to shifts in the composition of woody plants’ communities in different ecosystems across the planet because of the global climate change [
, 
, 
, 
 ]. Alongside with such major issues there are local and/or technical ones, which seem less pronounced, but nonetheless important. These are, for instance, increasing use of coniferous species to form protective forest belts in agriculture [
], introduction of conifers for forest cultures and urban vegetation [
, 
], for the remediation of disturbed areas [
], all of which leading to changes in soil processes and properties. 
To examine the population structure of the main forest-forming tree species and to assess the adaptation and production potential of different climatypes the long-term field experiments were set up in the 1960-1970s in different climatic and soil environments across Russia. The progeny from seeds collected from climatypes of different provenance were sawn, including coniferous species [
,
]. As the growth and development of tree stands requires much more time and area as compared to agricultural crops and other non-woody plants, field experiments with trees are much more time- and labour-consuming. Therefore such experiments are quite few [
, 
], with their value and significance steadily increasing. More and more often such experiments are used for a diverse range of studies [
, 
, 
].  
The aim of our study was to examine a) the influence of the inter- and intraspecies variability of pines (Pinus sibirica Du Tour,  Pinus koraiensis Siebold et. Zucc.) on soil chemical properties in the long-term (more than 30 years) field provenance experiments in the Western Sayans, and b) the relationship  between trees’ growth and development and soil chemical properties. 
Material and methods
The field experiment with geographical cultures (climatypes) of the Siberian pine and the Korean pine was set up in the Ermakovo Forestry (Krasnoyarsk region, Russia) on the grey soil. The experimental design was described elsewhere [
]. Briefly, the seedlings of pines were planted at the density of 10,000 plants per 1 ha with 1.5 m between rows and 0.7 m between seedlings in the rows. The geographical cultures were represented by the Siberian pine climatypes of three provenances, namely Tashtagol (Kemerovo region, Russia), Shegarka (Tomsk region, Russia) and Ermakovo (Krasnoyarsk region, Russia) and by the Korean type climatypes of two provenances, namely Obluchensk (Khabarovsk region, Russia) and Chuguevo (Primorsky region, Russia). Before planting, the soil of the experimental plot was ploughed, hence it is anthropogenically transformed. The experiment was set up and has been carried out in triplicates, i.e. the progeny of each climatype occupies one subplot on each of the three neighbouring experimental plots. 
Soil sampling was carried out at the end of August 2013. Soil from the 0-20 cm layer with the maximal density of roots and immediately below forest litter was collected at 60 cm distance from the tree row, below the crone zone [
]. Soil from six individual monoliths, collected randomly from the subplot of each climatype, was mixed together to form one bulk soil sample. The rhizosphere soil was sampled after gentle shaking of 1-3 mm-thick roots and collecting the soil stuck to them after shaking [
].
Soil carbon content was determined by estimating the loss of soil aliquot mass  during stepwise ignition [
]: the loss on ignition during 12 hours at 500 °С was used to estimate soil organic carbon content (SOC) by multiplying the loss by 0.58, whereas the loss on subsequent 12 hours ignition at  800 °С was used to estimate soil inorganic carbon content (SIC). By summing SOC and SIC the estimated of total soil carbon content was obtained. 
The total soil nitrogen content (STN) was determined by Kjeldahl method. The content of soil labile nutrients (NO2-, NO3-, NH4+, P2O5), water-extractable (dissolved) organic carbon (DOC) and рН (Н2О) were measured by standard techniques [
]. By measuring optical density of the water extract (the same extract used to measure DOC), at 254 nm, we estimated specific UV absorbance (SUVA, L∙ cm-1∙ g-1 DOC), reflecting the relative content of aromatic water soluble compounds [
]. Total mineralization (salt content) of the water extract was estimated by its electric conductivity. All analyses were performed in triplicates. 
Principal components analysis, as well as analysis of variance and multiple regression analysis were performed on the data obtained using Statistica 6.1 package.
Results and discussion
Principal components analysis of the data matrix with all soil chemical properties as variables (columns) and soil samples as objects (rows) enabled to visualize the structure of relationship among soil samples by their location in the plane of the first two principal components, together accounting for 64% of the total variance of the original data (fig. 1). There was no clear distinction between different pine species as well as between different climatypes within the same species. However, the bulk soil and the rhizosphere soil samples were distinctly separated (with exception of one sample, though).
Two-factor analysis of variance revealed interspecies differences in pH, STN and NO2- (tab. 1). If we set the significance level at P ≤ 0.10, as it is proposed for ecological studies [
], then the differences in NO3-, SOC, STC and labile P2О5 can also be regarded as statistically significant. Thus the soil under the Korean pine is somewhat more acidic and poorer in SOC and major nutrients. This apparently results from the specific production peculiarities of the Korean pine, as despite the novelty of the soil and climate environment for this pine in the Central Siberia as compared to its native habitat in the Far East, the trees of the species displayed better growth and development, judging by their height and its yearly increment, trunk and crone diameter [
], thus consuming more soil nitrogen and phosphorus, and most likely, other elements as well.
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	Fig. 1. Principal components analysis of soil chemical properties: location of the soil samples in the plane of principal components 1 and 2. Climatypes of the Siberian pine: Kemerovo, K;  Ermakovo, E; Tomsk, T. Climatypes of the Korean pine: Khabarovsk, Kh, Primorsky, P.


