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Abstract 
 
Parts of south-west China are heavily exposed to acid deposition. This is the cause for the 
IMPACTS (Integrated Monitoring Project on Acidification of Chinese Terrestrial Systems) 
project, to which this thesis is related. Five study sites have been established in south-west 
China by the IMPACTS project. The investigations that constitute the basis for this thesis 
were conducted at one of these sites, the Liu Chong Guan (LCG) catchment outside Guiyang 
in the Guizhou province. The catchment is characterised by a subtropical climate, highly 
weathered soils and heavy acid deposition.    
 
The main objective of this study was to gain a preliminary understanding of the way 
environmental factors determine the distribution of the ground vegetation in this type of 
ecosystem. Special emphasis was given to the effects of different soil characteristics, 
especially relative to the changes in these soil characteristics with respect to acidification 
processes. Major differences compared to boreal systems were also addressed. Investigations 
were made in 50 mesoplots distributed randomly within ten macroplots that were subjectively 
placed in order to represent the variation along presumably important ecological gradients. 
Recordings of species abundances and several environmental factors were performed by 
others in the field. Soil samples were collected close to each mesoplot and were analysed for 
the variables dry matter, loss on ignition, soil pH, exchangeable cations, total N, total C and 
adsorbed sulphate.  
 
Prior to analysis of the data from LCG, two soil analytical issues were addressed: 
Intercalibration of soil parameters and comparison of CEC determination methods. An 
intercalibration was performed between the laboratory at the Chinese Research Academy of 
Environmental Science (CRAES) in Beijing and Norwegian laboratories. CRAES is analysing 
all the soil samples collected in connection with the IMPACTS project. The objective of the 
intercalibration was to discover possible discrepancies between the results and to sort out 
possible new artifacts when analysing the types of soil found in south-west China. The 
conclusion was that the determinations of the variables already mentioned was satisfactory, 
while for the variables particle size distribution, Al- and Fe-pools and adsorbed phosphate, the 
analytical procedures used by CRAES must be revised. Cation exchange capacity (CEC) is 
one of the key parameters in studying soil quality in regards to acidification. An experiment 
was set up to investigate in what way various determination methods give different results 
when analysing soils from south-west China. As expected, the major difference was found 
between buffered and unbuffered extracting agents, with the buffered agents giving a much 
higher total acidity and slightly lower calcium saturation. The effect was most pronounced for 
samples with a high organic content, meaning that for such samples the difference in clay 
types between the soils samples seemed to be of minor importance. A similar experiment 
including only samples with a low organic content should be set up to further investigate the 
importance of variable charge in clays. There were only minor differences between the 
unbuffered methods. However, there were indications that the Ba2+ ion is a slightly superior 
exchanger due to its higher ionic potential, and that the extraction procedure applied for 
extraction with NH4NO3 could be insufficient, because the soil suspension is not shaken. In 
the study of the extraction procedures it was confirmed that a single extraction is sufficient 
and that pH measurement of the extract is an appropriate measure to determine exchangeable 
H+ in acid soils. The determination of exchangeable cations with BaCl2 selected in the 
IMPACTS project can therefore generally be recommended for acids soils.  
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The vegetation and environmental data from LCG were analysed by methods commonly 
applied in vegetation ecology. Two main gradients in species composition were found, of 
which the first seemed to be governed by a complex-gradient in nutrient conditions and 
possibly also a complex-gradient in soil moisture, and the second by a complex-gradient 
related to litter depth. The saturation of manganese on the exchanger in all horizons and the 
magnesium-, potassium- and base saturation in the B1 horizon only were the nutrient 
variables that most strongly determined the distribution of the vegetation along the nutrient 
complex-gradient. The span in these variables could be related to different stages or degree of 
soil acidification. Manganese seemed to play a key role in the distribution of the vegetation, 
which could be explained by its role as an indicator of a gradient in different pH buffering 
systems. In some parts of the catchment soil water buffering appears to be managed by the 
dissolution and reduction of Mn-oxides, while in other parts the buffering is dominated by the 
dissolution of Al- and Fe-sesquioxides. The role of manganese should be further investigated 
be means of Mn-determinations in water samples and a survey of the Mn mineralogy and Mn 
content in plants in the catchment. Further acidification could result in a change in the species 
composition towards that typical for vegetation on nutrientpoor sites. Increased mobilization 
of Mn could possibly produce Mn-deficiency in parts of the catchment and/or toxic levels in 
other parts.  
 
The quality of the deeper horizons seemed to be more important to the ground vegetation 
species abundance and composition than what is found in boreal systems. This can be 
explained by the deeper penetration of the roots and the thin upper horizons encountered 
several places in LCG. Calcium was less important in LCG, likely due to the high deposition 
of alkaline dust. Soil pH was not empirically related with the nutrient complex-gradient. This 
can be assigned to the only minor importance of buffering by adsorption of H+ in the 
catchment. There was a gradient in soil moisture in the catchment, but it seemed to run 
parallel with the nutrient complex-gradient. 
 
The distribution of ground vegetation along the litter complex-gradient can mainly be related 
to the difficulty of establishment for many species, especially bryophytes, when the litter layer 
is thick. pH was strongly connected with the complex-gradient, but it was probably mainly 
passively following the gradient in litter depth, due to the production of humic acids in the 
decomposition of litter. There were, however, indications that this production of humic acids 
could affect the nutrient conditions along this gradient as well.  
 
This investigation of the relationships between vegetation and environment in LCG must be 
regarded as preliminary. More information should be extracted by applying additional data 
treatment techniques. Furthermore, the compilation with results from the other IMPACTS 
catchments and re-analyses and continued monitoring will give a broader understanding of 
these ecosystems and the possible effects of acid deposition. 
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1 Introduction 
 
1.1 The acid deposition situation in China 
 
Acid deposition was first recognized as a potential environmental problem in China in the late 
1970s (Zhao and Xiong, 1988), and is now an issue of widespread concern (Li and Gao, 
2002). SO2 is the major contributor to the acid deposition (Li and Gao, 2002). Over the last 
decades there has been large economic growth in China, which has been followed by 
increased energy consumption. Since coal accounts for about 75% of the commercial energy 
consumption (Seip et al., 1999) and 90% of the SO2 emissions come from coal burning (Li 
and Gao, 2002), there has been an approximately parallel increase in energy consumption and 
SO2 emissions (Seip et al., 1999). In the 1980s, acid rain occurred in only some locations in 
south-west China, but by the mid-1990s the acid-polluted region constituted a large area south 
of the Yangtze River and east of the Qinghai-Tibet plateau and also a localized air-polluted 
area in the northern part of China (Li and Gao, 2002). In south-west China 30-40% of the total 
sulphur deposition was dry deposition (Li and Gao, 2002).  
 
During the seventh five year plan, active between 1985 and 1990, region specific studies on 
acid deposition were performed in four provinces in southern China (Li and Gao, 2002). In 
the eighth five year plan the research emphasized acid deposition and its environmental 
impacts on a national scale, while in the ninth five year plan the focus was shifted to 
systematic monitoring, atmospheric processes, ecological sensitivity, and countermeasures to 
acid deposition (Li and Gao, 2002). The shift in focus reflects the growing concern by 
Chinese authorities about damage caused by acid deposition. A great number of studies have 
been conducted, but because of the complexity of acid pollution and the vast size of China, 
there are often deviations and inconsistencies among the studies (Tao and Feng, 2000). Based 
on sulphur deposition values, Duan et al. (2000) estimated the regions where critical loads 
were exceeded to constitute 25% of China’s territory. This is probably a too high estimate. 
Larssen and Carmichael (2000), using instead the S/Ca2+ratio in the total deposition as the 
first-order indicator, evaluated the potential ecosystem risk by acid deposition. Even the upper 
limit of their estimate of the area affected by acid deposition (with a soil pH<5.5) represented 
less than half of the area suggested by Duan et al. (11.75%).  
 
Despite the discrepancies in literature, there is a general consensus that ecological degradation 
has occurred as a consequence of air pollution and acidification (Seip et al., 1999). High 
acidity levels in rainfall and elevated levels of atmospheric SO2 are very likely to have 
affected the vitality of trees and ground vegetation, particularly in urban areas, and loss of 
acid sensitive invertebrates and microalgae has been observed (Seip et al., 1999). Severe or 
widespread ecosystem impacts have not yet been documented, though, but the State 
Environmental Protection Agency (SEPA) has estimated the harmful effects of acid rain on 
human health, crops and trees to be US$ 13.25 billion (1-2% of GDP) (Seip et al., 1999). 
Several measures have been taken, but by now the policies seem to fall short of what is 
needed to address the problems of acid deposition on a national scale (Li and Gao, 2002). 
 
1.2 The IMPACTS project and the integrated aspect 
 
The Environmental Chemistry group at the Department of Chemistry, University of Oslo, has 
been cooperating with Chinese researchers on the topic of acid deposition since 1988 (Seip et 
al., 1995). Research on acid deposition has a long tradition in Norway, and Norwegian 
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scientists have been involved in many international research activities related to acidification 
and its effects on terrestrial and aquatic ecosystems. A goal of the cooperation with the 
Chinese colleagues was therefore to transfer the experience and knowledge to Chinese 
researchers. Concurrently, Norwegian researchers gained new perspectives from the Chinese 
experience and acquired a broader understanding of the effects of acidification (Lydersen et 
al., 1997). In the mid-90s, the research was extended with the onset of the PIAC (Planning of 
an Integrated Acidification Study and Survey on Acid Rain Impacts in China) project 
(Lydersen et al., 1997). The findings of the PIAC project led to the establishment of the 
IMPACTS project (Integrated Monitoring Program on Acidification of Chinese Terrestrial 
Systems). The IMPACTS project was launched 1 January 2000 and is planned to run for five 
years. According to the project proposal (IMPACTS-proposal, 1999), the key objective of the 
IMPACTS project is to provide scientific, technical and financial assistance in building a 
national monitoring system for acid deposition in China. 

 
A lesson learned from the acid rain research in Europe and North America was the need for 
more interdisciplinary research. With the onset of PIAC a more integrated approach was 
adopted, focusing on air, soils, water, vegetation and fauna, as well as international affairs 
(Lydersen et al., 1997). An interdisciplinary approach is essential, as the acid deposition 
affects and/or is transported through all the components of the natural systems. A close 
cooperation with the authorities and decision makers is also important, since this is where the 
abatement strategies are laid and funding is raised. The integrated aspect has been further 
expanded in IMPACTS, and is also reflected in this thesis.  
 
The main part of the IMPACTS project is carried out as monitoring studies and 
registration/sampling campaigns in small catchments. The collected data are used to 
understand processes and for estimations of critical loads. This thesis is directly connected 
with some of the sub-goals of the IMPACTS project: Quality control of chemical analysis 
with attention to intercalibration; documentation of mechanisms and effects on terrestrial 
ecosystems exposed to acid deposition; production of key data that could be used in regional 
surveys.  
 
1.3 Vegetation - environment relationships 
 
Species composition in an area is known to vary along with the differences in environmental 
conditions. A gradual trend in environmental conditions will produce a gradual shift in 
species composition, i.e. a coenocline (R.H. Økland (1990)). The identification of major 
coenoclines and the complex-gradients1 causing them are fundamental tasks of vegetation 
ecological research (R.H. Økland and Eilertsen, 1993). Simultaneous registration of 
vegetation-, environmental- and tree variables may provide a basis for understanding the 
complex relationships between them (T. Økland, 1990). Knowledge of present gradient 
relationships can be used to interpret temporal changes (R.H. Økland and Eilertsen, 1993). 
There are strong reasons to expect that the ground vegetation is more sensitive than trees to 
environmental change (R.H. Økland and Eilertsen, 1993), making early stages of damage to 
the forest ecosystem caused by air pollution likely to be reflected in the ground vegetation (T. 
Økland, 1990). Monitoring results from boreal forest ecosystems have revealed vegetation 
changes that may be related to acid deposition (Falkengren-Grerup, 1986; R.H. Økland and 
Eilertsen, 1996; T. Økland et al., 2001). 
 

                                                 
1 Complex-gradients represents more or less parallel variation in environmental variables (R.H. Økland, 1990) 
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1.4 Objectives 
 
The main objective for this thesis was to investigate the relationships between ground 
vegetation, soil characteristics and other environmental factors by means of multivariate 
statistical methods. There were also two analytical issues that needed to be addressed. The 
studies were performed in one of the IMPACTS catchments in south-west China, the Liu 
Chong Guan (LCG) catchment near Guiyang (cf. figure 3.1). The catchment is characterised 
by a subtropical climate, highly weathered soils and heavy acid deposition.    
 
The objective for the study of the relationships between the vegetation and the environmental 
conditions in LCG was to get a preliminary understanding of the major coenoclines in the 
catchment and the complex-gradients causing them. The establishment of these relationships 
is a prerequisite to understand possible effects of acidification over time. However, a thorough 
understanding of the relationships between vegetation and environment in this region can not 
be achieved until similar investigations have been conducted also in the other IMPACTS 
catchments. Registrations of species abundances and environmental variables in the field and 
analysis of soil samples produced a large amount of information, and it is not within the scope 
of this thesis to investigate all possible relationships. The data material was analysed with an 
interdisciplinary approach, but special attention was given to the importance of soil 
characteristics and the possibility of explaining the variation in vegetation along coenoclines 
by means of soil processes. Particularly, it was interesting to investigate the relationships 
between the coenoclines and variation in soil characteristics that was related to acidification. 
From this, hypotheses about the effects on species distribution by further acidification could 
be deduced, but confirmation of these hypotheses can only be attained by re-analyses and 
continued monitoring. 
 
The literature on similar investigations from south-west China is limited, while several studies 
of this kind have been conducted in boreal systems (e.g. T. Økland 1988; 1990; 1996; R.H. 
Økland and Eilertsen, 1993; Brunet et al., 1997; Giesler et al., 1998). Results from studies of 
boreal systems were therefore used for comparison. Furthermore, revealing possible 
discrepancies between boreal and subtropical systems would be an important basis for the 
further investigation of Chinese catchments in connection with the IMPACTS project, as 
these discrepancies point to where present knowledge of vegetation-environment relationships 
from boreal systems cannot be directly transferred to the ecosystems studied. 
  
The soil samples collected in LCG were analysed at the laboratory of the Chinese Research 
Academy of Environmental Science (CRAES) in Beijing, as all the other soil samples 
collected for the IMPACTS project will be. The CRAES lab will possibly continue to perform 
soil analyses in future acid rain monitoring as well. Prior to the analyses of the IMPACTS 
samples, an intercalibration was therefore set up between the CRAES lab and Norwegian 
laboratories to assure the quality of analyses performed and to sort out possible factors that 
may lead to artefacts when analysing the types of soil found in south-west China. 
  
Cation exchange capacity (CEC) is one of the key parameters when studying soil quality in 
regards to acidification. There exists several different methods of cation exchange capacity 
determination, and the parameter is methodologically determined. An experiment was 
conducted in order to investigate whether different methods give significantly different results 
when analysing soils from south-west China compared to soils from boreal systems, and if so, 
in what way they differ. Similar comparisons of CEC determination methods have been 
performed (e.g. Golden et al., 1942; Gillman, 1979; Horn et al., 1982; Gillman et al., 1983; 
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Stuanes et al., 1984; Amacher et al., 1990; Ciesielski and Sterckeman, 1997; Borge, 1997), 
but not on soils from this particular region. Selected soil samples were analysed using 
different methods of CEC determination. The focus was primarily on extracting agent, but the 
effects of variations in extraction procedures and acidity determination methods were also 
studied. The selected extraction methods were all methods being generally applied. In 
addition, the various participants in IMPACTS have experience with different types of these 
procedures. A comparison between the methods would therefore ease the data interpretation 
for all parts in the project, and would constitute a basis for the interpretation of the CEC data 
produced for the field soil samples. 
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2 Theory 
 
2.1 Organic and inorganic components of soil 
 
(Bolt and Bruggenwert (1978), unless otherwise stated) 
 
The solid phase of the soil consists of inorganic and organic components. The inorganic 
components, minerals, are products of weathering processes. Primary minerals are produced 
by mechanical weathering of the bedrock, while secondary minerals are formed by the 
chemical weathering of primary minerals (van Breemen and Brinkman, 1978).  
 
The clay minerals (phyllosilicates) play a dominant role in chemical reactions in many soils. 
Sesquioxides with a high specific surface area are also important. Both these types of minerals 
are secondary minerals. The clay minerals have a layered structure, and they can be divided 
into two groups depending on their structure: a) the 2:1 type, made up of two layers of SiO4-
tetrahedrons with a layer of AlO4(OH)2-octahedrons in between, and 2) the 1:1 type with 
alternating tetrahedral and octahedral layers. If the Si- and Al-atoms are not present in exactly 
the correct ratio during the clay formation, these atoms can be replaced by atoms having ions 
of roughly the same size, but lower valence, i.e. Al for Si and Mg for Al. This process is 
called isomorphic substitution. It produces a deficit of positive charge, which is compensated 
for by the adsorption of an equivalent amount of other cations on the mineral surface. 
 
In temperate regions glaciated during the last ice age the soils are relatively young. The 
principal clay minerals in these soils are of the 2:1 type. Many tropical and subtropical soils 
are typically considerably older, allowing for more advanced weathering. High rainfall and 
temperatures enhances silicate leaching, which gives soils rich in kaolinitic clays and Al- and 
Fe- sesquioxides (Gillman, 1979). 
 
The organic component, humus, is formed by chemical and biological decay of biomass, 
mainly plant material. Humus can be regarded as branched, coiled polymers with certain 
functional groups, especially hydroxyl groups. These hydroxyl-groups may become 
protonated (-OH2+) or deprotonated (-O-), resulting in positive charge or negative charge, 
respectively. The same effect can be seen for exposed hydroxyls on clay minerals or 
sesquioxides (Foth, 1978). Humus can also form complexes with certain metal cations, 
notably the transition metals. The humus content of the soil stabilises at a fairly definite 
amount, depending on climate and cultural practices. A rapid mineralization of organic matter 
is favoured by a warm and humid climate and by the presence of oxygen in the soil (van 
Breemen and Brinkman, 1978).  
 
2.2 Solid-water interactions 
 
2.2.1 Dissolution 
 
(van Breemen and Brinkman (1978)) 
 
Dissolution of soil minerals can be congruent or incongruent. Congruent dissolution occurs 
when the dissolution is complete (e.g. the dissolution of calcite). Incongruent dissolution 
produces new solid material, i.e. secondary minerals (e.g. the production of kaolinite or 
gibbsite from the dissolution of K-feldspar). The dissolution of different minerals is governed 
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by the leaching rate, the pH, the ionic composition of the soil water, the temperature, and the 
equilibrium constants and kinetics of the individual reactions. Under conditions of fairly 
restricted drainage, rock weathering results in the development of various secondary minerals 
such as illite, smectite or chlorite, depending on the parent material and the leaching rate. 
Under conditions of moderate to excessive leaching, kaolinite or gibbsite will be formed 
almost irrespective of the type of parent material. 
 
2.2.2 Redox reactions 
 
(van Breemen and Brinkman, 1978) 
 
The decomposition of organic matter is an oxidation process. If O2 is available, it may 
function as electron acceptor. But also other compounds like NO3

-, various iron and 
manganese oxides and SO4

2- can have this function. The extent to which this will occur 
depends on both the pe and the pH of the system, as protons are transferred in all the reactions 
considered, but it will also depend on the kinetics. Many of these redox reactions are 
extremely slow, but they can be catalysed by micro-organisms. Generally, the reduction of 
soil constituents can occur if the following conditions are met simultaneously: presence of 
organic matter, a reduced oxygen supply, and presence of anaerobic micro-organisms in an 
environment suitable for their growth. 
 
2.2.3 Ion adsorption and exchange 
 
2.2.3.1   Ion adsorption and exchange mechanisms 
 
As explained in section 2.1, soil constituents contain charged sites, attracting ions of opposite 
charge. These adsorbed ions may easily be exchanged by other ions in solution. The exchange 
capacity is a measure of the quantity of exchange sites on the soil particles. Most soils have a 
net negative charge, which makes the cation exchange capacity (CEC) most important. This 
parameter has been most extensively studied, and is the topic studied also in this thesis. 
However, the principles for ion exchange counts for both cation and anion exchange. Some 
soils may contain a considerable amount of positively charged sites, which makes it important 
also to give attention to the anion exchange capacity (AEC) (Foth, 1978). 
  
The adsorbed ions can be seen as forming a layer of gradual decrease in concentration 
extending from the surface, the so-called Gouy-Chapman diffuse double layer (DDL) 
(Appello and Postma, 1999). The exchange of ions between the soil water and the DDL can 
be described as equilibrium reactions. The equilibrium coefficient for a given ion pair is 
dependent on the type of exchanger in the soil and on the soil water composition (Appello and 
Postma, 1999). Between different ion pairs, the equilibrium coefficient varies depending on 
the charge and hydrated radius (i.e. the ionic potential) of the individual cations. In general, 
cations with higher charge and/or smaller hydrated radius (e.g. Al3+) are more strongly 
adsorbed (Appello and Postma, 1999).  
 
The surface charge is either permanent or variable. Permanent charge arises from 
isomorphous substitution, while the protonation and deprotonation of hydroxyls creates 
variable charge (cf. section 2.1). pH is the most important factor determining the amount of 
variable charge. A low pH will give protonation, while a high pH will give deprotonation 
(Foth, 1978). The pH where the net charge is zero is called the Point of Zero Charge or pHPZC. 
This point is specific for each kind of exchange material (Appello and Postma, 1999). The 
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ionic strength can also affect the amount of variable charge, i.e. higher ionic strength gives 
increased deprotonation (Amedee and Peech, 1976).  
 
There is large variation in the number of exchange sites per unit weight between different soil 
constituents. Organic matter usually has a high, negative charge (150-400 mmolc 100g-1 at pH 
= 8 (Appelo and Postma, 1999)). All the charge is variable, with a pHPZC around 3 (Foth, 
1978). The charge on sesquioxides is also entirely variable. This kind of material, however, 
will mainly have a positive charge, at least in acid soils (Foth, 1978), due to the high pHPZC, 
often being in the range 7-9 (Appello and Postma, 1999). The exchange capacity of 
sesquioxides is also much less than that of the clay minerals (Foth, 1978). Clay minerals have 
both permanent and variable charge, but the ratio depends on the type of clay. For instance, in 
1:1 clays as kaolinite, interstitial substitution reactions are reduced by the hydrogen bonds 
between the hydroxyls of the octahedral layer and the oxygen atoms of the adjacent 
tetrahedral layer, which prevents swelling. Kaolinite therefore has little or no substitution 
charge, and the charge arises mainly from variable charge sites on the surface. This gives a 
low CEC (3-15 mmolc 100g-1 (Appelo and Postma, 1999)). In 2:1 clays as montmorillonite, 
the adjacent planar oxygen surfaces of the tetrahedral layers repel each other. These clays will 
swell upon hydration, making the interior available for substitution reactions. Montmorillonite 
therefore has a high CEC (80-120 mmolc 100g-1 (Appelo and Postma, 1999)), only 20% of 
which is variable (Foth, 1978). Because of the substitution charge, the clay minerals usually 
have a net negative charge. But some minerals, like kaolinite, might have a considerable AEC 
(Foth, 1978). A pHPZC of 4.6 for kaolinite (Appello and Postma, 1999) indicates that in 
relatively acid soils, the kaolinite material will have a net positive charge. 
 
Looking at different horizons and soils, it is apparent that the organic horizons and highly 
organic soils have a high CEC. This is due to the high CEC of organic matter, but also the 
relatively low density of the material (because CEC is expressed as charge per mass). Most of 
the charge will be variable. For the mineral horizons, the exchange capacity will to a large 
extent depend on the clay mineral constituents. The clay mineral composition varies both on a 
local scale and a larger geographic scale (cf. sections 2.1 and 2.2.1). The soils in tropical and 
subtropical regions may have a lower CEC than soils in boreal regions, both because of the 
more rapid degradation of organic matter and because the mineral horizons are dominated by 
kaolinite (cf. section 2.1). However, for horizons having a low organic content, one could 
expect a higher proportion of variable charge in the mature soils of the tropics and subtropics 
compared to the juvenile soils in boreal regions (Gillman, 1979). 
 
2.2.3.2   CEC determination methods 
 
Both cation and anion exchange capacity is measured using an electrolyte solution with ions 
that replace the adsorbed ions on the soil surfaces. The focus here will be on CEC 
determination methods, as this was studied in this thesis (cf. chapter 4.4). However, many of 
the considerations are valid for AEC determinations as well.  
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There are several methods for the determination of CEC. In accordance with Rhoades (1982), 
most of these methods can be categorised as one of the following four types: 

1. the summation method: displacing the exchangeable cations using a saturating salt 
solution and calculating the CEC by summing up the total amount of displaced 
cations; 

2. the direct displacement method: saturating the soil with an index cation, displacing it 
directly by another salt solution and determining the CEC as the difference between 
the saturating anion and cation in the resulting extract; 

3. the displacement after washing method: washing the soil after saturating it with an 
index ion, displacing the index cation and determining the CEC by the amount of 
index cation; 

4. the radioactive tracer method: saturating the soil with an index cation, then diluting the 
saturation solution and labelling it with a radioactive isotope. The concentration of the 
index cation in the solution is determined, and the distribution of the isotope between 
the two phases is given by measuring the radiation in the solution and in the soil plus 
solution.     

The four different approaches produce different CEC results (Rhoades, 1982). 
 
Within each type of analysis method, the choice of electrolyte solution has a large influence 
on the results. The main difference is expected to occur between buffered and unbuffered 
solutions, due to the impact of pH on the number of variable charge sites. With buffered 
electrolytes, the soil is equilibrated at a fixed pH (usually 7 or higher), and the total potential 
CEC (CECP) is measured. Using unbuffered extracting agents, the effective CEC (CECE) is 
determined at the approximate pH of the soil (Amacher et al., 1990). In accordance with what 
is explained in section 2.2.3.1, a leaching solution with a higher pH will give increased 
displacement of H+ from variable charge sites, which will result in a higher total exchangeable 
acidity. The total exchangeable acidity includes (1) exchangeable H+ and (2) H+ obtained 
from the hydrolysis of exchangeable Al, Fe and Mn, (3) from hydrolysis of partially 
hydrolysed and non-exchangeable Al, Fe and Mn, and from (4) weakly acidic groups, mostly 
on organic matter (Thomas, 1982). The exchangeable acidity usually constitutes a large part 
of the CEC. Because the exchangeable acidity is higher when extracting at a higher pH, it is 
generally expected that the potential CEC is higher than the effective for soils with variable 
charge (Øien and Krogstad, 1989). However, there are reasons to believe that buffered 
solutions extract slightly lower amounts of base cations from such soils, especially Ca2+, but 
also Mg2+ and Na+ (Gillman, 1979, 1983; Borge, 1997). This is explained by the higher 
negative surface charge caused by the increased deprotonation at higher pH. The elevated 
negative charge gives higher equilibrium coefficients, and therefore stronger adsorption 
(Borge, 1997). Since divalent cations are more strongly bound (cf. section 2.2.3.1), the effect 
is stronger for the divalent base cations (Borge, 1997). 
  
The choice of displacing cation can also give deviations between different CEC determination 
methods. In general, cations with high charge and low hydrated radius will be better 
exchangers, due to their stronger adsorption. An increased ionic strength could give a higher 
CEC due to the increased displacement of H+ from variable charge sites (cf. 2.2.3.1).  
  
The AEC, which is supposed to be higher in the subtropical soils studied in this thesis, would 
probably not constitute a problem for the analysis of CEC. Calculations (by MINEQL+ 4.0) 
using concentrations typical of the area of study show that there would be no significant 
binding up of any of the exchangeable cations due to complexation or precipitation reactions 
with adsorbed anions. 
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There is some disagreement concerning the different types of methods outlined above. Golden 
et al. (1942) determined CEC both by the summation method and displacement after washing 
method, using the same soil samples. The results did not coincide, and the way in which they 
differed varied with the type of soil analysed and the displacing solution. Gillman (1979) had 
“certain conceptual problems” related to the summation approach. He addressed the possible 
problem that all the extracted cations might not be exchangeable. However, the amounts of 
non-exchangeabe cations are probably low compared to those of exchangeable. Hendershot 
and Duquette (1986) attained comparable results from parallel determinations using 
summation and displacement methods. In the experiment described in chapter 4.4, only 
methods using the summation of extracted cations are studied, and these methods will be 
discussed in the remainder of this section. 
 
For the summation method, the amount of individual exchangeable cations is expressed as 
charge per mass of soil. The cations are assigned a charge (equivalence) according to the 
charge by which they are attached to the exchanger. For base cations, this is not a problem, as 
they will be adsorbed as pure ions, and they will therefore be given the same equivalence as 
the ion in solution. For Al, Fe and Mn it is usual to assign a charge of +3, +3 and +2, 
respectively. However, for Al, Fe and Mn, the correct equivalence will be pH-dependent. 
Taking Al as an example: If Al(OH)2+ is the species originally attached to the exchanger 
(assuming that cations of this size actually will be adsorbed), the pH in solution will 
determine if it will remain as Al(OH)2+ in solution. If the pH is 3, it will change to Al3+, and 
one H+ is lost. If pH is 5.5, Al(OH)3 is formed, and two H+ are produced. Assigning an 
incorrect equivalence to a cation would not affect the CEC, but it would affect the relative 
amounts of the individual cations. However, the soils analysed in connection with this thesis 
were all very acid, which makes it reasonable to follow the usual practice. 
 
In the literature, different variants of the summation methods are described. Some authors 
define CEC as the sum of exchangeable bases (Ca2+, Mg2+, K+ and Na+) and exchangeable 
acidity (Gillman, 1979, Juo et al., 1976, Stuanes et al., 1984). Others (Hendersot and 
Duquette, 1986, Amacher et al., 1990) use the sum of exchangeable cations (not H+) as the 
CEC. Both approaches are valid also for buffered solutions, but Al3+, Fe3+ and Mn2+ have to 
be determined in an unbuffered extract, as they are only slightly soluble at pH 7 or higher 
(Amacher et al., 1990). For combinations of buffered and unbuffered methods, the CEC 
cannot be called potential. At the environmental chemistry group of the University of Oslo 
(UiO), H+ determined from pH measurement of the extract is included in the sum of cations. 
This approach has also been used by others, e.g. Giesler et. al (1998). The reason for 
including the H+-concentration is that the adsorbed H+ is assumed to be significant for acid 
soils. It is also possible to determine the free H+-acidity, by adding NaF to the extract before 
titrating to the desired pH (ISO 14254, 2001). The F--ions will form complexes with Al3+, 
Fe3+ and Mn2+ and prevent or counteract the hydrolysis of Al3+, Fe3+ and Mn2+ (Øien and 
Krogstad, 1989). 
 
2.3 Hydrology 
 
The flowpaths of water is of great importance for the chemistry in the soil, soil water and 
surface water. Water reaches the soil from precipitation, often via the vegetation, as 
throughfall. When the water falls on a plain surface, the water will percolate down through the 
soil horizons by gravitational forces. This will also happen along a slope, but here the water 
may also take other flowpaths. Three such flowpaths are outlined by Appelo and Postma 
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(1999): Overland flow may occur when the rainfall intensity is higher than the infiltration 
capacity of the soil. Such flow will cause direct runoff of precipitation without infiltration 
with the soil. Rapid throughflow is a flow of water below, but parallel to the surface. This 
could occur when soil horizons act as flow barriers which hinder a direct downward 
percolation of water. This will also be related to the rainfall intensity. The third flowpath, the 
saturated overland flow, occurs when the groundwater table rises to the surface. This can be a 
result of saturation from percolated rainwater and/or an increased groundwater discharge near 
the stream. The elevated groundwater table will lead percolated water to the surface as return 
flow downslope from the area of infiltration. Where the water table reaches the surface, rain 
flows as surface runoff towards the stream. Mulder et al. (1991) studied the spatial 
distribution of exchangeable cations with respect to water flowpaths in two catchments in 
Norway. They found high levels of exchangeable Al in the O horizons in return flow areas 
and low levels in infiltration areas, which illustrates a movement of cations from the deeper to 
the upper horizons. In regions where there are distinct variations in precipitation amounts 
during the year, evapotranspiration may also cause upward movement of water, and hence 
transportation of ions from deeper soils to the upper layers during dry periods (Larssen, 
1994).   
 
2.4 Soil acidification 
 
The acidity of the soil is determined by the relationship between the amounts of the basic 
(Ca2+, Mg2+, K+, Na+) and acid (H+, Al3+, Fe3+, Mn2+) cations on the exchange complex. Acid 
cations are here defined as cations that can form hydroxides within the pH range of soils, 
while base cations are cations that do not form hydroxides within this pH range (Ulrich, 
1991). The soil is acidified both by the increase in negative charge and the removal of base 
cations (Reuss and Johnson, 1986). As explained above (section 2.2.3.1), an increase in 
negative charge will result from accumulation of organic matter or from clay formation. Base 
cations can be removed from at least a part of soil profile by the uptake of the vegetation. 
However, unless the plants are harvested, the uptake will merely cause redistribution of base 
cations, as the cations are released to the upper horizons through the decay of plant material 
(Reuss and Johnson, 1986). Another possibility is that base cations are removed in connection 
with leaching of mobile anions (Reuss and Johnson, 1986). Because of the principle of 
electroneutrality, the acid anions have to be followed by cations. In neutral or moderately 
acidic systems, the dominant anion in the leachate is HCO3

-. In naturally acidified systems, 
the dominant anions are organic acid anions, produced by the decomposition of organic 
material. Anthropogenic inputs represent an additional source of anions, mainly SO4

2-, but 
possibly also considerable amounts of NO3

- (Reuss and Johnson, 1986).  
 
All anions that are added to the system are not necessarily leached, though. Leaching of 
organic anions is prevented by their chelating abilities (cf. section 2.1.1): The low pH of a soil 
solution containing organic acids will cause dissolution of Al-, Fe- and Mn-oxides in the 
lower soil horizons. The metal ions can be complexed by the organic anions, causing further 
dissolution (Reuss and Johnson, 1986). When the complexation capacity is reached, however, 
the complexes precipitate (Peterson, 1976). In nitrogen deficient systems, the main part of the 
NO3

- is taken up by the vegetation. SO4
2- is also taken up, but in much smaller amounts, 

because the requirements are much less than for NO3
- (Reuss and Johnson, 1986).  

 
A considerable amount of anion leaching will therefore still occur. However, the cation 
composition of the leaching solution will depend on different soil processes. The soil acts as a 
buffer for the soil water. Ulrich (1991) investigated the buffer systems in the soil. He found 
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that at a soil water pH above 5, the soil is buffered by calcite and primary silicates. The pH 
range between 5 and 4.2 is described as the cation exchange buffer range. At this pH, Al3+ 
may be released from silicate lattices, producing nonexchangeable polymeric Al-hydroxy-
cations, giving a reduction in CEC through the blockage of permanent charge, or producing 
exchangeable Al3+, giving a reduction of base saturation. If the input is H2SO4, the formation 
of Al-hydroxy-sulphates is also possible. In the same pH range dissolution and reduction of 
Mn-oxides takes place as well, and may be kinetically favoured. The Mn2+ will also replace 
base cations on the exchanger. Below pH 4.2, however, Mn2+ will be replaced by Al3+. In this 
pH range, the solubility of the Al-hydroxy compounds increases, and Al3+ may become the 
dominating cation in the soil solution. At pH<3.8, Fe-oxides can be reduced in the presence of 
organic matter, and Al3+ may be displaced from the exchanger by Fe3+ and H+.  
 
The transition between the different buffering ranges is gradual. Furthermore, the pH limits 
may vary according to the variability in the composition of the buffer substances and the 
reaction products, and with how much the soil state deviates from chemical equilibrium 
(Ulrich, 1991). They will also vary with the principles of calculation. Still, this sequence of 
buffering systems is reasonable. Many of the buffer systems are regulated by exchange 
equilibria as described in section 2.2.3.1. This explains why for instance Mn2+ replaces the 
base cations (higher charge and/or smaller hydrated radius) and Al3+ replaces base cations and 
Mn2+ (higher charge). Calculations show that for reasonable values of the equilibrium 
coefficient for the ion pair Ca2+-Al3+, solutions will be dominated by Ca2+ if more than about 
20% of the exchange sites are occupied by Ca2+. At low Ca2+ saturation, however, an increase 
in total solution concentration will cause the Al3+/Ca2+ ratio in solution to increase (Reuss and 
Johnson, 1986). A sudden increased activity of any cation will naturally also produce a shift 
in the exchange equilibria, independent of ionic potential, as for instance the removal of Ca2+ 
from the organic horizon upon high inputs of H+. 
 
2.5 Background on vegetation - environment relationships 
 
It has not been possible to find literature on investigations of vegetation - environment 
relationships in China conducted on the scale and with the methods applied in this thesis. 
Zhang (2002) used a related, but different statistical technique (CCA) to study the 
relationships between vegetation, climate and soil on a large regional scale in north China. 
The complex-gradients which appeared to be important to the plants in this study were 
therefore also large-scale, like air temperature and soil types. Chen et al. (1997) investigated 
the distribution of tree species in a rain forest in southern Taiwan, using a wide range of 
statistical techniques. They found a relationship between the distribution of tree species and a 
complex-gradient in elevation, base cations and pH, which was related to soil moisture. They 
also found a complex-gradient related to wind stress.   
 
Some of the complex-gradients that have commonly been found to be determining for the 
distribution of the ground vegetation in boreal systems are:  
1) A complex-gradient in nutrient conditions within the spruce forest, with pH, N, and Ca as 
frequently related nutrient variables, but also Mg, Mn, K, P, S and Zn. Inclination and aspect 
favourability usually increases along with the nutrients, while the organic content decreases 
(T. Økland, 1996).  
2) A topography-soil depth complex-gradient in risk of soil moisture deficiency from the pine 
forest on the ridges to the spruce forest in the slopes and depressions, with increasing soil 
depth, inclination and concavity along the complex-gradient (R.H. Økland and Eilertsen, 
1993).  
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3) A complex-gradient in soil moisture, with soil moisture varying with topography and 
decreasing with increased tree influence along the complex gradient (T. Økland, 1996).  
4) A complex-gradient in litter depth, related to topography and wind conditions, with the 
litter blown away from the most exposed sites and deposited on the relatively plain or concave 
slopes or in depressions. Litter depth will also vary with the density of trees, i.e. from beneath 
to between trees. The number of bryophytes and the number of species in general decrease 
with increasing litter depth (T. Økland, 1988; 1996).  
Variation along complex-gradient 3) and 4) may occur on a very small scale, i.e. from below 
trees to between trees, or as a result of microtopographical variation. Variation along 
complex-gradient 1) and 2) can be found on a much larger scale, up to 10 km for the nutrient 
complex-gradient (T.Økland, 1996; R.H. Økland, 1997).  
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3 The catchment 
 
3.1 General 
 
3.1.1 Location 
 
The Liu Chong Guan (LCG) catchment is located about 10 km north-east of the city-centre of 
Guiyang, the capital of Guizhou province (figure 3.1) (Larssen et al, 1998). Guiyang is 
situated about 1000 m a.s.l. and is surrounded by mountains (Lydersen et al., 1997). The city 
covers an area of 8000 km2 and has about 3 million inhabitants (Travel China Guide, 2003). 
 

 
Figure 3.1: Map of China with the IMPACTS sites. 
 
The LCG catchment was selected for studies of the effects of acid deposition in the early 
1990s. This catchment was selected because it is practically undisturbed by land-use 
activities, it is exposed to acid, sulphate containing deposition, and it has a soil type which is 
likely to be sensitive to acidification and which is representative for this part of China 
(Larssen et al, 1998). The catchment is about 7 ha, and the elevation ranges from 1320 to 
1400 m a.s.l. (Larssen et al., 1998). It is drained by two small, first order streams which below 
their confluence run into a small, artificial dam (figure 3.2). 
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Figure 3.2: Map of the Liu Chong Guan catchment (oriented towards north), with the 
30×30m plots surrounding the macroplots (cf. section 4.1.1). The 30×30m plot positions are 
not completely correct. 
  
3.1.2 SO2 pollution situation 
 
The energy source in the area is primarily coal, with a sulphur content of 3 - 5%. Large 
emissions of SO2 and particles have made the authorities in the city concerned about health 
problems, corrosion and tree health, and countermeasures have been implemented. The 
energy based on coal was reduced from 95% in 1980 to 70-80% in 1997, and some of the 
industry has implemented S emission reduction techniques. Before these reductions the urban 
SO2 emissions in Guiyang were 270 000 tons yr-1, while in 1997 they were reduced to 
210 000 tons yr-1. Still the SO2 concentration (300 μg m-3 in 1996) in the city is about 6 times 
greater than recommended by the National standard, Class II, and by the World Health 
Organization (WHO). The precipitation pH in the city was <5.6 in almost 60% of the rain 
events in 1990 (the whole paragraph is in accordance with Lydersen et al. (1997)).  
 
The SO2 concentration in LCG varied between 10 and 100μg m-3 in 1997 (Lydersen et al., 
1997). The sulphur deposition in LCG has been estimated to 8.5 to 10 g S m-2yr-1, of which 
the dry deposition accounts for 4.2 g S m-2yr-1, the wet deposition accounts for 4.3 g S m-2yr-1 
and occult deposition and aerosol contribution accounted for the possible additional input of 
1.5 g S m-2yr-1. The output was estimated to 6.1 g S m-2yr-1 (Larssen et al., 1998).  
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3.1.3 Climate 
 
The climate can be defined by the mean monthly temperature and precipitation values 
(Strahler and Strahler, 1994). According to Strahler and Strahler, south-west China belongs to 
the midlatitude area, characterized by frontal interaction between tropical and polar air 
masses. Data from the region indicates a moist subtropical climate. The climate is to a large 
degree governed by the monsoonal wind pattern (Strahler and Strahler, 1994). This wind 
pattern brings dry, continental air from the north-east during winter, due to a strong high-
pressure system in Siberia developing as a result of very low temperatures. In the summer, a 
low-pressure system in the Middle East brings warm, humid air from the Indian Ocean in the 
south-west, giving high precipitation (Strahler and Strahler, 1994).  
 
This climate pattern is in accordance with observations in Guiyang and the Liu Chong Guan 
catchment. July is the warmest month in the city, with an average temperature of 24°C, 
January is coldest, with 5°C on average (Larssen et al., 1998). The temperature is somewhat 
lower than what is expected from the latitude because of the high elevation. The long distance 
to the coast will also give lower winter temperatures (Strahler and Strahler, 1994). 
Temperature inversion2 is very common in the winter in Guiyang. In combination with the 
high mountains surrounding the city this gives poor mixing conditions and trapping of the 
pollution within the city (Larssen et al., 1998). 27% of the year there is almost no wind 
(Lydersen et al., 1997). The prevailing wind direction is from the catchment to Guiyang in the 
winter (north-east) and the opposite direction in the summer (south-west) (Larssen et al., 
1998). This gives low SO2 values in the catchment relative to the city in the winter. The 
annual precipitation in the catchment is 1175 mm and the major part falls during the summer. 
The annual discharge has been estimated to 630 mm, which indicates an evapotranspiration of 
about 46% (Larssen et al., 1998). Guiyang (which means “Precious sun”) has an average of 
220 cloudy days per year (Zhao and Xiong, 1988). 
 