The performed ANOVA did not reveal statistically significant (P ≤ 0.05) influence of the Siberian pine climatypes on the studied soil chemical characteristics, whereas the soil under the Korean pine climatypes was found to differ in SOC/STC ratio (P = 0.04), the latter under Khabarovsk climatype trees being 5.5% less as compared to Primorsky climatype (86 and 91.5%, respectively) . The SOC/STC ratio characterizes the quality of soil carbon pool, integrating results of various carbon transformations in soil. The soil under Primorsky climatype was characterized by lower SOC and SIC contents (the data are not shown), most likely due to relatively more intensive mineralization to meet the pine growth requirements in nitrogen.

Table 1. Results of the univariate and multivariate ANOVA of soil chemical properties: the contribution of factors into the total variance (%) and the level of significance p (values in brackets)
	Property
	Factor

	
	Pine species
(A)
	Soil
(B)
	Interaction
(A ( B)

	Salt content
	9 (0.21)
	10 (0.16)
	2 (0.51)

	pH
	11 (0.05)
	39 (0.00)
	2 (0.42)

	SOC
	5 (0.11)€
	62 (0.00)
	2 (0.23)

	SIC
	0.1 (0.88)
	2 (0.56)
	0.1 (0.83)

	STC
	5 (0.09)
	62 (0.00)
	3 (0.14)

	SOC/STC
	1 (0.71)
	7 (0.28)
	1 (0.83)

	DOC
	0.2 (0.80)
	38 (0.00)
	5 (0.19)

	SUVA
	(0.51)
	(0.54)
	(0.67)

	STN
	22 (0.05)
	0.2 (0.86)
	6 (0.27)

	C/N
	4 (0.24)
	60 (0.00)
	3 (0.26)

	NO3
	15 (0.09)
	0.1 (0.94)
	0.2 (0.27)

	NO2
	21 (0.00)
	46 (0.00)
	8 (0.03)

	NH4
	4 (0.45)
	0.1(0.82)
	0.3 (0.82)

	P2О5
	6 (0.09)
	56 (0.00)
	3 (0.23)

	Multivariate
	(0.04)
	(0.00)
	(0.11)


Notes to the table:
- the values differing at P ≤ 0.05 are shown in bold;