3.1.4 Bedrock and soil 
 
The bedrock in the catchment is sandstone (Tangvald, 2002). The major soil type (cf. figure 
3.5) is Haplic Alisol in the FAO (Food and Agriculture Organization of the United Nations) 
classification system (yellow soil in the Chinese classification system) (Larssen et al., 1998). 
Alisols are characterized by a CECP of more than 24 mmolc 100 g-1 clay, a base saturation of 
less than 50% in at least parts of the B horizon, and an argic B horizon3 (FAO, 1988). The soil 
was assigned to the subgroup Haplic Alisols because it has proved difficult to find any 
diagnostic properties suiting other subgroups (Strømsvåg, 2003)4. The mineralogy in the 
catchment is rather homogenous, dominated by quartz and clay minerals, with kaolinite being 
the main clay mineral (Lydersen et al., 1997). The soils on the steep hill-slopes are clearly 
affected by solifluction processes and landslides, with buried horizons occurring. Colluvium5 
has been observed on top of buried A horizons. These effects may keep up the acid 

                                                 
2 Temperature inversion occurs on clear, calm nights, when the surface radiates longwave energy, the net 
radiation becomes negative and the surface cools. The result is a reversement of the normal cooling trend, i.e. 
that the temperature decreases with height (Strahler and Strahler, 1994). 
3 An argic B horizon is a subsurface horizon which has a distinctly higher clay content than the overlying 
horizon (FAO, 1988). 
4 Haplic soils have a simple, normal horizon sequence (FAO, 1988). 
5 Colluvium is a layer of erosion products forming an inhomogenous mixture of material from A, B and C 
horizons (Lydersen et al., 1997). 
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neutralization capacity in the root zone, as a result of supply of fresh mineral material to the 
soil surface (Lydersen et al., 1997). 
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Figure 3.3: Water chemistry in the Liu Chong Guan catchment: WOP = Wet only 
precipitation; BP = Bulk precipitation; CTF = Canopy throughfall; FTF = Field throughfall; 
L/O = Litter and organic layer (percolation lysimeter); A, B1, B2 and C represent different 
soil horizons (suction lysimeters); WS = Western stream; ES = Eastern stream. The water 
was collected over the period January 2002 to February 2003. CTF, FTF and all lysimeter 
data represent several plots within the catchment. WOP, BP, CTF and FTF are based on 
volume weighted averages. The lysimeter and surface water data are based on median values 
(the calculations of relative amounts of cations and anions are based on equivalents). Error 
bars give the 10 and 90 percentiles (not calculated for precipitation and throughfall, as these 
data were based on weighted averages). 
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3.1.5 Water chemistry 
 
The water chemistry in LCG (Xiao, unpublished data) is outlined in figure 3.3. The 
precipitation pH (bulk precipitation (BP) pH = 5.20; wet only precipitation (WOP) pH = 5.09) 
is not as low as would be expected from the large sulphate inputs. This can be related to the 
high amounts of alkaline dust particles in the air. The levels of such dust are known to be 
considerably higher in northern China (Larssen, 1999), but the levels are relatively high both 
in LCG (Lydersen et al., 1997) and other places in the southern part of China (Zhao et al., 
1994; Xu et al., 2001). Dry deposition of alkaline dust can also explain why the BP pH is 
higher than the WOP pH. The pH values are generally lower for the other water samples, but 
they are fairly similar. 
  
Ca2+ is the major cation in the precipitation (58% of the WOP cation charge), and Mg2+ is also 
important (12% of the WOP cation charge). This can be related to the alkaline dust. The 
relative Ca2+ levels remain fairly steady as the water passes through the catchment (54% of 
the cation charge in the dam), except for a decrease in the soil. The relative Mg2+ levels 
increase through the catchment. The relative amounts of K+ increase somewhat in the 
throughfall, but they are lower in the surface water than in the deposition. Ali (inorganic 
monomeric aluminium, equivalence 2.3) is released in the soil, but the relative amounts of Ali 
decrease in the surface waters. This can be related to processes in the deep soil layers (where 
there are no lysimeters) and in the bedrock (Larssen et al., 1998). Still, there is a leaching of 
Ali from the catchment (Ali in the dam = 57 µmolc L-1)6. The NH4

+ input levels are relatively 
high (20% of the WOP cation charge), but nearly all of this is contained within the system. 
The same effect is seen for NO3

- (10% of the WOP anion charge, 0.8% of the anion charge in 
the dam). The dominant anion is SO4

2-, accounting for 79% of the WOP anion charge. The 
relative amount of SO4

2- increases somewhat throughout the catchment. 
 
The increase in ionic strength from BP to WOP and throughfall indicates enrichment by dry 
deposition. The high ionic strength in the litter layer/O horizon water merely reflects high 
evaporation from these layers.  
  
3.1.6 Vegetation 
 
The catchment was deforested in 1958 and there was a fire and replanting soon after 
(Lydersen et al., 1997). Generally, the forest is dominated by coniferous species (Masson pine 
(Pinus massoniama) and Chinese fir (Cunninghamia lanceolata)). The ground vegetation 
cover (cf. section 4.1.2) is often very scarce, especially on the ridges. The number of ground 
vegetation species (47 vascular plants7 and 19 bryophyte8) is also low compared to boreal 
systems (e.g. in a study of ten boreal spruce forest systems of comparable size to LCG (T. 
Økland, 1996), the average number of species found was 106±16). As the forest is so young, 
there might be a scarcity in suitable microhabitats9 for many plants, for instance by the lack of 
dead trees. Generally there are few pockets or other types of special microhabitats. The thick 
litter layer found many places in the catchment may also prevent establishment of many 

                                                 
6 There are no Ali data for the precipitation samples, but it is assumed that there is no Ali in the precipitation.  
7 Vascular plants are plants possessing organized vascular tissue, i.e. organized tissue that conducts water and 
nutrients through the plants (Martin and Hine, 2000) 
8 Bryophytes are simple plants possessing no vascular tissue and rudimentary rootlike organs (Martin and Hine, 
2000), in this connection it refers to mosses. 
9 A habitat is the place in which an organism lives, which is characterized by its physical features or by the 
dominant plant types. A microhabitat is the local habitat of a particular organism (Martin and Hine, 2000). 
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plants. Flooding during periods of high rainfall may prevent establishment in the valley 
bottom. 
 
3.2 The macroplots 
 
There are large variations in horizon depths throughout the catchment (figure 3.4). The 
median and average values are similar, and they are both much closer to the minimum value 
than the maximum value. The O and A horizon is dark brown in all macroplots (all colour 
designations are given subjectively). Approximate macroplot positions are given in figure 3.2, 
maps of the macroplots are given in appendix A, figures A.1-A.3. All comments are relative, 
with respect to the whole catchment. For field methods, cf. chapter 4.1. 
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Figure 3.4: Variation in depth of the litter depth and the O, A and B1 horizons. Depths are 
given as median values of all mesoplot values (the B1 horizon depth represents only the plots 
where a B2 horizon could be found), with maxima and minima. 
 
Macroplot 1 (cf. figure 3.5) is situated in a steep slope just above the dam in the catchment. 
There is a quite dense population of trees and a medium ground vegetation cover, dominated 
by ferns. Aggregates of soil from deeper layers are spread on the surface and right below it 
due to landslide. Buried soil horizons are found in mesoplots 1, 3, 4 and 5. There is also 
substantial variation in horizon depths between and within the mesoplots, depending on the 
degree of burial. The average litter depth is close to the median value for the catchment, the O 
horizon slightly above and the A horizon slightly below, while the B1 horizon is much thicker 
than the median value. The B1 horizon is light brown and the B2 horizon is yellowish brown. 
 
Macroplots 2 (cf. figure 3.5), 3 and 5 are placed close to the top of the two ridges surrounding 
the western valley. All macroplots are dominated by coniferous trees (Masson pine). The 
ground vegetation cover is below medium levels. In macroplot 3 and mesoplots 21 and 22 in 
macroplot 5 there are no bryophytes. Mesoplots 23 to 25 in macroplot 5 have a somewhat 
different species composition compared to the rest of the catchment. The litter layer is slightly 
thicker than median levels in macroplots 2 and 3 and slightly thinner in macroplot 5, but in 
macroplot 5 there is relatively large variation in litter thickness. The O horizon is normal, 
while the A horizon is thin, at least in macroplots 2 and 5. A thin, usually grey, transition 
layer between the A and B1 horizons is observed in all these macroplots. The B1 horizon is 
reddish-brown in macroplot 2 and brown in macroplot 3, and is only slightly thinner than 
median levels, but there is large variation in thickness within both macroplots. In macroplot 2 
and 3, B2 is yellowish brown, but also slightly reddish in macroplot 2. In macroplot 5, no B2 
horizon could be found, and the B1 horizon is yellowish brown.  
 
Macroplots 4 (cf. figure 3.5) and 6 are situated in the western and eastern valley-bottoms, 
respectively. Mesoplot 30 has a slightly higher elevation, which gives this mesoplot different 
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characteristics from the other mesoplots of macroplot 6. The macroplots are dominated by 
deciduous trees. There is a high number of ground vegetation species, and many of them have 
a high subplot frequency (cf. section 4.1.2). The litter layer and the O and A horizons are thin 
(not the litter layer in mesoplot 30). In macroplot 4, the B1 horizon is brown and a B2 horizon 
was not found. In macroplot 6 there is a thin, greyish brown B1 horizon above the yellowish 
light brown B2 horizon. 
 
Macroplot 7 (cf. figure 4.1) is situated quite high up on the eastern side of the catchment, in a 
descending cleft, with mesoplots 31 and 32 at the bottom and the other mesoplots in the slope 
of the cleft. The tree density and ground vegetation cover is medium, but the ground 
vegetation cover is slightly higher in mesoplots 31 and 32. The litter layer and the O horizon 
are a bit thin, while the A and B1 horizons are thicker than median levels. Also in this 
macroplot there is a grey transition layer between A and B1. The B1 horizon is greyish 
yellow, and the B2 horizon yellow.  
 
Macroplot 8 is situated quite high up in the catchment. It is relatively plain and densely 
forested by coniferous trees. The number of vascular plants is high, and there are no 
bryophytes in mesoplots 37 and 38. The litter thickness is close to median levels, but varied. 
There is also variation in the depths of the other horizons, but they are slightly thicker than 
normal. There is a thin, grey transition layer between the A and B1 horizons. The B1 horizon 
is greyish yellow and B2 is yellow. 
  
Macroplots 9 and 10 (cf. figure 3.5) are situated in the relatively steep slope of the south-
western ridge, quite high up in the catchment. The density of trees is slightly higher than 
normal (especially of coniferous trees in macroplot 9) and there is a relatively high ground 
vegetation cover. The litter layer is close to the median level, but varies. The O and A 
horizons are slightly thick, but also here the variation is large. The B1 horizon in macroplot 
10 is greyish and a little thin. In macroplot 9 the B1 horizon is yellowish brown, and the 
variation in thickness is very large. The B2 horizon is yellow in both macroplots.  
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Figure 3.5: Pictures from the Liu Chong Guan catchment (all pictures by Rolf D. Vogt). 
Upper row: The dam (left) and view of the catchment from the south-eastern ridge (right). 
Middle row: The main valley (left), macroplot 1 seen from the dam (middle) and macroplot 2 
(right). 
Bottom row: Macroplot 4 (left), macroplot 10 (middle) and a soil profile in macroplot 10. 
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4 Methods 
 
4.1 Field methods 
 
Except for soil chemistry, all methods for the collection of ground vegetation and 
environmental data are according to the IMPACTS ground vegetation monitoring manual (T. 
Økland and Eilertsen, 2001), and are only described briefly below. 
 
4.1.1 Plot selection 
 
In order to perform a statistically sound data analysis, plot size, the number of plots and the 
distribution of plots must be carefully considered. Plot size is a compromise between 
homogeneity, favoured by small plots, and representativity, favoured by large plots (R.H. 
Økland, 1990). Homogenous plots increases the resolving power of the data analysis, because 
it is only possible to extract variation on scales larger than the sample plot size (Wiens, 1989). 
On the other hand: In order to extract the major structure in the vegetation, each sample plot 
has to be representative for the combination of environmental conditions at its site. A general 
recommendation is therefore to choose the smallest sample plot size that is representative. 
1m2 is suggested as a suitable sample plot size for studying the forest field layer (R.H. 
Økland, 1990). The number of plots has to be considered with regards to available time and 
resources, as increasing the number of plots gives higher representativity (R.H. Økland, 
1990). The distribution of plots is a trade off between representativity and observer-
independence, but also practical issues must be considered. Observer-independence is 
demanded for the use of formal statistical tests, but totally random distribution of plots could 
leave out certain vegetation types which are necessary for the correct description of the area 
of study. A compromise is achieved by the use of stratified random sampling methods (R.H. 
Økland, 1990). One of these methods, randomization within blocks (R.H. Økland, 1990, T. 
Økland 1996), was selected for the IMPACTS project. 
 
The selection of plots was conducted as follows: Ten macroplots of 10×10 m were 
subjectively placed within the site (cf. figure 3.2), in order to represent the variation along 
presumably important ecological gradients. The macroplots were positioned in the centre of 
30×30m plots, where tree parameters were recorded. Five mesoplots of 1 m2 were randomly 
placed within each of the macroplots (cf. appendix A, figures A.1-3), making up 50 
mesoplots. Mesoplot positions could be rejected according to certain criteria listed in the 
ground vegetation monitoring manual. 

 

4.1.2 Recording of species abundance 
 
Each of the 1 m2 mesoplots were divided into 16 subplots (0.25×0.25 m) in which 
presence/absence of all ground vegetation species was recorded. The subplot frequency was 
calculated for each species in each mesoplot, by summing up the values of presence (1) and 
absence (0) in the 16 subplots. This method is more time consuming than the cover method10, 
which is also commonly applied (R.H. Økland, 1990), but it has the advantage of 
reproducibility, which is important in the context of monitoring (T. Økland, 1988, 1996). 
 

                                                 
10 In cover estimation, the horizontal distribution of a plant species within the mesoplot is estimated as a 
percentage (or by use of another type of scale) by subjective inspection (R.H. Økland, 1990). 
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4.1.3 Recording of topography, tree influence, litter depth and soil 
moisture variables  

 
A set of environmental recordings were made in connection with each mesoplot, to investigate 
the physical environment of the plants. The topography variables included: 
- inclination and maximum inclination, measured using a clinometer compass11 (α1) 
- aspect unfavourability, measured with a compass (0-360º recalculated to 0-180º) as the 
deviation of the recorded aspect from the SSW aspect (202.5º), which is considered the most 
favourable aspect (Heikkinen, 1991) (α2) 
-  heat index = tan α1 . α2 (Parker’s index; Parker, 1988)    (4-1) 
- terrain roughness, estimated according to Nellemann and Thomsen (1994) by placing four 
chains on the ground along the borders between the subplots, measuring the length of each 
chain, subtracting the theoretical minimum length (100 cm) and calculating the median or 
maximum length for each mesoplot 
- concavity/convexity, determined by assigning an index value for concavity/convexity ( –2 
(concave), –1 (slightly concave), 0 (plane), 1 (slightly convex), 2 (convex)) to a number of 
subplots and calculating plot index values by (a) summarizing the values, (b) summarizing the 
absolute values and (c) calculating the variance. This procedure was followed both for the 
mesoplots (with 0.0625 m2 subplots) and 9 m2 plots centred around each mesoplot (with 1 m2 
subplots). 
 
A tree influence estimate was made using a relascope12, determining the basal area of 
deciduous and coniferous trees. Several more tree influence parameters were measured, but 
the results from these have not yet been released. Measurements of depth of litter layer were 
performed at 5 fixed points within each mesoplot. The soil moisture content was measured at 
four points and two different depths (5 and 10 cm) in each mesoplot by means of a Trime-FM 
instrument (based on the principle of time-domain reflectometry; Fundinger and Köhler, 
1992-1993). To ensure comparability, all moisture measurements were performed on the same 
day.  
 
4.1.4 Soil sampling 
 
To produce soil data that were representative for the ground vegetation analysis, soil samples 
were collected close to the mesoplots. This also allows the use of statistics on the soil data, as 
the mesoplots are assumed independent (cf. section 4.1.1). The soil was collected at four 
sampling spots in a distance of 20-30 cm from the sides of each mesoplot (when vegetation 
analysis had been performed before soil sampling, the distance sometimes had to be increased 
to 50-60 cm, due to disturbance by trampling close to the plot. This concerned mesoplots 3, 4, 
41, 43 and 46). The soil from each soil horizon of the four spots at each mesoplot, were 
bulked into one composite sample. Sampling spots were selected not to disturb leakage of 
water; i.e. not above a mesoplot. Apart from that, the spots were distributed evenly around the 
mesoplots, to make a representative sample. It was attempted to collect equal amounts of soil 
from each spot, especially when the horizons were thick, i.e. in the B1 and B2 horizons. 
 

                                                 
11 A clinometer compass is a special compass equipped to measure the inclination when put down on the ground.  
12 A relascope is a metal rod of 1.3 m length with a slit in the end. When measuring the basal area, you place the 
rod on the ground, look through the slit and count the number of trees filling the slit as you turn slowly around to 
count all the trees surrounding the spot of measurement. 
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Soil was collected by genetic horizon, not by depth. The intention was to collect soil from the 
organic (O) horizon (mixing of the fermentation (F) and humic (H) horizons), the A and the 
B1 horizons, and in the intensive macroplots13 (macroplots 1, 6, 7 and 10) also the B2 
horizon. The actual classification of the horizons at which the soil was collected can only be 
done after sampling. Due to the lack of data on especially particle size distribution and 
mineralogy, a proper classification could not be done. However, an examination of the CEC 
and the organic content, gave a good indication that the soil was collected as intended. The 
horizon notations mentioned are therefore used throughout this thesis. Due to economical 
limitations, the O samples were not analysed, but as the O horizon was lacking in some of the 
mesoplots, the O horizon data could not have been used in this study anyway. 
  
The soil from the A horizon was sampled by hand and with a small plastic spade. For the 
collection of B1 and B2 horizon samples, an Edelmann auger was used. There are several 
uncertainties connected with the soil sampling:  
- At some locations, the soil horizon sequence was disturbed by land slide and solifluction.  
- It was sometimes difficult to separate the horizons due to similarities in colour or diffuse 
boundaries.  
- Some places the A horizon was quite thin, which gives a high risk of contamination of the A 
horizon sample by soil from the O or B1 horizons.  
- The use of the auger could produce mixing of horizons when they were thin.  
- The bulking of the samples gives a risk of mixing of soil from different horizons. This 
problem was attempted minimized by only bulking soil of equal colour.  
 
Horizon depths were noted, but the measurements were approximate, especially for the B1 
horizon. It was difficult to see down in the augered hole to determine where the borders 
between the different horizons were. Measuring on the soil in the auger could not produce 
accurate measurements either, because the soil is compressed when using the auger. Because 
of the difficulty of measurement, the depth of the B2 horizon was not measured. Horizon 
colours were set subjectively. 
 

 
Figure 4.1: Yang Hong and the author working at macroplot 7. 
 
 
 

                                                 
13 The intensive macroplots are subject to a more detailed study, for instance collection of soil water and 
measurements of soil temperature and moisture.  
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4.2 Field soil samples analysis 
 
All field soil samples were analysed at CRAES, Beijing. An intercalibration was performed 
for all parameters. 
 
4.2.1 Introduction to intercalibration 
 
4.2.1.1   Selection of samples 
 
Usually, intercalibration analyses are performed on certified reference material (Miller and 
Miller, 2000). This was not practically feasible due to the lack of certified standards for the 
operationally defined parameters and the variation in matrix and parameter values in question. 
Intercalibration samples were therefore selected on the basis of the following considerations: 
- The main part of the samples should be from south-west China, since this is the area of 
investigation in the IMPACTS project.  
- The soil samples should span the range commonly found for the parameters that were to be 
tested. This would mean to include both a range of different Chinese soil samples and some 
samples from other parts of the world. 
- Preferably, the samples should have been analysed for at least some of the parameters 
before. 
- The amount of sample available had to be sufficient. 
All existing data on the selected samples were compiled, and additional analyses were 
performed when found necessary. 
 
Table 4.1 gives a list of the samples that were used in the intercalibration. The UiO standard 
(sample 000) is the house standard used by the Environmental chemistry group at the 
University of Oslo. This sample had been analysed for the parameters effective cation 
exchange capacity (CECE) and effective exchangeable cations (Skotte, 1995) and Fe3+- and 
Al3+-pools (Furuberg, 1997) by several master students. The existing data with standard 
deviations are given in appendix C, tables C.5 and C.6. The Høylandet sample (sample 198) is 
a mineral soil sample from Mid-Norway. No previous data existed for this sample. The LCG 
(samples 511, 513, 522-525, 527) and TSP (samples 939 and 941) samples are soil samples 
from the Liu Chong Guan site in Guiyang and Tie Shan Ping site in Chongqing, respectively. 
The LCG samples, collected in connection with the PIAC project, had been analysed for LOI, 
Fe3+- & Al3+-pools (not samples 522-524) and total C as reported in the PIAC report 
(Lydersen et al., 1997). The TSP samples had been analysed for LOI, CECE and effective 
exchangeable cations, Al3+-pools, total C and total N by Lund (2001). The Turkey (sample 
954) and Greece (sample 956) samples are samples from an international intercalibration 
network (van Dijk et al., 1999). These samples had been certified for LOI, pHH2O, pHCaCl2, 
pHKCl, CECE and effective exchangeable cations, total C and total N. The CJT samples 
(samples 980, 982, 984 and 990) are samples from Cai Jia Tang (CJT) in Hunan. These 
samples had been analysed for LOI, pHH2O, CECE and effective exchangeable cations, Al3+-
pools, total C and total N by Sigurdsson (2000). The Birkenes samples (samples 1024 and 
1025) are samples from southernmost Norway that had been analysed for LOI, pHH2O, CECE 
and effective exchangeable cations, total C and total N in connection with the NOMiNiC 
project (Larsen, 2003). All results from previous analyses of the intercalibration samples are 
presented in appendix C, table C.7. 
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Table 4.1: Intercalibration samples. 
Sample Site Plot Characterisation (horizon/depth/type) 

000 UiO standard  Homogenous mixture of several  
soil samples from Poland (Skotte, 1995) 

198 Høylandet FH1  
511 A AO (1-4 cm) 
513 A B (35 cm) 
522 D B1 (5-20 cm) 
523 D C (60-70 cm) 
524 D B2 (25-35 cm) 
525 E A (1-4 cm) 
527 

LCG 

E C (50 cm) 
939 8 B (60 cm) 
941 

TSP 
9 A (5 cm) 

954 Turkey  Clay 
956 Greece  Sandy cl. 
980 A A 
982 A B2 
984 B A 
990 

CJT 

C B2 
1024 D-E B 
1025 

Birkenes 
D-E E 

 
4.2.1.2   Analysis  
 
Each intercalibration sample was split into two homogenous parts. One part was analysed for 
all parameters at CRAES. The other part was analysed only when no or insufficient previous 
data existed. These analyses were performed at the laboratories of the Environmental 
chemistry group at the University of Oslo (UiO), the Norwegian Forest Research Institute 
(Skogforsk) and the Department of Soil- and Water Sciences at the Agricultural University of 
Norway (NLH) (cf. table 4.2).  
 
Table 4.2: Distribution of analyses between different Norwegian laboratories. 
Parameter Laboratory 
Dry matter Skogforsk 
Loss on ignition (LOI) Skogforsk 
Particle size distribution NLH/UiO 
pHH2O,KCl,CaCl2 Skogforsk 
Effective exchangeable 
H+,  Al3+, Fe3+, Mn2+, Ca2+, Mg2+, K+ and Na+ UiO 

Fe3+- and Al3+-pools UiO 
Total C Skogforsk 
Total N Skogforsk 
Adsorbed SO4

2-  UiO 
Adsorbed PO4

3-  NLH 

 
4.2.2 Principles of analyses 
 
The parameters were selected through internal discussions as to cover the needs of the 
different research fields within the IMPACTS project. Many of the parameters are interesting 
for several reasons, but a short explanation for the selection can be made. Organic content and 
particle size distribution are basic soil quality characteristics. CEC, BS and pH indicate to 
what extent the soil can resist acidification and how it will respond to changes in the levels of 
acidity and sulphate concentration in the soil water leaching through the soil. Fe3+- & Al3+-
pools indicate the binding of these ions, and can be used to determine what governs for 
instance their leaching. P and N, along with several exchangeable cations are important plant 
nutrients. Adsorbed sulphate indicates the ability of the soil to adsorb sulphate and the 
potential for sulphate leakage if the S-deposition decreases. A list of the parameters is given 
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in table 4.3. Only the samples from the intensive macroplots were to be analysed for the 
parameters Fe3+- and Al3+-pools and adsorbed PO4

3-. 
 
Table 4.3: Selected parameters for soil analyses in the IMPACTS project. 
Parameters Methods and comments References 
Dry matter Gravimetric loss after drying at 105°C ISO 11465 (1993) 
Loss on ignition (LOI) Gravimetric loss after combustion Krogstad (1992) 
Particle size distribution Sieve and sedimentation ISO 11277 (1998) 
pHH2O,KCl,CaCl2 pH in soil suspensions ISO 10390 (1994) 

 
Effective exchangeable 
H+, Al3+, Fe3+, Mn2+, Ca2+, Mg2+, K+ and Na+ 

BaCl2 extraction and the extractant 
analysed for pH, Al, Fe, Mn, Ca, Mg, K 
and Na by FAAS or ICP-AES 

Hendersot and Duquette (1986) with 
amendments 

Fe3+- and Al3+-pools Extraction with: 
BaCl2 
 
Na-Pyrophosphate 
Oxalate-buffer  
CuCl2 

 
Hendersot and Duquette (1986) with 
amendments 
van Reeuwijk (1995) 
McKeague and Day (1966) 
Jou & Kamprath (1979) 

Total C High temperature combustion to CO2. 
Detection by IR adsorption 

ISO 10694 (1995) 

Total N High temperature combustion to NO2, 
reduction to N2.  
Detection by thermic conductivity 

ISO 13878 (1998) 

Adsorbed SO4
2-  Extraction with Ca(H2PO4)2 

And CaCl2 
Tabatai & Dick (1979) 
Tabatabai (1982) 

Adsorbed PO4
2-  Extraction with H2SO4 and HCl Olsen & Sommers (1982) 

 
The description of analysis methods in this section refers to both the intercalibration and the 
field soil samples analyses. All analyses were performed on air-dried soil passed through a 
2.00 mm aperture sieve and in accordance with the Central Laboratory Manual of the 
IMPACTS project (Vogt and Mulder, 2002). The principles are described briefly below. 
 
4.2.2.1   Dry matter 
 
The dry matter content (wdm) was determined by drying to constant weight at 105±5ºC as 
described in ISO 11465 (1993). The factor wdm is used in all the following methods (except 
particle size distribution and pH) to correct for humidity in the air-dried sample.  
 
4.2.2.2   Loss on ignition 
 
The ash content was determined by glowing to constant weight at 550±25°C for more than 3 
hours according to Krogstad (1992). Loss on ignition (LOI) is a measure of the organic 
content of the soil. 
 
4.2.2.3   Particle size distribution 
 
This parameter was attempted determined both by the use of coulter counter and the sieving 
and sedimentation method (ISO 11277 (1998)). For the intercalibration, the samples were 
analysed according to ISO 11277 (1998) by CRAES and with an equivalent method at NLH. 
The soil was pre-treated to remove organic matter, soluble salts and iron oxides, and the sand 
fraction (63-2000 μm) was removed by wet sieving. The distribution between the silt (2-63 
μm) and clay (0-2 μm) fractions was determined by the sedimentation method. However, 
since there was no satisfactory agreement between the CRAES and NLH data, it was 
suggested to replace the sedimentation step with the use of a coulter counter. Because new 
intercalibration results were needed on Norwegian side when changing the method, the new 
procedure was tested out at UiO.  
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Quite much effort was put into sorting out both the procedure and the use of the instrument. 
Still, the conclusion was that the use of coulter counter would not give a satisfactory 
precision. The main cause for this was that the coulter counter used (Coulter Multisizer II, 
with the Coulter Multiziser AccuComp software) could not simultaneously measure particles 
in the whole size interval 0-63 μm. A distribution between the two smallest fractions was 
therefore not possible to obtain. Instead, one had to find the absolute mass for the silt fraction 
and then calculate the mass of the clay fraction from the total mass and that of the two larger 
fractions. To find the absolute value for the silt fraction, all the filtrate from the wet filtration 
had to be collected and the volume measured. A small part of the filtrate had to be removed, 
diluted and analysed on the coulter counter to find the absolute volume of silt particles. From 
the volume of the diluted filtrate analysed, the volume of the filtrate sample removed for 
dilution and the volume of total filtrate, the total volume of silt particles could be calculated. 
This value could be recalculated to mass using the approximate density of 2.65 g cm-3 
(Aagaard, pers. comm.). This procedure is very complicated and has several points where the 
precision can be deteriorated: 
- It was not practically desirable to get too large a filtrate volume. In avoiding this, some of 
the silt or clay fraction particles might accidentally remain on the sieve. 
- The filtrate volume could only be measured using a volumetric cylinder, which is not very 
accurate. 
- The volume of filtrate removed for analysis could not be larger than about 1/200 of the 
filtrate, as the coulter counter could not analyse too concentrated solutions, and it was not 
desirable to dilute the removed filtrate sample too much either. Taking out such a small 
volume, there is a high risk that the sample is not representative, even if a magnetic stirrer is 
used to make a homogenous solution. 
- Only 1 ml of the diluted filtrate is actually analysed, giving the same problems of 
homogeneity as in the previous point 
- The accurate density of the silt fraction could not be measured without the possibility of 
isolating this fraction 
 
Because the coulter counter method was inferior to the sedimentation method with regards to 
precision, the coulter counter method was not recommended. However, for coulter counter 
instruments containing the possibility of simultaneous analysis of several size groups, this 
recommendation should be reconsidered. 
 
New data from the sedimentation method were received from CRAES, but still no satisfactory 
results have been presented. The particle size distribution parameter will therefore not be 
further discussed. 
  
4.2.2.4   pH 
 
pH in water-, 1 M KCl- and 0.1 M CaCl2-suspensions (1:5 (v/v) of soil and liquid) was 
measured using a pH meter as described in ISO 10390 (1994). 
  
4.2.2.5   Effective CEC 
 
Exchangeable cations were extracted by 0.1 M BaCl2 in accordance with Hendersot and 
Duquette (1986). H+ was determined by measuring pH in the supernatant solution. The 
method is comparable to the combined ISO 11260 (1994) and ISO 14254 (2001) standards, 
using the facultative spectrophotometric determination of Al. The main deviation is the pH 
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measurement and that Fe3+ and Mn2+ is determined in addition to the Al. The results of 
exchangeable Al3+ and Fe3+ were also used for the calculation of exchangeable Al3+- and Fe3+-
pools.  
 
Previous analyses at UiO have been performed using flame-AAS. This time an ICP-AES was 
applied, because it is much less time-consuming, due to the simultaneous detection of 
elements. Holme (2002) compared the results of BaCl2-extracts analysed both using the 
flame-AAS and the ICP-AES. For Fe, Na, K and Mg the discrepancies were not significant at 
the 95% level, but for Al and Ca they were significant, though not very large. It was 
suggested that the discrepancies for Al and Ca was caused by dilutions of the extracts. At 
CRAES, they used a flame-AAS.  

 
For the ICP-AES analysis, 0.2 ml of 0.75 M CsCl was added per 10 ml of standards and 
samples to avoid interference caused by easily ionisable elements (EIE), primarily Na and K. 
EIE elements add to the pool of electrons and push the equilibrium between the excited states 
of the analyte and the formation of ions and electrons towards the formation of excited atoms. 
When adding Cs, the concentration of electrons is so high that the variations in the electron 
pool caused by the variations in the sample are not significant. Cs therefore acts as an 
ionisation buffer (Varian, 2000). For Na and K there are no ionic emission lines available for 
analysis, and the ionisation buffer is therefore especially important in the analysis of these 
elements. The samples and standards were also added concentrated HNO3 to give 1% v/v to 
avoid clogging of the torch and interference by salt particles attaching in the tubings 
 
For analysis on the flame-AAS, l.0 % w/w La2O3 in 50% v/v HC1 was added in a 1/10 v/v 
ratio to the extracts. La3+ functions both as ionisation buffer and releasing agent. It is easily 
ionised and will prevent ionisation of the analyte elements and the reduced absorption that 
would result from it. La is known to release Ca from phosphate and sulphate by binding to the 
phosphate (Beaty and Kerber, 1993), as an example of the releasing capacity. 
 
4.2.2.6   Al3+- and Fe3+-pools 
 
Weakly organically bound Al3+ and Fe3+ was extracted with 0.5 M CuCl2 according to Juo 
and Kamprath (1979). 0.1 M Na4P2O7 extracted organically bound Al3+ and Fe3+ (van 
Reeuwijk, 1995). Amorphous and organically bound Al3+ and Fe3+ was extracted using a 0.2 
M oxalic acid/ammonium oxalate buffer according to McKeague and Day (1966). The 
elements were determined using flame-AAS. Exchangeable Al3+ and Fe3+ was determined as 
described above (section 4.2.2.5). 
 
As with the CECE determination, a releasing agent/ionisation buffer was added to the extracts 
before analysis on flame-AAS. For the CuCl2 extracts, the La-solution was added in the same 
way as for the BaCl2 extracts. For the other extracts, a 10,000 ppm KCl-solution was added in 
the same ratio. 
 
4.2.2.7   Total C and total N 
 
Total C and total N were determined on the same instrument, in accordance with ISO 10694 
(1995) and ISO 13878 (1998), respectively. Total C is similar to organic C in acid (i.e. 
carbonate free) soils. 
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The principle for the instrumental operation is as follows: Upon combustion at at least 900ºC 
in O2 on CuO, carbon in the soil is oxidized to CO2 and nitrogen to NO2 which is further 
reduced to N2. The gases produced are separated by the aid of specific adsorption columns 
and are eluated by increase in temperature. N2 is not adsorbed but carried directly to the 
detector. The detector is a TCD-detector (thermic conductivity detector). CO2 is desorbed and 
detected after the detection of N2 (Røed, pers. comm.). 
 
4.2.2.8   Adsorbed SO4

2- 

 
The adsorbed and dissolved SO4

2- was extracted with Ca(H2PO4)2 according to Tabatabai and 
Dick (1979) and Tabatabai (1982) with a few amendments. The dissolved SO4

2- was extracted 
using 0.15% CaCl2 as described by Tabatabai (1982) and measured on the ion chromatograph. 
All samples and standards were filtered using a Dionex Onguard P cartridge to remove 
organic matter. 
 
In determining adsorbed + dissolved SO4

2-, it proved difficult to separate the sulphate and 
phosphate peaks in the Ca(H2PO4)2-extracts with the initial 500ppm P solution used 
(according to Tabatabai (1982)). Lowering the phosphate concentration to 100ppm P (Tabatai 
and Dick, 1979) made the phosphate peak on the chromatogram narrower, though this was not 
enough to achieve acceptable separation. Dilutions of the mobile phase (1.8 mM NaCO3/1.7 
mM NaHCO3) were tested, and the 75% mobile phase gave the best compromise between 
separation and widening of the peaks (cf. figure 4.2 and 4.3), resulting in acceptable 
separation. Adsorbed SO4

2- was found by the difference in SO4
2- concentrations in the two 

extracts.  
 

  
Figure 4.2: Two different samples run with 100 % mobile phase, the sample to the left with 
500 ppm P, the sample to the right with 100 ppm P. The x-axis is minutes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Formatted: Bullets and
Numbering



 

 35

A 

 
B 

 
C 

 
Figure 4.3: Two standard samples run with different mobile phases. A: 100%, B:75%, 
C:50%. A has a 500ppm P matrix. The x-axis is minutes.  
 
4.2.2.9   Adsorbed phosphate 

 
The determination of the adsorbed phosphate was conducted in accordance with Olsen and 
Sommers (1982). The adsorbed phosphate was extracted using Mehlich's method in which a 
mixture of sulphuric and hydrochloric acid is used to desorb the phosphate. The extracts were 
analysed spectrophotometrically after complexation with Molybdate-vanadate.  
 
The samples were initially analysed at 420nm incident light at CRAES, in accordance with 
the reference. At NLH they applied 700 nm. This was to avoid colour interference by humic 
material, as the yellow colour of the humic material does not absorb radiation at this 
wavelength (Krogstad, pers. comm.). An alternative method is to clean the extracts by means 
of active coal. 
 
The results from CRAES were not satisfactory, and several attempts were made to improve 
the results. However, the active coal method did not improve the results, and data using the 
alternative wavelength have not been received so far. An attempt was also made to measure 
the phosphate in the extracts directly (i.e. without complexation) by use of IC. No results have 
been received, as there were problems with the sulphate peak interfering with the phosphate 
peak. It was suggested to remove organic matter using an OnGuard column, as organic matter 
could adsorb to the analytical column and reduce its efficiency. Reducing the mobile phase to 
75 % was also suggested, to increase the separation of the phosphate and sulphate peaks 
(according to what was found in section 4.2.2.8). This has not yet been tested out.  
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As there has been no further progress on the issue of adsorbed phosphate, this parameter will 
not be further discussed. 
 
4.2.3 Instruments 
 
4.2.3.1   General overview 
 
The instruments used at the different laboratories are shown in table 4.4.  
 
Table 4.4: Instruments used at the different laboratories. 
Instrument CRAES UiO Skogforsk NLH 

Potensiometer Horiba F-22 Orion Research Expandable Ion Analyzer 
EA 920 PHM 220  

ICP-AES  Varian Vista   

Flame-AAS HITACHI  8200 Perkin Elmer 3100 AAS and Shimadzu 
AA-670 w   

C/N-analysator Yanaco MT-5  Elementar Vario EL  
IC Diona  300 DIONEX DX-100   

Spectrophotometer 

752Z, from 
Beijing Analysis 
equipment 
Co.Ltd. 

  Gilford Star II 

 
4.2.3.2   Instrument application at UiO 
 
The instrument information given for UiO is somewhat extended compared to the other 
laboratories. This is to document the work conducted in this thesis. The lack of information 
given for the other laboratories does therefore not mean that these issues have not been 
considered at these places. 
 
Potensiometer 
The pH meter used was an Orion Research Expandable Ion Analyzer EA 920. It was 
calibrated with standard buffers of pH 4.00 and 7.00. Three replicate measurements were 
made.  
 
Inductively coupled plasma atomic emission spectrophotometer (ICP-AES) 
The instrument used was a Varian Vista Series simultaneous ICP-AES, with axial (end-on) 
viewing of the plasma. It has a pneumatic glass-concentric nebulizer and a Sturman-Masters 
double pass cylindrical spray chamber. The torch was a standard one-piece low-current torch 
with a quartz injector tube. The detector was a Charged Coupled Device (CCD) detector. 
Argon was used as carrier gas. The instrument was connected to a PC with the computer 
software Vista v1.2.  
  
The standard series (0-100 ppm for Al and Ca, 0-50 ppm for Fe, K, Mg and Na and 0-30 ppm 
for Mn) was made from a 1000 ppm multistandard (Spectrascan) and matrix matched with the 
extracting agent. It was run for every 9 samples. The emission lines chosen for the different 
elements are shown in appendix C, table C.1. 
 
The interference by EIE elements (cf. section 4.2.2.5) is most pronounced for axial viewing. 
The plasma consists of several zones with different temperature, resulting in different 
reactions along the plasma. With radial (side-on) viewing, single zones can be read, but with 
axial viewing all zones are read simultaneously. There is therefore a stronger need to stabilise 
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the electron concentration with axial viewing (Holme, 2002). However, axial viewing gives a 
5- to 10-fold improvement in detection limits (Boss and Freeden, 1997). 
 
Flame Atomic Absorption Apectrophotometer (Flame-AAS) 
For the detection of aluminium in CuCl2-extracts (i.e. Weakly organically bound Al3+) a 
Perkin Elmer 3100 AAS was applied. For all other analyses a Shimadzu AA-670 was used.14  
 
The Fe analysis was run using a mixture of acetylen and air, the Al analysis with a mixture of 
acetylen and N2O. For acetylene/air analysis a 10 cm slot burner head was used, for 
acetylene/N2O analysis, a 5 cm slot burner head. The 5 cm burner head used with the 
Shimadzu instrument was water-cooled. Both instruments were equipped with a 
photomultiplier detector. For use of the Perkin Elmer instrument and especially the problem 
of clogging of the burner head, confer the Standard Operation Procedure (SOP) in appendix 
B. There were also clogging problems with the Shimadzu instrument, which were solved in 
the same manner. 
  
The standard series (0-10 ppm for Fe and 0-50 ppm for Al) were made from 1000 ppm single 
element standard solutions (Spectrascan) and matrix matched with the extracting agents. The 
standards were run for every 10 to 30 samples, depending on the amount of clogging of the 
burner head. The instrument signal was set to zero with the blank from the standard series for 
every 5 to 10 samples. When the signal fell due to clogging, the burner head was cleaned. 
Two measuring replicates were made for each sample replicate.  
 
Ion chromatograph 
The IC used was a Dionex DX-100 Ion Chromatograph with a Dionex ASRS-I IonPac 
automatic suppressor using a Dionex SRS Controller. A Dionex AG14 IonPac was used as 
guard column and the analytical column was a Dionex AS14 IonPac. The mobile phase was 
1.8 mM Na2CO3 and 1.7 mM NaHCO3 (75% for the Ca(H2PO4)2, cf. section 4.2.2.8). The 
instrument was equipped with a conductivity detector. Concentration was determined from 
peak area. The integrator was a Dionex UI20 Universal Interface combined with the software 
PeakNet 5.11 Chromatography WorkStation. A Gilson 221XL Liquid Handler was used for 
automatic sample injection, together with a Gilson Minipuls 3 Peristaltic Pump. 
 
The standard series (0-800 μM) were made from p.a. Na2SO4 (dried at 105°C for 24h. and be 
cooled in an exicator) and matrix matched with the extracting agents. The standards were run 
for every 14 samples. Samples below 240 μM were analysed at the 10 μS range, samples of 
240-800 μM at the 30 μS range.  
 
4.2.4 Quality control 
 
The laboratories at NLH and Skogforsk both guaranteed the quality of analyses performed, 
referring to their internal routines for quality control. The quality control at these laboratories 
will therefore not be covered. As in the case with instruments (section 4.2.3.2), quality control 
is covered in more detail for the UiO analyses. 
 
 
 

                                                 
14 The Perkin Elmer instrument was made available when only the Al detection in CuCl2 was left. It proved to 
have higher resistance against clogging than the Shimadzu instrument. 
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4.2.4.1   General 
 
UiO 
Milli-Q water (<0.05 μS cm-1), produced by a Millipore Milli-Q Plus 185 water cleaning 
system connected to a large-scale deionised water supply, was used for all reagents. Standards 
were made using transfer pipettes. Average standard concentrations for a run were used to 
calculate sample concentrations for analysis on flame-AAS and IC. Re-analysis was 
performed if the calibration curve had an r2 of less than 0.995. For dilutions of samples 
automatic pipettes were applied. The automatic pipettes were checked gravimetrically at their 
highest and lowest volume at the start of each period of laboratory work, but there was never 
a need for adjustments. As far as there was sufficient sample, three sample replicates were 
analysed. A blank was included for every set of samples extracted simultaneously, to control 
for contamination. Only in the CECE analysis there was a significant concentration for some 
of the elements and the blank concentration was subtracted. 
 