-  whereas the values at 0.05 < P ≤ 0.10 are underlined.
The revealed interspecies difference in pH resulted from many factors, but mostly from the quality and quantity of the phytomass input on/into soil with above- and belowground deposition [
]. The measured pH levels are close to the ones optimal for the nitrification process, especially under the Siberian pine, thus explaining increased concentration of soil nitrates and nitrites as compared to the Korean pine. The interspecies differences in such basic soil properties as SOC and STN are in congruence with the results for other pine species, maintaining different levels of SOC and STN in soil due to different rates of SOC mineralization [
, 
]. One may expect more pronounced difference in SOC to develop in this experiment with course of time [19], i.e. at the more advanced stages of such artificial phytocoenoses’ development. The absence of difference in SUVA of dissolved organic carbon, characterizing its relative aromaticity, in soil under different pine species, is rather noticeable, as aromatic water soluble compounds, in particular, of phenolic nature, are the main products of root decomposition in forest soils [
] and are rather stable [
]. Therefore we expected to find at least the interspecies difference in SUVA, which apparently was not the case.   
Since it represents the main interface between plant and its soil environment, the rhizosphere may be expected to show the results of plant-soil interaction more explicitly as compared to the bulk soil. The two-factor ANOVA showed the rhizosphere effect on most of the studied soil chemical properties (tabs. 1, 2), including the quantity (SOC, DOC) and quality (C/N) of soil organic matter. The obtained data support the idea about some relative disbalance of C and N cycles in the rhizosphere [
]. The latter may be due to many factors. In particular, it may be due to the increased carbon concentration in roots as compared to the aboveground litter (dead needles), and especially, in fine (less than 1 mm in diameter) roots [
], which were found to die-off intensively [
].Certain contribution is also done by mostly low-nitrogen nature of the low-molecular organic compounds of rhizodeposition [
].
Under the Siberian pine the difference between rhizosphere and bulk soil chemical properties were found in SOC, DOC, nitrate and labile P2О5 content (tab. 2). Decreased pH values were found in the rhizosphere of other species of pines [
]. Under the Korean pine the difference between the rhizosphere and bulk soil was revealed in STN content and the C/N ratio of soil organic matter (tab. 2). Despite the fact that in our study statistically significant differences between the rhizosphere and the bulk soil were displayed by different soil chemical properties under different pine species, the direction of changes was similar for both species: the rhizosphere soil has decreased pH, increased SOC, DOC, nitrites and labile P2О5. Similar trends in soil chemical properties in the rhizosphere of different tree species was shown earlier for some processes and components of soil N and P transformations [20, 27]. Obviously, the increased SOC and DOC in the rhizosphere are due to the large amount of fine roots that cannot be separated from the soil, and input of low molecular weight organic compounds as root exudates [
, 
, 
], which stimulates nitrogen mineralization and phosphorus mobilization in the rhizosphere [
, 
].
Table 2. Some chemical properties of the bulk and the rhizosphere soil under different pine species (mean ± s.e.m.)
	Показатель
	Tree species

	
	Siberian pine
	Korean pine

	
	Bulk soil
	Rhizosphere soil
	Bulk soil
	Rhizosphere soil

	Total salt content, mg ·kg-1 soil
	51 ± 4.2
	64 ± 9.8
	47 ± 3.3
	52 ± 0.9

	pH$
	6.29 ± 0.02
	5.96 ± 0.05
	6.19 ± 0.04
	5.65 ± 0.64

	SOC, %
	3.3 ± 0.1
	5.4 ± 0.4
	3.2 ± 0.2
	4.6 ± 0.8

	SIC, %
	0.33 ± 0.11
	0.27 ± 0.07
	0.40 ± 0.17
	0.26 ± 0.03

	SOC/SIC, %
	91 ± 2
	95 ± 1
	89 ± 5
	95 ± 2

	DOC, µg С g-1 soil
	45 ± 10
	97 ± 17
	57 ± 10
	80 ± 23

	SUVA, l∙ cm-1∙ g-1 DOC
	125 ± 14
	132 ± 20
	118 ± 11
	99 ± 9

	STN, %
	0.121 ± 0.010
	0.132 ± 0.001
	0.109 ± 0.005
	0.094 ± 0.005

	C/N
	34 ± 3
	48 ± 3
	34 ± 2
	56 ± 7

	NO3-, mg N·kg-1 soil
	2.6 ± 0.48
	2.6 ± 0.7
	1.5 ± 0.10
	1.5 ± 0.2

	NO2-, mg N·kg-1 soil
	0.16 ± 0.02
	0.38 ± 0.03
	0.12 ± 0.02
	0.21 ± 0.03

	NH4+, mg N·kg-1 soil
	4.1 ± 2
	4.3 ± 0.9
	3.0 ± 0.5
	2.2 ± 0.8

	P2О5, mg·kg-1 soil
	2.3 ± 0.2
	5.1 ± 0.6
	2.0 ± 0.3
	3.8 ± 0.8


We analyzed the relationship between tree growth and development parameters, such as height and its yearly increment, trunk and crone diameters, branching pattern, and soil chemical characteristics by multiple stepwise regression (tab. 3). 
Table 3. Results of multiple stepwise regression analysis of tree growth and development parameter with soil chemical properties: standardized (beta) coefficients of soil chemical properties included into the regression model
	Soil chemical properties
	Tree growth and development parameters