All sample extracts and standards were kept refrigerated prior to analysis. Standards were 
kept for no more than one week. If sample analysis was not performed within one week, the 
sample extracts were frozen. 
 
CRAES 
The water (<0.05 μS cm-1) used for preparing reagents for the analyses was distilled and de-
ionized by means of a Yanato 240 water purifier. Two sample replicates were analysed for 
each sample. The samples were kept refrigerated prior to analysis.  
 
4.2.4.2   Reference samples 
 
UiO 
Data on the UiO soil house standard have been compiled from several analyses of CECE and 
effective exchangeable cations (Skotte, 1995) and Al3+- and Fe3+-pools (Furuberg, 1997) as 
reported in appendix C, tables C.5-7. The soil house standard results were used as a control of 
the accuracy of the other results in these analyses. 
 
Two water house standards (IK4 and IK5, cf. Tobiassen (in prep.)) have been analysed for 
major anions and cations (not Fe3+ and Mn2+) at the laboratory of the Norwegian Institute for 
Water Research (NIVA). The water house standards were run together with the samples and 
used as a control of accuracy of the analysis results. A general problem was that the water 
standards were produced for analyses of water samples. The concentrations are therefore quite 
low, and they do not have the same matrix as the standards and samples of the soil extracts. 
Matrix matching was attempted solved by diluting the water standards with the blank 
standard, but the matrix matching was not complete from this procedure. Also, this procedure 
resulted in further dilution of the water standards. This was especially critical for IK4, which 
has the lowest concentrations, often much lower than that of the sample extracts. The IK4 
results were therefore used only as guidelines, and are not presented. The IK5 results are 
presented in appendix C, tables C.2-4. For the ICP-AES, the deviations varied between the 
different elements, and as the procedure is simultaneous it was difficult to obtain satisfactory 
results for all elements. The strong salt concentration caused analytical problems, but it was 
attempted to keep analysis error below 10%. However, table C.2 shows that this was not 
completely achieved. Due to the problems with clogging of the flame-AAS, deviations up to 
10% were accepted also for this analysis. As is shown in table C.3 this was achieved for all 
but one sample replicate. It was not possible to obtain satisfactory results for the analysis of 
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the CuCl2 extracts. The results were therefore taken as the mean of several analyses for which 
the results for the UiO soil house standard were satisfactory. For determination of SO4

2- on 
the IC (table C.4), re-analyses were performed when the deviations exceeded 5% for both 
sample replicates. 
  
CRAES 
Standard reference solutions of different concentrations (0.5, 20, 100 and 1000ppm) supplied 
by the Chinese state center of standard reference materials were analysed together with the 
samples. Acceptable deviation from reference value was ±1.96.standard deviation. 
 
4.3 Intercalibration 
 
4.3.1 Data treatment 
 
It is difficult to apply statistics to such a small data set. Consequently, statistics was used only 
as a guideline in the interpretation. The statistical method chosen was the least squares linear 
regression method in combination with Pearson’s product-moment correlation coefficient r2 
(Miller and Miller, 2000). The regression method has the advantage, compared to for instance 
the paired t-test, that it does not assume a constant standard deviation. A constant standard 
deviation is difficult to obtain over a wide range of concentrations. Also, for the linear 
regression method it is not assumed that the values are normally distributed (but it is so for the 
correlation coefficient), which is not to be expected for such a small sample population. 
However, it is assumed that the errors are normally distributed, which is not necessarily the 
case. Another shortcoming of the method is the vulnerability towards uneven distribution of 
values. Single high values could for instance have a too high influence on the regression line.     
 
According to York (1966), one of the major shortcomings of the least squares linear 
regression method is the assumption that all the errors are in the dependent variable. He 
suggested an alternative method, which is discussed in section 4.4.6, in connection with the 
CEC comparison. This method could not be used here due to the lack of information about 
standard deviations for several of the data, especially those from previous analyses. The lack 
of values for standard deviation also prevented the use of confidence intervals to evaluate the 
slope and intercept of the regression line (cf. section 4.4.6). When there was more than one set 
of other values, the CRAES data were included as many times as necessary for regression 
with all other data. 
 
4.3.2 Results and discussion 
 
All results from the intercalibration are given in appendix C, tables C.7 (Others) and C.8 
(CRAES). UiO1, UiO2 and UiO3 denote different operators at the University of Oslo (cf. 
appendix C.3).  
 
4.3.2.1   Dry matter 
 
There were only two sets of data for the dry matter parameter, as shown in figure 4.4. There 
was good agreement between the data, giving the regression line  
Dry matterOthers = -5.47 + (1.06 . Dry matterCRAES) and an r2 of 0.96.  
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Figure 4.4: Intercalibration of Dry matter. The line of equality is given. 
 
4.3.2.2   Loss on ignition 
 
As shown in figure 4.5, data for LOI existed from many different sources. There was 
acceptable agreement between CRAES and all the other data sets. The least-squares 
regression line, LOIOthers = 0.36 + (0.89 · LOICRAES) with an r2 of 0.95, suggested that the 
CRAES values were 11% too high. However, this regression coefficient was strongly 
influenced by the highest value. The deviations were all over relatively small; i.e. the certified 
values of the International standards were 9.9% and 2.1%, while the values presented by 
CRAES were 9.7% and 4.1%, respectively.   
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Figure 4.5: Intercalibration of loss on ignition. The line of equality is given. 
 
4.3.2.3   pH 
 
Figures 4.6, 4.7 and 4.8 show pH in water, CaCl2 and KCl suspensions, respectively. 
 
pHH2O 
There was an acceptable agreement between the CRAES values and the other data for pHH2O. 
The slight deviation indicated by the regression line  
(pH(H2O)Others = -0.43 + (1.12 · pH(H2O)CRAES) with a r2 of 0.98), was mainly caused by the 
highest value.  Based on the certified International standard value the high pHH2O value from 
CRAES was too low (sample 956). This pH range is, however, not present in the project’s 
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samples and is therefore not of central concern.  Furthermore, the complete series analysed by 
Skogforsk showed good agreement with the CRAES data. In the relevant pH range below 5 
the largest deviation between CRAES and Skogforsk was 5.1%. 
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Figure 4.6: Intercalibration of pH in water suspension. The line of equality is given. 
 
pHCaCl2 
There was an acceptable agreement between the CRAES values and other data for pHCaCl2. 
The least-squares regression line,  
pH(CaCl2)Others = 0.50 + (0.93 · pH(CaCl2)CRAES) with a r2 of 0.98, was again influenced by 
the one high value. Here the effect was probably that the deviation was reduced, as there was 
good agreement for the high value, which was the international standard from Greece (sample 
956). For the pH range of interest, there seemed to be a slight deviation between the data. For 
the international standard from Turkey (sample 954), the CRAES value was between that of 
the certified value and the Skogforsk value (the certified value is 4.21, while the values 
reported by CRAES and Skogforsk are 4.58 and 5.06, respectively). As the CRAES value was 
closer to that of the certified value, it might be that the Skogforsk results were slightly too 
high. But there were other indications that the pH measurements at CRAES were not 
satisfactory, cf. H+ in section 4.3.2.4. 
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Figure 4.7: Intercalibration of pH in CaCl2  suspension. The line of equality is given. 
 
pHKCl 
The same trend was seen for the pHKCl data as for the pHCaCl2 data. The least-squares 
regression line, pH(KCl)Others = 0.27 + (0.99 · pH(KCl)CRAES) with a r2 of 0.99, suggested only 
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a 0.3 unit deviation. Furthermore, the fact that there was a better correspondence between the 
CRAES and the certified values of the two International standards (4.58 and 4.82 for sample 
954, 7.38 and 7.57 for sample 956, respectively) than between most of the CRAES and 
Skogforsk values might indicate that the Skogforsk values in fact were a bit too high. On the 
other hand, a deviation of 0.24 pH unit in the pH < 4 range is cause for concern (see also H+ 
in section 4.3.2.4).  
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Figure 4.8: Intercalibration of pH in KCl suspension. The line of equality is given. 
 
4.3.2.4   Effective cation exchange capacity 

 
CECE 
Figure 4.9 show the values for the Effective CEC. The pH was not measured in the UiO3 
samples (except samples 000, 198, 954 and 956), so the H+-concentration from the other 
sources was used for the CEC calculation15. This included some PIAC results that were not 
for the same samples. But as these results were for samples collected at the same plots and the 
H+ concentration was very low, the difference should be negligible.    
 
Except for one sample, there was an acceptable agreement between the CRAES data and the 
other results. The exception was the International certified clay standard from Turkey, where 
CRAES reported 11.9 mmolc 100g-1 while UiO3 reported 20.6 mmolc 100g-1. Furthermore, 
the certified value for CECE was 24.12 mmolc 100g-1. The discrepancy was mainly due to the 
differences in the amount of exchangeable Mg2+, where the International certified value stated 
that there was 13.8 mmolc 100g-1, while the reported value from CRAES was less by a factor 
of 10 (1.3 mmolc 100g-1), indicating a dilution or calculation error as probable causes. This 
documented that the overall soil extraction had been conducted in an acceptable fashion, 
producing reasonably correct values.  The problems in this analysis procedure lay therefore in 
the analysis of the specific cations discussed in the following. The one erroneous Mg2+ value 
discussed above was removed from the data set and not further discussed. 

                                                 
15 The UiO3 extractions were originally conducted only with the purpose of measuring exchangeable trace 
metals (Cu, Zn, Cd, Pb). The major exchangeable cations were measured simultaneously on the ICP-AES, but 
the pH in the extracts was not measured. Not until later it was decided to include the UiO3 data in the 
intercalibration of CECE. 
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Figure 4.9: Intercalibration of CECE. The line of equality is given. 
 
Figures 4.10-4.17 show the values of exchangeable H+, Al3+, Fe3+, Mn2+, Ca2+, Mg2+, K+ and 
Na+ respectively.  
 
Exchangeable H+ 
The CRAES results for exchangeable H+ were clearly higher, at least compared to some of the 
other results. The regression line was  
CEC(H+)Others = 0.02 + (0.62 . CEC(H+)CRAES) with an r2 of 0.76, giving the same impression. 
This might indicate that the pHBaCl2 values from CRAES were too low. That could again 
change the conclusion from the discussion of the pHKCl and pHCaCl2 (cf. 4.3.2.3), where it was 
suggested that the Skogforsk values were too high. Maybe it actually was the CRAES values 
that were too low. However, the CRAES results for both the international standards and the 
UiO standard were satisfactory, indicating that there could be errors in the UiO1, the UiO2 
and/or the NOMiNiC results as well. 
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Figure 4.10: Intercalibration of exchangeable H+. The line of equality is given. 
 
Exchangeable Al3+ 

There was not an acceptable agreement between the CRAES data and the other data, despite 
the fact that the data from CRAES were very well correlated with the other data. The least-
squares regression line,  
CEC(Al3+)Others = 0.19 + (1.53 · CEC(Al3+)CRAES) with a r2 of 0.86, suggested a 50% deviation, 
i.e. the CRAES results were clearly lower than the others. This appeared to be a problem on 
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the CRAES side since there was acceptable agreement between the other data. It was reported 
to CRAES that something must be wrong in the analysis of aluminium in the extracts. This 
was important to sort out, as aluminium is an important element and constitutes a major part 
of the CEC. As the extracts were determined on a flame-AAS instrument this problem could 
be due to insufficient flame temperature. New analysis results for some samples were 
received from CRAES, which are discussed in the re-analysis section below. 
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Figure 4.11: Intercalibration of exchangeable Al3+. The line of equality is given. 
 
Exchangeable Fe3+ 

Here it seemed as if the CRAES results were lower than those of the other data sources 
(CEC(Fe3+)Others = 0.30 . CEC(Fe3+)CRAES, r2=0.54). Apart from one sample from TSP (sample 
941), the agreement between the other data was good, indicating that the error was on the 
CRAES side. This was further supported by the International certified value of the standard 
from Turkey, which was less than half of the value presented by the CRAES laboratory (0.06 
and 0.14 mmolc 100g-1 respectively). There should also be a relationship between Fe3+ in 
BaCl2 and CuCl2 extracts, with the concentration for CuCl2 being higher. When plotting these 
against each other, the UiO3 results showed a clear trend, while the CRAES results appeared 
not to be correlated. The amounts of for Fe3+ extracted with BaCl2 were also higher, when 
expected to be lower. New analysis results from CRAES were received also for Fe3+, which 
are presented below. 
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Figure 4.12: Intercalibration of exchangeable Fe3+. The line of equality is given.  
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Exchangeable Mn2+ 

There was an acceptable agreement between the CRAES values and other data for 
exchangeable Mn2+, especially when considering the low amounts. The slightly lower CRAES 
values suggested by the regression  
(CEC(Mn2+)Others = 1.15 . CEC(Mn2+)CRAES, r2=0.94) were probably just a result of the 
deviation for the highest value. 
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Figure 4.13: Intercalibration of exchangeable Mn2+. The line of equality is given. 
 
Exchangeable Ca2+ 

There was an acceptable agreement between the CRAES values and the other data for Ca2+ in 
the BaCl2 extracts. The almost complete UiO3 series showed good agreement with the 
CRAES data (CEC(Ca2+)UiO3 = -0.20 + (0.94 · CEC(Ca2+)CRAES) with a r2 of 0.97), though for 
the lower values data there was a tendency for the CRAES data to be a bit higher. The good 
agreement among the other data in this range might indicate an error on the CRAES side.  

Exchangeable Ca2+ (mmolc 100g-1)

0

2

4

6

8

0 2 4 6 8

CRAES

O
th

er
s

Internat. std.
UiO std.
UiO3
UiO1
NOMiNiC
UiO2

 
Figure 4.14: Intercalibration of exchangeable Ca2+. The International standard from Turkey 
(Sample 956) was not included in the graphic presentation because of different order of 
magnitude, but there was good agreement between the data. The line of equality is given. 
 
Exchangeable Mg2+ 

There was a trend of the CRAES results having approx. 22% higher values than the others 
(CEC(Mg2+)Others = -0.06 + (0.78 · CEC(Mg2+)CRAES) with a r2 of 0.91). As there was fairly 
good agreement between the other results, especially regarding the certified International 
standard, the error was considered to be in the CRAES data. Still, the values were low, and 
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the discrepancies were therefore not alarming when considering only the CECE or base 
saturation (BS). However, there was a potential for improvement in the determination of 
magnesium. New data are presented in the re-analysis section below.  
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Figure 4.15: Intercalibration of exchangeable Mg2+. The International standard from Greece 
(sample 954) was excluded from the graphic presentation as it was considered an outlier. The 
CRAES value was about ten times lower than the two other values, and must have been 
produced by some kind of a mistake, possibly a dilution or calculation error. The line of 
equality is given. 
 
Exchangeable K+ 

These results showed good agreement. The least-squares regression line, CEC(K+)Others = -
0.03 + (1.01 · CEC(K+)CRAES) with a r2 of 0.91, suggested only a 1% deviation. At these low 
values the small tendency of higher CRAES values was not important.  
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Figure 4.16: Intercalibration of exchangeable K+. The line of equality is given. 
 
Exchangeable Na+ 

There was a clear tendency that the CRAES results were higher, though no consistent trend in 
the deviation was apparent. The values reported by CRAES were found to be up to 50 times 
greater than the values reported by the others. Although the correlation between the other data 
was also poor their values were all of the same order of magnitude. This might indicate 
contamination in the CRAES laboratory as Na-contamination happens easily. A clear 
indication of this was the good agreement for the extract of the International certified standard 
with high Na+ concentration (sample 954, not shown in figure 4.16; 2.96 mmolc 100g-1 
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reported by CRAES and 3.00 mmolc 100g-1 as certified value), where small contaminations 
would have had negligible effects. The possibility of contamination was reported to CRAES, 
and new data were received. These are presented below. 
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Figure 4.17: Intercalibration of exchangeable Na+. A sample (511) from LCG was excluded 
from the graphic presentation because it was considered an outlier. The CRAES value was 
more than 20 times higher than the other values. The International standard from Greece 
(Sample 954) was also omitted as it was of a different order of magnitude. The line of equality 
is given. 
 
Re-analysis 
CRAES performed a re-analysis on five of the samples for determination of exchangeable 
Al3+, Fe3+, Mg2+ and Na+. The samples were two from LCG (samples 511 and 513), one TSP 
sample (941), one CJT sample (980) and one sample from Birkenes (1025). All results were 
greatly improved, as shown in figure 4.18 (and appendix C, table C.9). The new Al3+ data 
from CRAES were higher and also in better agreement with the other data. The least-squares 
regression line was  
CEC(Al3+)Others =  -0.99 + (1.16 · CEC(Al3+)CRAES) with a r2 of 0.94. The Fe3+ results were 
lower, giving good agreement and a least-squares regression line of CEC(Fe3+)Others = -0.02 + 
(0.88 · CEC(Fe3+)CRAES) with a r2 of 0.96. The Mg2+ results were also lower and in good 
agreement with the other results, with a least-squares regression line of  
CEC(Mg2+)Others = -0.02 + (1.08 · CEC(Mg2+)CRAES) with a r2 of 0.98. The Na+ results were 
considerably lower and most of the results corresponded well with the other results. The 
deviation of 70 % for the regression line  
CEC(Na+)Others = 0.02 + (0.30 · CEC(Na+)CRAES) with a r2 of 0.20 was due to two samples 
(sample 941 and 1025). The correspondence with the UiO3 series was very good.  
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Figure 4.18: Re-analysis for intercalibration of exchangeable Mg2+, Na+, Fe3+ and Al3+. New 
data in grey, old data in black. Lines of equality are given. 
 
Replacing the old data with the new data for the re-analysed samples naturally increased the 
agreement for the whole sample set. Figures showing this are presented in appendix C, figure 
C.1  
 
4.3.2.5   Fe3+- and  Al3+-pools 
 
The intercalibration data for Fe3+- and Al3+-pools are shown in figures 4.19 to 4.24. 
 
Amorphous and organically bound Fe3+ 
The CRAES results were far much lower than the others. As the data for the house standard, 
determined by several master students, and the UiO3 series were similar (9.6 and 10.35 
mmolc Fe3+ 100g-1 respectively), while the CRAES data differed (4.12 mmolc Fe3+ 100g-1), 
the problem was most likely on CRAES side. Furthermore, it did not seem likely that all the 
data should have about the same value, as suggested by the CRAES data, as the samples differ 
greatly. The differences were serious, but the deviation also varied a lot. Some data 
corresponded quite well, while others showed up to ten times difference. As a similar picture 
for this extract was not seen to the same extent for Al3+ (discussed below), but was apparent 
for Fe3+ in the Na-pyrophosphate extracts (discussed below), it appeared likely that the 
problem was in the detection of Fe.  



 

 49

Amorphous and organic Fe3+ (mmolc 100g-1)

0

10

20

30

40

0 10 20 30 40

CRAES

O
th

er
s UiO std.

UiO3
PIAC

 
Figure 4.19: Intercalibration of amorphous and organic Fe3+. The line of equality is given. 
 
Organically bound Fe3+ 

The trend for organically bound Fe3+ was much the same as for the amorphous and organic 
Fe3+ (discussed above). There was good correspondence between the UiO standard and the 
UiO3 data, so the CRAES results seemed to be too low. As explained above, the problem 
seemed to be connected with detection. 
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Figure 4.20: Intercalibration of organically bound Fe3+. The line of equality is given. 
 
Weakly organically bound Fe3+ 

These results, which were considerably lower than the values addressed above, showed some 
kind of agreement. Disregarding one sample from LCG (525), there was a trend of the UiO3 
results having lower values The least-squares regression line,  
Fe3+

Others = -0.01 + (0.41 · Fe3+
CRAES) with a r2 of 0.88, indicated 60% deviation. The good 

agreement between the two sets of UiO3 results might indicate that the error was on the 
CRAES side, although the two UiO3 data sets only represent different analyses of the same 
extracts. The results of the Al-determination (discussed below) in CuCl2 extracts indicated 
that the problem was in the detection, not the extraction. On the other hand, Fe3+ is not very 
stable in solution and it might have precipitated during a delay in the analysis procedure at 
UiO. But as explained in section 4.3.2.4 (exchangeable Fe3+), an expected correlation between 
the results for the BaCl2 and the CuCl2 extractions was not observed in the CRAES data, 
which further indicated that the CRAES Fe measurements were not correct.   
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Figure 4.21: Intercalibration of weakly organically bound Fe3+. The two UiO3 analyses were 
conducted on the same extracts. The line of equality is given. 
 
Amorphous and organically bound Al3+ 

The results on amorphous and organic Al3+ corresponded much better than the Fe3+ results.  
There was still a tendency that the CRAES results were lower, as was also seen for 
exchangeable Al3+. The regression line  
(Pools(Al3+

Amorg)Others = 11.4 + (0.60 . Pools(Al3+
Amorg)CRAES), r2=0.69) did not correspond very 

well with the 1/1 line. The UiO3 series corresponded well with the house standard and the 
UiO1 data. The problem at CRAES was most likely related to the determination of Al3+ in the 
extracts, but as the Fe3+ results also were too low, there might have been some problems with 
the extractions as well. 
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Figure 4.22: Intercalibration of amorphous and organic Al3+. The line of equality is given. 
 
Organically bound Al3+ 

There was an acceptable agreement between the CRAES values and other data for organically 
bound Al3+ (Pools(Al3+

Org)Others = -0.71 + (1.07 . Pools(Al3+
Org)CRAES), r2=0.73). Sample 982 

from CJT, which deviated to the highest degree from the line, had poor precision in the UiO3 
series, and should therefore not be given any significance. The fact that the results for Al3+ in 
oxalate-buffer and Na-pyrophosphate extracts were much better than for Fe3+, further 
indicated that the problem was in the measurement of iron, not in the extraction.   
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Figure 4.23: Intercalibration of organically bound Al3+. Sample 984 from CJT is excluded 
from the graphic presentation, as this was considered an outlier, probably a calculation 
error. The line of equality is given. 
 
Weakly organically bound Al3+ 

There was a satisfactory agreement between the CRAES data and the other data at low values. 
At higher values, the CRAES results were higher, giving a least-squares regression line of  
Pools(Al3+

Weakorg)Others = 1.5 + (0.70 · Pools(Al3+
Weakorg)CRAES) with r2 = 0.77. This indicated a 

30 % deviation. The problem was probably on the CRAES side, as there was good agreement 
between the other results. The deviation was most likely connected with the detection of Al3+, 
since the results were satisfactory for the lower values. A further indication of error on the 
CRAES side was the poor correlation when plotting the results of the BaCl2 extractions 
against those of the CuCl2 extractions. 
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Figure 4.24: Intercalibration of weakly organically bound Al3+. The International standard 
from Greece (sample 956) was excluded from the graphic presentation as it was considered 
an outlier. The CRAES result was 100 times higher than the UiO3 result. The line of equality 
is given. 
 
4.3.2.6   Total C 
The intercalibration data of total C, as presented in figure 4.25, showed acceptable agreement 
between the laboratories; The least-squares regression line,  
Total COthers = -0.06 + (1.00 · Total CCRAES) gave a r2 of 0.90. Still there was a deviating point 
indicating possible occasional errors that needed special attention. The reported value for the 
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NOMiNiC sample from Birkenes (1024) was almost a third of the CRAES reported value. 
The LOI can be used as a clue as to which data were erroneous, as on average 58% of the 
organic matter lost on ignition is typically carbon. The expected relationship was found 
between LOI and total C (LOI/tot C ≈ 1.724) for the NOMiNiC value, but not for the CRAES 
values.  
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Figure 4.25: Intercalibration of total C. The line of equality is given. 
 
4.3.2.7   Total N 
 
Figure 4.26 gives a presentation of the intercalibration data for total N. There was an overall 
acceptable agreement between the CRAES values and other data for total N. For six of the 
samples, there existed data from two other sources. These data were highly correlated with an 
r2 of 0.96. Even though the data from CRAES corresponded quite well with the other data, 
there were 3 outliers. As for total C the CRAES result for the Birkenes sample (1024) was 
much (here by a factor of 7.3) higher than the NOMiNiC reported value. The C/N observed in 
natural soils commonly varies between 5 and 30. Applying the total C value reported by 
NOMiNiC, assuming that the total C value reported by CRAES is erroneous (see above), the 
C/N ratio was 2.7 and 19 for the CRAES and NOMiNiC reported values, respectively. Using 
the NOMiNiC results renders therefore a more reasonable C/N ratio, indicating an error in the 
CRAES data. Another outlier was a sample from TSP (941). Here the value reported by 
CRAES was 0.02%, while the value reported by UiO2 was 0.39%. The C/N ratio was 326 and 
16, using the CRAES and UiO data respectively. This clearly indicated that the error was in 
the CRAES data. The last outlier was the UiO standard (sample 000). The total N values from 
CRAES and Skogforsk were 0.28 and 0.07% respectively. C/N ratios of 5.4 and 17, for 
CRAES and Skogforsk data respectively, do not provide any clue as to which data were not 
correct.  Omitting these three outliers the least-squares regression line, Total NOthers = 0.05 + 
(0.86 · Total NCRAES) gave a r2 of 0.96.  
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Figure 4.26: Intercalibration of total N. The line of equality is given. 
 
4.3.2.8   Adsorbed SO4

2- 
 
Figures 4.27 to 4.29 show the data for the different SO4

2- extractions and the calculated value 
for adsorbed SO4

2-.  
 
Dissolved and adsorbed SO4

2- 

The data for dissolved and adsorbed SO4
2- corresponded fairly well  

(Diss+ads SO4
2-

Others = -0.02 + (0.82 . Diss+ads SO4
2-

CRAES), r2 = 0.84), though the CRAES 
data were about 18% higher than the data from UiO3. There was high uncertainty in this 
method, so this was acceptable. As there was only one set of other data, it could not be said 
which of the two series was the most correct. 
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Figure 4.27: Intercalibration of dissolved + adsorbed SO4

2-. The line of equality is given. 
 
Dissolved SO4

2- 

The data for dissolved SO4
2- from CRAES and UiO3 were poorly correlated  

(Diss SO4
2-

Others = 0.20 + (0.41 . Diss SO4
2-

CRAES), r2=0.34). This was mainly due to the values 
(2.14 and 0.50 mmol kg-1 from CRAES and UiO3, respectively) for a sample from LCG 
(523). Omitting this sample improved the correlation to r2 = 0.82. Still the regression was not 
satisfactory (Diss SO4

2-
Others =  -0.13 + (0.73 . Diss SO4

2-
CRAES)). The origin of the 

irregularities could not be determined. 
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Figure 4.28: Intercalibration of dissolved SO4

2-. The line of equality is given. 
 
Adsorbed SO4

2- 

As these data were calculated from the other SO4
2- data, they reflected the errors discussed 

above. After omitting the same sample (523) as for dissolved SO4
2- the regression line was 

Ads SO4
2-

Others = 0.45 + (0.76 · Ads SO4
2-

CRAES) with r2=0.86. This was not very good. Still, 
out of the seven sample sets, three sets showed very good correspondence. Which series of 
values that was most correct, could not be decided, but for some of the UiO3 results, the 
standard deviation was quite large. 
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Figure 4.29: Intercalibration of adsorbed SO4

2-. The line of equality is given. 
 
4.3.3 Conclusion 
 
The intercalibration data showed many degrees of deviation, from slight and random to severe 
and systematic. For the parameters dry matter, LOI and pH there was such a good agreement 
that no further action had to be taken, although CRAES was asked to consider possible 
explanations for the deviations in pHCaCl2 and pHKCl before starting analyses on the field 
samples. After re-analysis of exchangeable Al3+, Fe3+, Mg2+ and Na+, the quality of the CEC 
analysis was also considered satisfactory. Concerning Fe3+- and Al3+-pools, CRAES was 
asked to revise the analytical procedure for Fe and Al determination prior to any analysis on 
field samples. Possible causes for the deviations should be searched for, especially with 
regards to Fe3+. Extraction procedures could be conducted on field samples, but CRAES was 
recommended to re-analyse Fe3+ before analysis on extracts of field samples. Preferably, also 



 

 55

re-analysis of Al3+ should be performed. Although the Al3+ results were better than the Fe3+ 
results, they were still not satisfactory.  

 
For total C and total N, the results were satisfactory, and field soil sample analysis could be 
conducted. However, CRAES was asked to study the possible causes for outlier data. As it 
comes to adsorbed SO4

2-, field sample analysis could be started, as there was no clear reason 
to expect the error to be on the CRAES side. Still, it was recommended to have a look into the 
high values for dissolved SO4

2- to see if there could be any sources of contamination or if 
there were any problems during the analysis. 
 
Field soil sample data have so far been received from CRAES for the parameters dry matter, 
LOI, pH, CECE, total C, total N and adsorbed SO4

2-. No information as to reconsidering of 
any of the parameters has been received, but the possible problems have hopefully been 
looked into. As for Fe3+- and Al3+-pools, no further analysis has been performed by CRAES, 
neither on intercalibration samples nor field samples.  
 
4.4 CEC comparison 
 
4.4.1 Selection of samples 
 
In the comparison of CEC determination methods, the effect of the variable charge sites was 
of special interest. For that reason a simple factorial design was set up to include variations in 
the levels of clay and organic matter in the set of samples, as these soil components have high 
amounts of variable charge (cf. section 2.2.3.1). The ideal set of samples would include 
samples with high and low values for both parameters or high for one parameter and low for 
the other, in addition to an intermediate sample. Therefore, it was necessary to have data on 
clay and organic content for the samples, or some kind of knowledge about it, from geological 
or topographical conditions. An additional criterion was that the samples should previously 
have been analysed for CECE by the procedure applied at the Environmental chemistry group 
at the University of Oslo (UiO) (described in section 4.2.2.5). It was also important to include 
samples from both the area of investigation and temperate areas, since the proportion of 
variable charge was expected to be different. Some combinations of parameters were difficult 
to find, especially samples high both in clay and organic matter. Due to limitations in the 
samples available for selection, five samples were included in the experiment. 
 
Table 4.5 shows the samples selected. CECE data on each sample are given in table D.7, 
appendix D. The LCG samples (samples 523, 525 and 527) are presented in section 4.2.1.1. 
Data on these samples were taken from the intercalibration (LOI: 523 and 527 PIAC results 
(Lydersen et al., 1997), 525 Skogforsk; particle size distribution: NLH; CECE: UiO3, but H+ 
values not for the same samples, but from samples collected at the same place (cf. section 
4.3.2.4)). The Czerniawka sample (sample 607) is from Poland and was analysed by Skotte 
(1995). The Svartberget sample is from northern Sweden and was analysed in connection 
with the NOMiNiC project (Larsen, 2003). 
 
Table 4.5: Samples selected for the CEC comparison. 

Depth LOI Sand Silt Clay Sample Site Plot 
hor./cm % (w/w) 

Fit in the factorial design 

523 LCG D C 60-70 4.5 13.8 45.2 41.0 Low organic, high clay content 
525 LCG E A 1-4 17.9 45.3 38.5 16.2 High organic, medium clay content 
527 LCG E C 50 3.7 20.1 56.1 23.8 Low organic, medium clay content 
607 Czerniawka A OA 0-+5 32.8   Assumed low High organic, low clay content 
1013 Svartberget SvS22 Ea 0.3-10 0.7   Assumed low Low organic, low clay content 

Formatted: Bullets and
Numbering
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4.4.2 Main principle of determination 
 
For the purpose of relating the soil chemistry to potential acidification, it is necessary to know 
the amount of individual exchangeable cations, not only the total CEC. The selected methods 
were therefore all of the summation type. Summation methods are also more convenient and 
less time-consuming, and therefore more suitable as routine analysis procedures.  
 
4.4.3 Extraction 
 
Four extracting agents were compared in this experiment:  
- Unbuffered 0.1 M BaCl2  
- Unbuffered 1 M NH4NO3  
- Unbuffered 1 M KCl-solutions 
- Buffered 1 M NH4Ac-solution.  
 
The unbuffered BaCl2 is widely used, and is the extractant solution applied at the 
environmental chemistry group at UiO, for studying acid soils with regards to the 
acidification issue. The vegetation ecologists from the Norwegian Institute of Land Inventory 
(NIJOS) involved in IMPACTS use CEC data determined with NH4NO3. This extractant is 
also well known, especially in vegetation science (e.g. Giesler et al., 1998). NH4Ac is the 
extracting agent most commonly used in agricultural soil science, with the exchangeable 
acidity determined either by titrating the NH4Ac extract or a KCl extract.  
 
In the literature, various extraction procedures are outlined. The differences between them are  
- in the ratio between soil and extracting agent,  
- in duration of the extraction and  
- in filtering and centrifugation procedures.  
Preferentially, in comparing different salt solutions, the extraction procedures should be 
conformed. On the other hand, the aim was also to compare the actual methods. Therefore 
some differences in the extraction procedures were allowed, even if it made it difficult to 
determine the cause for different results. The same amount of soil and extracting agent was 
used in all analyses. The ISO 11260 (1994) recommendations were chosen for this purpose, 
i.e. 2.5 g air-dried soil < 2mm and 30 ml extraction solution, diluted to 100 ml after 
extraction. 
 
The selected procedure for KCl and NH4Ac extraction was a combination of several 
suggested methods (Gillman, 1979, Rhoades, 1982, Stuanes et al., 1984, Hendersot and 
Duquette, 1986). The shaking time was set to two hours. According to Rasmussen (1991) this 
is satisfactory for routine analyses extracting with BaCl2. This is also what is usually applied 
at the environmental chemistry group at UiO. After shaking, the soil solution was filtered and 
washed with three 30 ml portions of the extract. Finally, the volume was made up to 100 ml, 
as suggested in ISO 11260 (1994) (this procedure is also in accordance with Stuanes et al., 
1984). In accordance with Stuanes et al. (1984), the NH4NO3 soil solutions were left over 
night without shaking the bottles. This is thought to resemble the actual conditions in a 
saturated soil (Larsen, pers. comm.). In all other aspects, the NH4NO3 procedure was equal to 
the one for KCl and NH4Ac. The ISO procedure (ISO 11260 (1994)) was applied for the 
BaCl2 extraction, to compare the results with those from the BaCl2 procedure used at the 
environmental chemistry group at UiO. The ISO procedure involves three consecutive 
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extractions, with centrifugation and combination of the decanted extracts. Finally, the 
combined extract is diluted and filtered. 
 
4.4.4 Titration 
 
Titration of the sample extracts was performed according to ISO 14254 (2001). The extracts 
were titrated to a certain pH, using 0.05 M NaOH. Then the volume of base consumed was 
used to calculate the total exchangeable acidity as mmolc 100g-1 soil. 40mL of extract was 
titrated. The stop pH was 7.8 for the BaCl2-extracts (ISO 14254 (2001)), 7.0 for the NH4NO3- 
and KCl-extracts and the pH of the pure extract solution (in this case 6.97) for the NH4Ac-
extracts (Stuanes et al., 1984). For all extracts except the buffered NH4Ac, the blank (i.e. pure 
extraction solution run through the extraction procedure) was titrated and the volume of titrant 
used was subtracted from the volume consumed in titration of the sample extracts. This 
corrects for the volume of base needed to raise the pH of the pure solution to the desired stop 
pH. Total free H+-acidity of the extract was also determined after adding 2.0mL of 1 M NaF 
(cf. section 2.2.3.2).  
 
The titration was performed using the autotitrator-system from Metrohm, with a 716 DMS 
titrino and Combined LL pH glass electrode (6.0232.100). The titration was PC controlled, 
using the TiNet 2.3 software. For comparison of different procedures for acidity 
determinations and CEC calculations, the pH was measured at the start of the titration 
procedure (cf. section 2.2.3.2). It was not corrected for the pH of the extracting agent, as this 
would be much higher than that of the extracts, and the H+ concentration would therefore be 
negligible. 
 
A different titration procedure had to be made for each type of determination. The method 
details are given in appendix D, table D.1. In general all the methods were compromises 
between time and accuracy/precision. As the stop volume at the required pH was the only 
desired result, the equilibration time around this pH should be long enough for the pH value to 
be completely stabilised, and the additions so small that no overtitration occurred. The 
software could not automatically adjust the speed and size of the additions towards the stop 
pH.  Therefore, the parameters settings also had to secure a reasonable duration of the titration 
procedure. By setting up two consecutive titrations, it was, however, possible to end with a 
slower titration.  
 
There are large inherent differences between the extracting agents. The NH4NO3 solution 
containing a weak acid, NH4

+, has an end point at 11.6, giving a quite slow pH change around 
the stop pH. The NH4Ac solution had a high buffering capacity around pH 7. Both these 
solutions could therefore be titrated quite fast. The neutral salt solutions, however, had their 
end point just around the stop pH. The resulting fast pH change around the stop pH made it 
necessary to titrate very slowly. This was possible with the splitting of the method as 
explained above. Still there might be a chance of overtitration, as the pH never stabilised 
completely, although changing very slowly.  
 
An additional challenge was the difference between the sample extracts. The samples having 
a large organic content also gave solutions of higher buffering capacity, due to a high content 
of humic acids. Ideally a separate method should be set up for each soil sample. In practice a 
method that both just secured reasonable results for the low-organic samples and allowed a bit 
too long titration time for the high-organic samples was chosen. 
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The blank had to be titrated very slowly, since there was no buffering by organic acids. The 
speed could be a bit higher for NH4NO3. The NH4Ac blank was just titrated to check for 
contamination during extraction, but the pH proved to be the same as for the pure extract.  
  
4.4.5 Cation measurement 
 
The remaining 20 ml of the extracts was analysed for exchangeable cations using the ICP-
AES (cf. section 4.2.3.2). Several adjustments to the normally applied BaCl2-procedure (cf. 
section 4.2.2.5 and 4.2.3.2) had to be made, because of the high ionic strength of the extracts. 
The high ionic strength could produce clogging of the torch and interference by salt particles 
attaching in the tubings. To avoid this, all samples and standards were acidified with 
concentrated HNO3, giving 10 % v/v. 10 % v/v acidified milli-Q water was used as washing 
solution. It is important to keep the acid concentration constant, as this prevents fluctuations 
in plasma temperature, and thus signal output (Skramstad, pers. comm.). The washing time 
was set to three minutes between each sample or standard, and ten minutes between each 
series. One series consisted of four standards (0, 5, 10 and 30 ppm, made from a 1000 ppm 
Spectrascan multistandard solution), a washing sample after the highest standard, eight 
samples and two-four water house standards (IK4 and IK5, see section 4.2.4.2).  
 
The emission lines chosen for the different extracts and elements are given in appendix D, 
table D.2. These lines were the ones giving best results for the water house standards IK4 and 
IK5. As with the intercalibration, the IK4 results were only used as guidelines. For IK5, 
samples were re-analysed to get the error below 10% for as many elements as possible, 
preferably for both dilutions. This time two sets of dilutions were used to counteract the 
problem of matrix matching of IK4 and IK5 with the standards of the standard series (cf. 
section 4.2.4.2 for the former alternative). Dilution 1 involved only addition of the acidified 
CsCl-solution (4.2.2.5). Dilution 2 was an attempt to make the matrix matching as close as 
possible by dilution with a more concentrated extract solution. How concentrated the extract 
solution could be, depended on the solubility of the salt. As BaCl2 was less soluble than the 
other salts, dilution 2 could not be made for this extract solution. Dilution 2 involved several 
consecutive dilutions, which could alter the concentrations in the water standards. This can 
explain the sometimes higher deviation for dilution 2 than dilution 1. Intercalibration results 
for IK5 for the accepted runs are given in Appendix D, tables D.3-D.6. 
 
4.4.6 Data treatment 
 
For the comparison of the CEC results from the different methods, the CEC was calculated 
from the sum of total acidity and base cations (Ca2+, Mg2+, Na+, K+). Using the same CEC 
calculation for all the extracts was thought to ease the comparison. This calculation method 
was chosen because other methods would not give comparable results for the NH4-extracts, 
due to the altered pH, and the low solubility of acid cations in the NH4Ac solution. The CEC 
results referred to as NH4Ac/KCl is the sum of base cation concentrations in the NH4Ac 
extracts and the total acidity determined by titrating the KCl extracts. 
 
As with the intercalibration (section 4.3.1), statistics was used merely as a guideline in the 
data interpretation. Also here, linear regression was selected, but as standard deviation data 
were available, the York method (1966) could be applied. To deal with the problem of 
assigning all error to the dependent variable, York developed an iterative routine where the 
errors in both variables are taken into account (York, 1966). Saastad (2003) has developed 
software for easy application of the method. When there were insufficient data on standard 
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deviation (section 4.4.7.2), the normal least squares method was used. The York method will 
also have shortcomings due to the uneven distribution of points. In this data set, one or 
sometimes two of the values were quite much higher than the others, which gave these values 
too high influence on the regression line. 
 
The 95% confidence interval of the slope and intercept was calculated as the product of the t-
value ((n-2) degrees of freedom) and the standard deviation (when standard deviation data 
were available, i.e. in section 4.4.7.3 and 4.4.7.4). A slope significantly different from 1 or an 
intercept significantly different from 0, indicates that the results are significantly different. 
However, because of the few and unevenly spread points, the confidence intervals were 
sometimes unreasonably large, especially for the intercept values. This only underlines the 
fact that one runs a large risk of reaching wrong conclusions when depending solely on the 
statistics when interpreting such a small data set. Since the selected samples were so different, 
it was interesting just to compare single sets of values, keeping their standard deviations in 
mind. When considering the degree to which deviations between values were significant, the 
results of the intercalibration (section 4.3.2.4) were also used as a guideline. The 
intercalibration showed, even if some deviations were unexpectedly large, that some degree of 
deviation is expected for these kinds of analyses.  
 
4.4.7 Results and discussion 
 
4.4.7.1   General considerations 
 
For conformity purposes, the soil:solution ratio was the same for all extractions. The ratio 
selected was according to ISO 11260 (1994) (cf. section 4.4.3). Studying the results, the 
constant ratio does not seem to be ideal, because this gave some extracts with very low 
concentrations, for several elements below the detection limit. For these soils, it would have 
been an advantage to use a larger ratio. This is also what is suggested in for instance the BaCl2 
method of Hendersot and Duquette (1986) used by the Environmental Chemistry group at the 
University of Oslo (UiO). The problem was especially pronounced in these experiments 
because the procedure of washing and diluting the extracts was adopted, producing 
considerably more dilute extracts. On the other hand, a too high ratio would result in the need 
for dilutions, increasing the chance of experimental error. The method usually applied at UiO 
is to use different soil:solution ratios for organic and mineral horizons, as suggested in the 
Hendersot and Duquette (1986). This method has proved to give suitable extract 
concentrations. 
 