	
	Height
	Yearly increment in height
	Truck diameter
	Crone diameter
	Branching pattern

	Salts
	
	
	
	-0,58$
	

	pH
	-2,40
	
	
	
	0,78

	SOC
	0,97
	
	0,05&
	-1,10
	0,16

	DOC
	-1,97
	
	
	
	

	SUVA
	
	-0,21
	
	
	

	STN
	
	
	1,53
	
	0,28

	C/N
	
	
	-0,92
	
	

	NO3
	
	-0,52
	
	
	

	NO2
	
	
	
	-0,03
	

	NH4
	
	-0,81
	
	
	


Notes to the table:

- the values differing at P ≤ 0.05 are shown in bold;

-  whereas the values at 0.05 < P ≤ 0.10 are underlined.
As expected, tree growth and development parameters more often are related to such basic soil properties, as SOC, STN and pH. Interestingly, statistically significant negative relationship was found between SUVA and yearly tree increment. The increased yearly height increment may be accompanied in the relatively decreased yearly root growth and dying-off and hence in the decreased input of aromatic compounds into soil [29, 30].

The principal components analysis of the data matrix with tree growth and development parameters as active variables and soil chemical properties as supplementary ones showed the relationship between these two groups of variables (fig. 2). 
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	Fig. 2. Projection of soil chemical properties and pine climatypes onto the plane of the first two principal components extracted from the matrix of tree growth parameters. Active variables: Hei – tree height, Inc – yearly height increment, Dia – trunk diameter, Cro – crone diameter, Bra – branching pattern. Supplementary (*) variables as in Tab.1. Climatypes of the Siberian pine: Kemerovo, K;  Ermakovo, E; Tomsk, T. Climatypes of the Korean pine: Khabarovsk, Kh, Primorsky, P.


The growth and development of the Korean pine trees are negatively related to soil total and mineral nitrogen pools and positively related to the C/N ratio in soil organic matter. It is very likely that in the non-native soil and climatic environment the Korean pine trees stimulate soil nitrogen cycling by the quality and/or quantity of their root exudation. 

The Ermakovo (i.e. the local one) climatype of the Siberian pine in its height and yearly height increment was found to correlate positively with STN and SOC contents (fig. 2), the correlation being most likely due to the increased phytomass production of this climatype in its native soil and climatic environment as compared to the Kemerovo and Tomsk climatypes [25, 
]. The trunk and crone diameter of the latter climatypes were positively related to the soil mineral nitrogen pool (that was higher than under the Ermakovo climatype trees) and pH (somewhat lower as compared to the Ermakovo climatype).
Conclusions
Thus in artificial experimental phytocoenoses of pines the growth and development of trees resulted in the influence of their interspecies heterogeneity on some soil chemical properties such as acidity, nitrogen and carbon content of soil organic matter, as well as mineral nitrogen and labile phosphorus pools. The intraspecies heterogeneity of pines was found to have much less influence on soil chemical properties, with the Korean pine climatypes differing in soil organic carbon contribution into the total soil carbon pool, and the Siberian pine climatypes displaying no significant difference. 
Statistically significant relationship was found between growth and development parameters of the local climatype Siberian pine trees and such basic soil properties as total and mineral nitrogen content and soil organic carbon content. The introduced species had a negative nature of the same relationship, which may be indicative of a certain disbalance between its productivity and mineral nutrition requirements.

Overall at the studied stage of pine coenoses development (more than 30 years) the variability of soil chemical properties resulting from the immediate effect of tree roots per se, significantly exceeds the variability due to the inter- and intraspecies heterogeneity in physiology, biochemistry and productivity of the studied pines.  
The intraspecies heterogeneity of pine properties seems to be reflected in the heterogeneity of relations between tree growth and development parameters and environmental factors, in particular, soil chemical properties. Further investigations, especially aimed at the quality and quantity of the above- and belowground pine phytomass production, as well as under soil and climatic conditions, indigenous for the Korean pine, are needed to acquire a better idea about the ecological significance of this heterogeneity in view of pine adaptation to novel environment. 
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