4.4.7.2   Comparison of BaCl2 extraction procedures 
 
The hypothesis to be tested in the comparison was whether the UiO procedure for BaCl2 
extraction is inadequate compared to the ISO method. In the UiO procedure, the extraction is 
conducted only one time, while the ISO method involves three consecutive extractions. With 
repeated extractions it is possible to withdraw more of the exchangeable cations, because the 
equilibrium between soil and solution is shifted for each extraction. The amount of cations 
remaining adsorbed to the soil after the first extraction should be very small though, due to the 
high concentration of the extracting agent. Another consequence of repeated extractions is 
that the pH would be higher in the last two extractions, as most of the exchangeable acidity 
will be removed in the first extraction. This could lead to increased displacement of H+ from 
sites with variable charge (cf. section 2.2.3). Both these effects are also achieved by washing 
the soil (cf. the procedure for the other extractants, section 4.4.3), but to a lesser degree, as the 
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washing procedure is not as thorough as the ISO procedure. Ciesielski and Sterckeman (1997) 
did a comparison of similar extraction procedures to the UiO and ISO procedures, but with 
Cohex (cobalt-hexamine) as the displacing cation. They got slightly higher results with 
multiple extractions, both for CECE, Mg2+, Ca2+ and K+.  
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Figure 4.30: Comparison of CECE and the most important exchangeable cations using the 
ISO and the UiO procedure. Lines of equality are given. 
 
Generally, the ISO method produced higher results than the UiO method (cf. figure 4.30). The 
deviations were not much larger than what could be expected from different analyses (cf. 
section 4.3.2.4), but the deviations seemed systematic to some degree. The CECE results were 
all higher with the ISO method, except for the sample from Czerniawka. Since this was the 
sample having the highest CECE, the regression line became  
CECUiO = -3.67 + (1.15 . CECISO) (r2 = 0.92). This indicates a positive deviation, while for all 
the other samples than the Czerniawka sample the deviation was clearly negative. Al3+ was 
the single cation having most effect on the CECE, explaining the similar pattern as for CECE. 
The H+ results showed the highest relative deviations between the methods (67% and 52% for 
the two highest values) compared to the other cations. For H+, all results were higher with the 
ISO method, giving the regression line  
H+

UiO = 0.02 + (0.46 . H+
ISO) (r2 = 0.98). The regression line for Ca2+  

(Ca2+
UiO = 0.08 + (0.79 . Ca2+

ISO), r2 = 1.00) also shows a deviation between the methods. The 
difference was most pronounced for the organic samples (525 from LCG and the sample from 
Czermiawka), also having the highest amounts of exchangeable Ca2+. For the remaining 
cations only the results for the organic samples are relevant, as the exchangeable amounts 
were too low in the other samples. Nearly all these results were higher for the ISO method 
(not K+ and Mg2+ for the Czerniawka sample).  
 
The ISO method thus usually produced higher results than the UiO method. As explained 
above, the deviations could be related to the equilibrium shift. The large deviation for H+ also 
suggests that there is an increased displacement of H+ with the ISO method. However, many 
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of the deviations were not very large, and the somewhat different results for the Czerniawka 
sample should also be taken into account. It is therefore difficult to state that the UiO method 
actually produced lower results. But if it this is true, this does not necessarily mean that the 
UiO method is inadequate. It can be questioned if the ISO method actually determines the 
effective exchangeable cations, especially with regards to the increased pH in the last two 
extractions (cf. section 2.2.3.2). With the ISO method, the CEC is not determined at the 
approximate pH of the soil, and the equilibrium is shifted towards the extreme, a position 
which can better be described as potential. The ISO procedure is also more complicated, 
which makes it more time-consuming and increases the risk of analytical error. Ciesielski and 
Sterckeman (1997) concluded that even if there are slight deviations, the single extraction 
procedure can be recommended for routine analysis, all considerations taken into account. 
From the previous discussion it is possible to draw the same conclusion from this experiment. 
 
4.4.7.3   Comparison of acid content determinations 
 
The aim of this section is to compare the acid content determination by pH measurement, by 
titration of total acidity and by H+-acidity titration after complexation with F-. The necessity 
of including different acid cations when calculating CECE by summation of individual cations 
is also discussed. Since BaCl2 is the displacing agent used at UiO, special attention is given to 
the BaCl2-results, but also the KCl results are discussed. No comparison can be done for the 
NH4

+-extracts, because the influence of the extracting salt on the pH of the extracts makes it 
impossible to determine the exchangeable H+ by pH measurement. 
 
The titration method is probably the most common method. This is because it is the most 
convenient method when the concentration of the individual acid cations is not needed, as for 
instance when deciding the level of liming for agricultural soils. There are no obvious 
chemical reasons not to expect similar results from the titration method and the summation of 
acid cations. 
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Figure 4.31: Comparison of total acidity determined by titration or summation. Lines of 
equality are given. 
 
Looking at the results in figure 4.31, the assumption of similar results is confirmed. For 
BaCl2, the regression line was  
Acid cations = -0.24±0.87 + (1.01±0.08 . Total acidity) (95% confidence limits given). When 
comparing the results for KCl, both the slope and intercept deviated significantly  
(Acid cations = -0.31±0.06 + (1.11±0.01 . Total acidity) (95% confidence limits given)). The 
titrated total acidity was generally lower than the sum of acid cations. This is difficult to 
explain. Theoretically, there should be no reason for the BaCl2- and the KCl-extracts to give 
different results in this respect. Comparing with the intercalibration (section 4.3.2.4), 



 

 62

however, the deviations for KCl were not very large. It is therefore possible to recommend the 
pH-method in the cases where individual cations are determined anyway: The total acidity- 
and pH-method seemed to give similar results, and the pH-method is much less time-
consuming and burdened with less sources of error. When the base cations are determined 
using the ICP-AES, determination of the acid cations can be done without much extra effort.  
 

 
Figure 4.32: Major Fe3+ species in solution when titrating after addition of F- (F-: 50 mM, 
Al3+: 1 mM, Fe3+: 0.05 mM, Mn2+: 0.01 mM). Calculated using MINEQL+ 4.0 and default 
settings (max ionic strength, 0.05 M). 
 
For the method of determining free H+-acidity, some deviation between the titration method 
(complexation of Al3+, Fe3+ and Mn2+ with F-) and the direct measurement (pH measurement) 
could be assigned to the production of Fe(OH)2

+, Fe(OH)3 (aq) and Fe(OH)4
- during titration: 

The amount of FeF3 (aq) levels sharply off around pH 6.7, due to the displacement of F- by 
OH- (figure 4.32). This would increase the amount of titrant used without reflecting the 
concentration of H+ in solution. It would only have a very small effect for the KCl titration, 
though, as the stop pH here was 7. A similar effect was not found for Al3+ and Mn2+. 
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Figure 4.33: Comparison of H+-acidity estimates. Lines of equality are given. 
 
Comparing the free H+-acidity with the H+-concentration calculated from the pH (figure 4.33), 
the free H+-acidity was significantly higher  
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(Free H+ = -0.15±0.11 + (1.46±0.21 . H+) (95% confidence limits given)). For KCl the trend 
was similar. The regression line was Free H+ = 0.09±0.38 + (1.48±0.22 . H+) (95% confidence 
limits given). The deviations for the BaCl2 extracts could partly be explained by the 
complexation of Fe3+ by OH-. Especially for the samples with a high Fe3+ content, the effect 
could theoretically be quite important. Using this hypothesis, the deviation would be expected 
to be much lower for KCl, though. This is not so. The deviation in H+-acidity between the two 
methods therefore has to remain unexplained. But there are no obvious reasons to say that the 
pH method is inferior. It is also much more convenient.  
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Figure 4.34: CECE calculated with or without including the H+-concentration. The line of 
equality is given. 
 
The summation method presented by Hendersot and Duquette (1986) does not include 
determination of the H+-concentration. When doing a linear regression of the BaCl2 results of 
the CECE calculated from all the cations against CECE as the sum of cations excluding H+ 
(figure 4.34), the slope deviated significantly from 1  
(CECWithout H

 = -0.08±0.97 + (0.82±0.12 . CECWith H) (95% confidence limits given)). This 
shows that for acid soils, the H+-concentration is significant, and should be included. 
Amacher et al. (1990) assumed that extractable Al3+ could be used as an estimate of 
exchangeable acidity, since Al3+ constitutes the major part of the exchangeable acidity. The 
CECE was calculated as the sum of exchangeable base cations and Al3+. This procedure would 
give even larger deviation from the CECE calculated from all the cations, as also omission of 
Fe3+ gave significant deviation  
(CECWithout Fe = 0.13±0.40 + (0.93±0.05 . CECWith Fe) (95% confidence limits given)). It did, 
however, not make any significant difference if the Mn2+-concentration was included or not  
(CECWithout Mn = 0.00±0.05 + (1.00±0.005 . CECWith Mn) (95% confidence limits given)). This 
was because the Mn2+-concentrations were so low. 
 
4.4.7.4   Comparison of the four different extraction procedures 
 
The aim of the comparison of different CEC extraction methods was to uncover if the 
different methods produced different results for these samples, and if possible disclose why 
they did so and in what way. According to the theory (chapter 2.2.3.2), the main deviation 
between the methods would be in the total acidity results of buffered and unbuffered methods. 
The higher pH of the buffered solution causes increased displacement of H+ from sites with 
variable charge, and this gives higher total acidity. As the total acidity is what constitutes the 
major part of the CEC in acid soils, the comparison of total CEC results would mainly reflect 
this deviation. These assumptions were confirmed in the total CEC results (figure 4.35): The 
main impression was that the NH4Ac (buffered) extraction produced far higher results than 
the other methods (unbuffered). 
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Figure 4.35: Comparison of the CEC results for the different extracts. The line of equality is 
given. 
 
The deviations between the unbuffered methods were not significant. However, the values for 
the high-organic samples (especially the Czerniawka sample) were slightly higher for BaCl2 
than for the other unbuffered extractants. This could have some plausible explanations, which 
will be more thoroughly covered when discussing the individual constituents of the CEC.  
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Figure 4.36: Comparison of the total acidity results for the different extracts. The line of 
equality is given. 
 
The total acidity results (figure 4.36) were parallel to the CEC results: There was a strong 
deviation between the unbuffered methods and the NH4Ac method, while the deviation 
between the unbuffered methods was not significant. The relative deviation between the 
unbuffered methods and the NH4Ac method increased with increasing total acidity values, 
from around doubling of the three lowest values to three- to fourfold multiplication of the two 
highest values. The reason for this was probably that the soil samples giving the highest total 
acidity (sample 525 from LCG and the Czerniawka sample) results also had the highest 
organic content. Because all the charge on organic matter is variable, the results for these 
samples would be more strongly affected by the difference in pH between the extractants (cf. 
section 2.2.3.1). One would expect the relative deviation for the results of the samples with 
low organic content to vary both due to differences in clay content and in the expected clay 
types (assuming a higher proportion of variable charge in the clays in mature than juvenile 
soils, cf. section 2.2.3.1). The relative deviations for sample 523 and 527 from LCG were 
fairly similar even if sample 523 had much higher clay content. This could be explained by 
the samples having similar types of clay, giving similar proportions of variable charge. The 
sample from Svartberget (1013), which is assumed to have a low proportion of variable 
charge, actually showed slightly larger deviations. The total acidity for this sample was very 
low, though, making the results more uncertain. One conclusion which could be drawn from 
these results, however, is that the organic matter content seems to be much more important in 
determining the proportion of variable charge in the soil than the clay content. For samples 
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with a high organic content, the difference between mature and juvenile soils with respect to 
clay types (cf. section 2.2.3.1) does not seem to be determinant for the variation in CEC 
results from determination with buffered or unbuffered methods.    
 
Considering the unbuffered extractions, one would expect the different methods to give fairly 
similar results. However, some minor deviations could occur. The higher ionic potential of the 
Ba2+ ion, could give higher values for the BaCl2 extraction (K+ would theoretically be a 
slightly better exchanger than NH4

+, but the variation between these two cations was expected 
to be too small to be observed) (Appelo and Postma, 1999). On the other hand, the higher 
ionic strength of the NH4NO3 and KCl solutions could produce higher results for these 
extractions (cf. section 2.2.3.2).  
 
There were no significant differences between the unbuffered methods for the whole sample 
set, but the BaCl2-extraction gave higher total acidity values for the Czerniawka sample, 
which could be assigned to the higher ionic potential of the Ba2+ ion. This should have the 
same influence on the other samples as well, but it is possible that deviations would not be 
observed for these samples, due to the much lower values. 
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Figure 4.37: Comparison of the amounts of exchangeable Al3+ for the different extracts. The 
line of equality is given. 
 
For the acid cations determined directly in the extract, one would expect very low values for 
NH4Ac due to the low solubility of these ions at pH 7. Figure 4.37 clearly reflects the low 
solubility of Al3+ (KSP (Al(OH)3) = 1.0E-33 M4 (Pedersen, 1996)). The BaCl2-extraction gave 
higher amounts of Al3+ than the NH4NO3-extraction for four of the samples. This gave a 
statistically significant deviation, with  
AlNH4NO3 = 0.12±0.98 + (0.76±0.19 . AlBaCl2) (95% confidence limits given), but this mainly 
reflects the deviation for the Czerniawka sample. The deviations for the other samples were 
no higher than what could be expected. As with total acidity, the deviations for the 
Czerniawka sample could be related to differences in ionic potentials of the extracting cations. 
This would be especially pronounced for cations of high valence, as Al3+ (cf. chapter 2.2.3.1). 
However, the results were fairly similar for the BaCl2 and the KCl extractions. The deviation 
between the BaCl2 and NH4NO3 results could therefore be related to the extraction procedure 
for NH4NO3 as well. There is a chance that the exchange process is not complete when there 
is no shaking of the soil-suspension. This would give lower results. Both these effects would 
be similar for all the samples, but as with total acidity it might be that differences cannot be 
observed for the lower values.   
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Figure 4.38: Comparison of the amounts of exchangeable Fe3+ for the different extracts. The 
line of equality is given. 
 
The Fe3+ values (figure 4.38) showed the same trend as for Al3+. The NH4Ac results were very 
low compared to the other results. Only two of the samples (525 from LCG and the 
Czerniawka sample) contained enough Fe3+ to show the deviation, but it is reasonable also 
here to assign the deviation to the low solubility of Fe3+ at pH 7 (KSP (Fe(OH)3) = 2.0E-39 
(Pedersen, 1996)). Here there were only slight differences between the unbuffered methods. 
The values were also generally too low for interpretation. 
 
For the base cations, the different methods were expected to give fairly similar results. But 
some minor deviations could occur, especially between buffered and unbuffered extracts, due 
to the increased equilibrium coefficient at higher pH caused by the increased deprotonation of 
sites with variable charge (cf. section 2.2.3.2). Gillman (1979), who studied highly weathered 
soils, got slightly higher values for exchangeable Ca2+, Mg2+ and Na+ by BaCl2- than NH4Ac-
extraction. Borge (1997) compared the amount of extractable cations using NH4NO3 and 
NH4Ac and found that NH4NO3 extracts gave significantly more base cations in the organic 
horizon, especially for divalent cations. The reason for the larger deviations for the organic 
samples is probably, as with total acidity above, that the proportion of sites with variable 
charge is much higher in these soils. Also Horn et al. (1982), Gillman et al. (1983), and 
Amacher et al. (1990) got lower Ca2+ values for buffered extractions. Stuanes et al. (1984), 
however, found no significant differences in the amounts of base cations extracted using the 
two NH4

+-salts, but they studied mainly mineral soils.  
 
Looking at the results of this experiment (figure 4.39), NH4Ac appeared to replace slightly 
less Ca2+ than the other extracts for the organic samples. For the other samples, the results 
were fairly similar, giving no statistically significant deviations for the whole sample set. As 
explained above, it is reasonable to observe the largest deviations for the organic samples, as 
they are supposed to have a higher proportion of variable charge. In addition, the results for 
the other samples were quite low, making it difficult to observe deviations. 
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Figure 4.39: Comparison of the amounts of exchangeable Ca2+ for the different extracts. The 
line of equality is given. 
 
Gillman et al. (1983) found no significant differences in the extraction of base cations by 
different unbuffered reagents. They recommended the use of unbuffered reactants in general, 
but suggested that the exact choice of salt solution is not critical. In this experiment however, 
the NH4NO3 results were lower than BaCl2 for all samples, giving a significantly deviating 
slope  
(CaNH4NO3 = -0.01±0.03 + (0.92±0.06 . CaBaCl2) (95% confidence limits given)). As with 
exchangeable Al3+, this deviation could be connected with the extraction procedure for 
NH4NO3, but the values are too low to draw any conclusions.  
 
There were no significant deviations between the different extraction methods for Mg2+ and 
K+. For Mn2+ and Na+ the values were too low to be discussed. 
  
4.4.8 Conclusion 
 
There were indications that the ISO procedure used for BaCl2 extraction gives higher values 
than the UiO procedure. However, it is difficult to assign the deviation to one single cause. 
Besides, the deviations were not very large and there was one sample giving higher values 
with the UiO method. For these reasons one cannot say for sure that the UiO actually gives 
lower results than the ISO method, and if they were lower, this does not necessarily mean that 
the method is inadequate. The application of the UiO method for the field soil sample 
analyses in this study can therefore be considered appropriate. In general, as the UiO 
procedure is easier and less time-consuming, it can be recommended for routine analysis. 
  
Similar results were achieved by the pH and the titration approach when determining 
exchangeable acidity by BaCl2 extraction on acid soils. It is therefore reasonable to use the pH 
procedure, because it is much less time-consuming and possibly more accurate. Determining 
exchangeable acidity by the method of complexation with F- and titration seemed to give 
slightly lower results than the two other methods. This effect was difficult to explain, but 
there are no reasons to expect more accurate results from this method than the pH method. 
Using the summation method, the omission of H+ and/or Fe3+ gave significant deviation of the 
CECE values. The acid determination by pH-measurement and inclusion of H+, Al3+, Fe3+ and 
Mn2+ in the CECE as was applied in the field soil sample analyses could therefore be 
considered appropriate. 
 
As expected, the buffered extracting agent NH4Ac gave much higher total acidity values 
compared to the unbuffered methods, due to the increased deprotonation from sites with 
variable charge at higher pH. The effect was most pronounced for samples with a high 
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organic content. The proportion of variable charge in the clay fraction therefore seemed to be 
of minor importance for soils with a high organic content. For the low-organic samples it was 
difficult to see deviations between mature or juvenile soils with respect to extraction with 
NH4Ac and the unbuffered solutions because the value of the juvenile sample (from 
Svartberget) was so low. However, this issue should be further addressed by setting up a 
similar experiment with only low-organic samples, assuring that the samples would have a 
CEC that would be sufficiently high to reveal possible discrepancies. The NH4Ac method 
seemed to give lower amounts of exchangeable Ca2+ than the unbuffered methods for samples 
with a high organic content, which could be related to the increased equilibrium coefficient 
caused by the higher negative surface charge at higher pH. In addition to these effects, NH4Ac 
also has the disadvantage that it is not possible to determine the concentration of Al3+ and Fe3+ 
in the extracts, because of low solubility. In analysing agricultural soils, however, the 
advantage of the buffered methods is that they provide measurements independent of recent 
fertilization and liming practices (Hendersot et al., 1993). 
 
The results for the Czerniawka sample were slightly higher with the BaCl2 extraction than the 
KCl extraction for the parameters CEC (NH4Ac/KCl) and total acidity. The deviations could 
be connected with the higher ionic potential of Ba2+, but anyway it seems unnecessary time-
consuming to extract with two different salt solutions. There was a stronger tendency of 
deviation between the results of the BaCl2 and the NH4NO3 method, which could be related to 
ionic potential or extraction procedure. Distinguishing these two causes of discrepancy could 
only be done by comparison of the two methods using the same extraction procedure.  
 
All in all, though, it seems appropriate to state that in comparing CEC and exchangeable 
amounts of cations determined by the methods investigated, the unbuffered methods can be 
regarded as equal, also when comparing mature and juvenile soils. If comparing unbuffered 
methods with buffered methods, it must be taken into account that the total acidity is higher 
with the buffered method. The base cation concentrations can also possibly be lower with the 
buffered method, especially for samples with a high organic content.   
 
4.5 Data treatment 
 
The analysis of the vegetation and environmental data from LCG was conducted by means of 
the methods and programs suggested in the IMPACTS ground vegetation monitoring manual 
(T. Økland and Eilertsen, 2001). Unless otherwise stated, the following description is based 
on this manual. 
 
4.5.1 Relationships between explanatory variables 
 
Explanatory variables are the variables used to explain the structure in the vegetation. These 
include both biotic and environmental variables. The biotic variables are extracted from the 
vegetation data16. Consequently these variables cannot be used to explain the structure in the 
vegetation directly, but they can help explain the connection between the environmental 
variables and the distribution of the vegetation.  
 
The relationships between the explanatory variables were investigated by means of Kendall´s 
non-parametric correlation coefficient τ (Kendall, 1938). With non-parametric methods one 

                                                 
16 The biotic variables used in this study were the total number of species and the number of bryophyte and 
vascular plant species. 
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seeks to uncover monotonic rather than linear relationships (Sprent and Smeeton, 2000) (cf. 
sections 4.3.1 and 4.4.6). Kendall’s correlation coefficient is based on the order of data, but it 
is not necessary to replace continuous data by ranks (Sprent and Smeeton, 2000). No 
assumptions are made about the distribution of the data (R.H. Økland, 1990), which makes it 
unnecessary to transform the data prior to correlation. Kendall’s τ with 2-tailed significance 
estimation was calculated by means of SPSS 11.0. As soil samples from the B2 horizon were 
only collected in the intensive macroplots (cf. section 4.1.4), the sample size (n) for the B2 
horizon variable data was much lower (n= 20) than for the other variable data (n = 50). 
Consequently, two sets of correlations were produced: One for all pairs of variables 
(excluding the B2 horizon variables) in all 50 mesoplots and one for all pairs of variables 
(including the B2 horizon variables) in the 20 intensive mesoplots. The interpretation of the 
set of correlations including the B2 horizon variables was performed separately, as the 
relationships revealed were considered more uncertain, due to the lower n. 
 
The ordination method Principal Component Analysis (PCA; Pearson, 1901, ter Braak and 
Prentice, 1988) was used as an additional means of summarising the relationships between the 
explanatory variables. In ordination, a data matrix conceived as a multi-dimensional space is 
attempted reduced to a low-dimensional subspace by means of an iteration algorithm (R.H. 
Økland, 1990). PCA is a metric ordination technique (cf. 4.5.2) which demands that the 
variables are linearly related to each other and have normally distributed errors with 
homogenous variance (R.H. Økland, 1990). Homogeneity of variances was achieved by 
transforming all variables to zero skewness by the standardised zeroskewness transformation 
procedure described in R.H Økland et al. (2001). In this procedure, the initial step is to 
determine the skewness of each variable. Then each variable is transformed to zero skewness 
(skewness < 1 . 10-5)17. After transformation, all variables are ranged, i.e. converted to a 0-1 
scale18. The PCA analysis was performed for the variables registered in all 50 mesoplots (i.e. 
excluding the B2 horizon variables) by means of CANOCO 4.0 (ter Braak and Šmilauer, 
1998)19. 
 
4.5.2 Vegetation structure 
 
Ordination methods were used to find the main coenoclines (cf. section 1.3) on the basis of 
vegetation data from the 50 mesoplots. The data matrix contained observations on m species 
in n plots. Ordination of these data is possible because it is believed that the species respond 
to the same, few complex-gradients, making the number of coenoclines low (R.H. Økland, 
1990). 
 

                                                 
17 The transformation is performed by means of the equations: 

kjk xc
kj ey =´          (4-2) 

)ln(´ kjkkj xcy +=         (4-3) 
where xkj is the original value recorded for variable k in plot j and ck is a variable-specific parameter determined 
so that the skewness of the transformed variable Y’ = {ykj´} is zero. Equation (4-2) was applied to left-skewed 
variables (skewness < 0), equation (4-3) to right-skewed variables (R.H. Økland et al., 2001). 
18The ranging is performed by means of the equation 

´))min(´)/(max(´))min(´( kjkjkjkjkj yyyyy −−=     (4-4) 

where ykj is the ranged and transformed variable (R.H. Økland et al., 2001). 
19 The following options were applied: Inter-species (i.e. inter-variable) correlations, no post-transformation or 
transformation, no centering of samples, centering and standardisation of species (i.e. variables). 
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Ordination methods can be grouped into metric and non-metric scaling techniques. The metric 
techniques are multivariate statistical methods that, in ordination of a vegetation matrix, find 
gradients in species composition (ordination axes) one by one, as the ”hypothetical 
environmental variable” that maximizes the fit of species abundances to an explicit model for 
species’ responses to environmental gradients (parallel to parametric statistical methods). 
Non-metric scaling techniques are geometrical methods that seek a configuration of sample 
plots in an ordination space with fixed number of dimensions, that optimises the rank-order 
correspondence between sample-plot distances in the ordination and floristic between-plot 
dissimilarities (parallel to non-parametric methods).  
 
For ordination of a species-plot matrix, Detrended Correspondence Analysis (DCA; Hill, 
1979; Hill & Gauch, 1980) is regarded as the most reliable method within the metric scaling 
techniques (R.H. Økland, 1990). DCA is a modified version of correspondence analysis (CA; 
Hirschfeld (1935) and Fischer (1940)). The major difference between DCA and CA and PCA 
is that DCA and CA assumes a unimodal relationship between the species abundance and the 
underlying gradients (i.e. the iteration algorithm is based on weighted averaging), while PCA 
assumes a linear relationship (i.e. the iteration algorithm is based on weighted summation) 
(R.H. Økland, 1990). The unimodal response model has been shown to be a realistic 
generalisation, especially for long gradients, which explains the insufficiency of PCA for 
ordination of this type of data (Minchin, 1987; R.H. Økland, 1990). DCA includes some steps 
to remove or minimize the faults of CA. It is a heuristic method, i.e. the corrections are 
performed a posteriori, which makes a strictly statistical interpretation of DCA impossible (ter 
Braak and Prentice, 1988; R.H. Økland, 1990). 
 
Ordination of the vegetation data from the 50 mesoplots was performed with both DCA and 
the non-metric method Local, Non-metric MultiDimensional Scaling (LNMDS) (Kruskal, 
1964a, 1964b; Kruskal et al., 1973; Minchin, 1987). Various comparisons of DCA and 
LNMDS have been performed (e.g. Minchin, 1987; R.H. Økland, 1990), but the conclusions 
differ. Parallel use of DCA and LNMDS is therefore recommended (R.H. Økland, 1990, 
1996; T. Økland, 1996). A good correspondence between ordinations using DCA and 
LNMDS is a strong indication that a realistic ordination has been achieved (R.H. Økland, 
1990). 
  
Biological Data Program/PC (BDP) (Pedersen, 1988) was used for downweighting of species 
with a frequency lower than the median frequency (in proportion to their frequency). This 
procedure is recommended prior to multivariate analyses (Eilertsen et al., 1990). DCA was 
performed using CANOCO 4.0 (ter Braak and Šmilauer 1998)20. LNMDS was carried out by 
means of DECODA (Minchin, 1990)21. Kendall’s non-parametric correlation coefficient τ 
(Kendall, 1938) was calculated for each axis for the set of plot scores from the DCA and 

                                                 
20 The following options were applied: No downweighting of species, nonlinear rescaling of axes and detrending 
by segments. 
21 The following options were applied (recommended by T. Økland 1996): Dimensionality (number of ordination 
axes) = 4, dissimilarity measure = percentage dissimilarity (Bray-Curtis), species abundances standardized by 
division with species maxima, 100 starting configurations, maximum number of iterations = 1000, stress 
reduction ratio for stopping iteration procedure (stress is a measure of correspondence between floristic 
dissimilarities between plots and the distance between plots in the ordination diagram) = 0.99999. Solutions 
were not accepted unless reached from at least two different starting configurations. The LNMDS axes were 
linearly rescaled in S.D. units by means of the constrained ordination method DCCA (one LNMDS axis used as 
constraining variable in one DCCA for each LNMDS axis) using CANOCO, in order to enhance comparability 
with the DCA axes. 
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LNMDS ordinations, to test the congruence between the ordinations. The calculations were 
performed by means of SPSS 11.0, with 2-tailed significance estimation.   
 
4.5.3 Relationships between vegetation and explanatory variables 
 
In order to elucidate the complex relationships between species composition and 
environmental conditions, the coenoclines were interpreted by means of the measured 
explanatory variables. This was done by calculating Kendall´s non-parametric correlation 
coefficient τ (Kendall, 1938) between the explanatory variables and the plot scores along the 
DCA and LNMDS axes. The calculations were conducted by means of SPSS 11.0, with 2-
tailed significance estimation. The B2 horizon variables were only correlated with the plot 
scores for the 20 intensive mesoplots. These correlations were considered less reliable, due to 
the lower n (cf. 4.5.1). 
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5 Results 
 
5.1 Relationships between the explanatory variables 
 
A test correlation was run to reduce the number of variables. From groups of related variables 
(e.g. maximum, median and minimum litter depth), only one variable was selected when the 
members of the group were strongly intercorrelated. Three calculation methods for expressing 
the amounts of exchangeable cations were considered: The absolute amounts (mmolc 100 g-1), 
the amounts relative to LOI and the amounts relative to CECE, i.e. the saturation. The absolute 
amounts are highly dependent on the density of the soil and they mainly reflect the buffer 
capacity, not the availability of the cation to the plants. The amounts relative to LOI have 
been used in vegetation studies (e.g. T. Økland, 1996; R.H. Økland and Eilertsen, 1993), 
while it is common among soil scientists to use saturation values. In the upper horizons, the 
amounts relative to LOI or CECE will reflect fairly the same, as CECE is strongly dependent 
 
Table 5.1: Selected variables, with abbreviations and explanations (for a more thorough 
explanation, cf. chapters 4.1 and 4.2). 
Designation in tables Abbreviation in figures Explanation 
Species Species Number of species 
Bryophytes Bry Number of bryophyte species 
Vascular plants Vas Number of vascular plant species  
Inclination Incl Inclination measured with a clinometer compass (º) 
Max inclination Maxincl Maximum inclination, measured with a clinometer compass (º) 
Aspect unfavourability Aspect Deviation from favourable aspect (º) 

Heat index HI Index representing favourability in both inclination and aspect, with regards to 
maximum heat 

Terrain roughness Rough Maximum terrain roughness (cm of chain) 

Sum convexity 1 m2 Con1 Sum of index values of concavity/convexity in the 1 m2 mesoplots. A high value 
indicates higher convexity 

Abs convexity 1 m2 Abscon1 Sum of absolute index values of concavity/convexity in the 1 m2 mesoplots. A 
high value indicates higher terrain roughness 

Sum convexity 9 m2 Con9 Sum of index values of concavity/convexity in the 9 subplots of 9 m2 plots with 
the mesoplot in the center. A high value indicates higher convexity 

Abs convexity 9 m2 Abscon9 
Sum of absolute index values of concavity/convexity in the 9 subplots of 9 m2 
plots with the mesoplot in the center. A high value indicates higher terrain 
roughness 

Basal area deciduous BAdec Density of deciduous trees, measured by a relascope 
Basal area coniferous BAcon Density of coniferous trees, measured by a relascope 
Litter depth Litter Median litter depth (cm) 
Depth O horizon DepthO Average depth of the O horizon (cm) 
Depth A horizon DepthA Average depth of the A horizon (cm) 
Moisture 5 cm Mois5 Median soil moisture measured with a 5 cm rod (% v/v) 
Moisture 10 cm Mois10 Median soil moisture measured with a 10 cm rod (% v/v) 
LOI LOI Loss on ignition (% w/w) 
pHH2O pHH2O pH measured in H2O suspension 
pHCaCl2 pHCaCl2 pH measured in CaCl2 suspension 
HS HS 
AlS AlS 
FeS FeS 
MnS MnS 
CaS CaS 
MgS MgS 
KS KS 
NaS NaS 

Exchangeable cations relative to CECE (%) 

CECE ECEC Sum of exchangeable cations (mmolc 100g-1) 

BS BS Base saturation, the sum of exchangeable base cations (Ca2+, Mg2+, K+ and 
Na+) relative to CECE (%) 

Total C TotC Total carbon content (% w/w) 
Total N TotN Total nitrogen content (% w/w) 
Total NLOI TotNLOI Total nitrogen content relative to LOI (%) 
SO4

2- SO4 Adsorbed SO4
2- (mmol kg-1) 

SO4
2-

LOI SO4LOI Adsorbed SO4
2- relative to LOI (%) 
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on the amount of organic matter (cf. section 2.2.3.1). This was reflected in the significant 
correlations (P<0.01) between the two calculation methods for the A horizon variables. The 
two methods were significantly correlated (P<0.01) for the B1 horizon as well (except for 
Al3+), but the correlation coefficients were generally much lower, probably because the CECE 
is less dependent on the LOI in the deeper horizons (cf. section 2.2.3.1). On this basis it was 
decided to use only the saturation values. All selected variables are presented in table 5.1 (cf. 
chapter 4.1.3., 4.1.4 and 4.2.2 for details). 

 
Figure 5.1: PCA ordination of 51 explanatory variables in the 50 mesoplots – axis 1 
(horizontal) and axis 2 (vertical). Tickmarks indicate 0.1 units along both axes. Variable 
abbreviations are in accordance with table 5.1, but with horizon designations added to the 
soil chemistry variables (A or B1 horizon). Variable positions are slightly adjusted to 
increase visibility. 
 
The results of the PCA ordination of the explanatory variables are shown in fig. 5.1. 
Eigenvalues of the first two PCA axes were 0.2080 and 0.1593. The first two axes thus 
explained only 36.7% of the total variation in the set of explanatory variables. 
 
On the basis of the calculations of Kendall’s non-parametric correlation coefficient τ for all 
pairs of explanatory variables (Appendix E, table E.4), it was possible to extract three large 
groups and five smaller groups of positively related variables (table 5.2). Most pairs of 
variables within these groups were positively correlated at the P<0.01 level. Variables of 
these groups were also represented by vectors of more or less similar lengths pointing in fairly 
the same directions in the PCA ordination diagram. Furthermore, the variables within the 
groups were similarly correlated with other variables. There were 17 variables which could 
not be fitted into groups. Three of these 17 variables (i.e. sum convexity at the 1 m2 level and 
absolute convexity at the 1 m2 and 9 m2 levels) were not correlated with any other variables at 
the P<0.01 level. 
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Table 5.2: Groups of closely positively related variables with average PCA 1 and PCA 2 
scores for the group. Variable designations in accordance with table 5.1.   
Group Variables Average 

PCA 1 
Average 
PCA 2 

Comments 

1 LOI, CaS, BS, CEC, total C, total N 
(all A horizon) 0.51 -0.63 Two clusters in the PCA diagram, but all variables were  

intercorrelated at the P<0.01 level 

2 
MnS, MgS, KS (all A horizon) , 
MnS, CaS, MgS, KS, BS (all B1 
horizon) 

0.69 0.00 
All variables were correlated at the P<0.01 level, with 
some exceptions for KS (A horizon)     

3 

Total species, bryophytes, basal 
area deciduous trees, pHH2O (A and 
B1 horizon), pHCaCl2 (A and B1 
horizon) 

0.36 0.56 

The variables were slightly spread in the PCA diagram. 
All variables were correlated at at least the P<0.05 
level, with some exceptions for pHH2O 

4 Litter, basal area coniferous trees, 
HS (A and B1 horizon) -0.53 -0.41 Most variables were correlated at the P<0.01 level, the 

rest at the P<0.05 level 

5 

LOI, total C, total N (all B1 horizon) 

-0.06 0.44 

The variables were part of a cluster of several variables 
in the PCA diagram, but only these were significantly 
intercorrelated. All variables were correlated at the 
P<0.01 level  

6 FeS (A and B1 horizon) -0.78 -0.14 Correlated at the P<0.01 level 
7 Soil moisture (5 and 10 cm) 0.08 0.00 Correlated at the P<0.01 level 
8 Inclination and max inclination 0.36 -0.04 Correlated at the P<0.01 level 

 
The relationships between the groups of variables based on correlations between the variables 
of the groups are shown in figure 5.2. These relationships corresponded with the PCA 
diagram, except for group 7 and 8, which were close in the diagram, but strongly negatively 
correlated. This can be explained by the low score, especially of the group 7 variables, on the 
PCA axes.  
 

 
Figure 5.2: Plexus diagram visualizing Kendall’s τ between pairs of variables within the 
variable groups. The thickness of the lines expresses the degree to which pairs of the groups 
were significantly correlated, and the degree to which these correlations were at the P<0.01 
level. Continuous lines refer to positive correlations, broken lines to negative.  
 
Figure 5.2 clearly reflects the strong positive relationship between the group 1 and group 2 
variables and the group 4 and group 6 variables. There was also a weak positive relationship 
between the group 2 and group 3 variables. There were negative relations between the 
variables of group 4 and 6 and the variables of group 2 and 3. For the variables not fitted into 
any of the groups, some important relationships can be mentioned: Aspect unfavourability 
was negatively related with group 2. AlS (A horizon) was closely connected with group 1 
(negatively), group 5 and group 6 (positively). AlS (A horizon) was also negatively related to 
group 2, but this relationship was stronger for AlS (B1 horizon). CEC (B1 horizon) was 
negatively related to group 3 and group 5 (but not LOI in the B1 horizon). The depth of the O 
and A horizons were not significantly correlated, but they were both negatively related to 
group 2 and group 7 and positively correlated (O horizon: P<0.01; A horizon: P<0.05) with 

Group 8 

Group  3 

Group 4 

Group 2 Group 7 Group 5 

Group 1 

Group 6 
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aspect unfavourability. Depth of the O horizon was also positively related to group 4 and 
negatively related (less strongly) to group 3. 
 
Considering the correlations including the data from the B2 horizon (n = 20; appendix E, table 
E.9), only a few more relationships seem to be important: AlS was negatively correlated 
(P<0.01) with CaS and BS in the B2 horizon, and MnS (B2 horizon) was negatively 
correlated (P<0.01) with FeS (B2 horizon) and aspect unfavourability and positively 
correlated (P<0.01) with basal area of deciduous trees, MnS (A horizon) and MnS, MgS and 
BS (B1 horizon). MnS (B2 horizon) was also positively correlated with soil moisture (5 cm) 
at the P<0.05 level. 
 
5.2 Ordination of the sample plots 
 
The eigenvalues for DCA 3 (0.2416) and DCA 4 (0.1823) were much lower than for DCA 1 
(0.6667) and DCA 2 (0.4128). Furthermore, the correlations between the explanatory 
variables and DCA 3 and DCA 4 were weak. Consequently, only the first two ordination axes 
were used in the subsequent data treatment, also for LNMDS. The correlation between DCA 1 
and LNMDS 1 (τ = 0.779, P = 0.000) was stronger than the correlation between DCA 2 and 
LNMDS 2 (τ = 0.527, P = 0.000) (table 5.3). Still, the correlations were strong enough to 
assume that the two ordinations displayed the same coenoclines.  
 
Table 5.3: Kendall’s nonparametric correlation coefficients τ for correlation of DCA and 
LNMDS axes and their significance probabilities. 
 DCA 1 DCA 2 LNMDS 1 LNMDS 2 
 τ P τ P τ P τ P 
DCA 1   -0.020 0.841 0.779 0.000 0.173 0.076 
DCA 2 -0.020 0.841   -0.185 0.058 0.527 0.000 
LNMDS 1 0.779 0.000 -0.185 0.058   0.007 0.940 
LNMDS 2 0.173 0.076 0.527 0.000 0.007 0.940   

 
The plots were generally more spread in the DCA ordination (figure 5.3) than in the LNMDS 
ordination (figure 5.4). However, the gradient lengths were somewhat shorter for the LNMDS 
than for the DCA axes, especially for axis 2 (4.5 and 2.8 S.D. units for LNMDS 1 and 
LNMDS 2, respectively; 4.9 and 3.8 S.D. units for DCA 1 and DCA 2, respectively). Looking 
at the different macroplots, their respective mesoplots were distributed quite similarly in the 
two ordinations. The distribution of macroplots along the first ordination axis more or less 
represented a gradient in topography, with the macroplots with lower elevation having low 
score and vice versa. The trend was not completely consequent, though, with for example 
macroplot 3, having higher elevation than macroplot 4 and 6, even though these macroplots 
had a similar score along the first axis.  Macroplots 4 and 6 in the valley-bottom had low 
score on both ordination axes. Some of the relatively flat macroplots with medium elevation 
(e.g.macroplots 2 and 3) had higher score along the second ordination axis. 
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Figure 5.3: DCA ordination of the 50 mesoplots, axes 1 (horizontal) and 2 (vertical). 
Mesoplot numbers are plotted onto the sample plot positions. Plot positions are slightly 
adjusted to increase visibility. 
 
 

 
Figure 5.4: LNMDS ordination of the 50 mesoplots, axes 1 (horizontal) and 2 (vertical). 
Mesoplot numbers are plotted onto the sample plot positions. Plot positions are slightly 
adjusted to increase visibility. 
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5.3 Correlations between the ordination axes and the 
explanatory variables 

 
5.3.1 The first ordination axis 
 
The correlations (table 5.4) were generally stronger for DCA 1 than LNMDS 1. Several of the 
variables expressing saturations of exchangeable cations were strongly correlated with the 
first axis. Of these variables, MnS (both A and B1 horizon) was most strongly correlated. The 
range in MnS values (0.06-13.30% and 0.03-9.91% for the A and B1 horizon, respectively) 
was also relatively much higher than the ranges for the other cations. MgS, KS and BS (B1 
horizon) were also correlated at the P<0.01 level, while CaS was only weakly related to the 
first ordination axis (CaS B1 horizon was correlated with DCA 1 at the P<0.05 level). All 
these variables were negatively correlated. FeS (A horizon: P<0.01 for DCA 1, not significant 
for LNMDS 1; B1 horizon: P<0.01 for both DCA 1 and DCA 2) and AlS (only significant 
correlation between AlS B1 horizon and DCA 1 (P<0.05)) were positively correlated. For all 
these variables the correlations were stronger for the B1 horizon than for the A horizon. 
 
Table 5.4: Kendall’s nonparametric correlation coefficients τ for correlation of explanatory 
variables in the 50 mesoplots and DCA 1 and LNMDS 1 plot scores, and their significance 
probabilities. The variables are sorted with respect to the significance probabilities, then with 
respect to the correlation coefficients, for each ordination axis. Only correlations at the 
significance level P<0.05 are included. The variable designations are in accordance with table 
5.1, but added horizon specification where necessary. 

DCA 1 LNMDS 1 
Explanatory variables τ P Explanatory variables τ P 
Aspect .511 .000 Aspect .464 .000 
MnS B1 horizon -.474 .000 MnS B1 horizon -.386 .000 
MnS A horizon -.440 .000 MnS A horizon -.349 .000 
FeS B1 horizon .409 .000 Depth O horizon .306 .002 
Depth O horizon .340 .001 KS B1 horizon -.301 .002 
KS B1 horizon -.337 .001 FeS B1 horizon .292 .003 
MgS B1 horizon -.326 .001 MgS B1 horizon -.279 .004 
Basal area deciduous -.322 .002 Sum convexity 1 m2 .283 .005 
Sum convexity 1 m2  .283 .005 Moisture 5 cm -.267 .006 
Moisture 5 cm -.273 .005 Depth A horizon .255 .010 
Depth A horizon .272 .006 Abs convexity 9 m2+ -.259 .013 
FeS A horizon .270 .006 Basal area deciduous -.255 .015 
BS B1 horizon -.255 .009 BS B1 horizon -.197 .044 
Litter depth .229 .026    
Basal area coniferous .222 .028    
CaS B1 horizon -.214 .028    
LOI A horizon -.208 .033    
Total N A horizon -.205 .036    
AlS B1 horizon .205 .036    
Total C A horizon -.199 .041    
Abs convexity 9 m2 -.213 .042    
Vascular plants .210 .042    
CECE A horizon -.198 .043    
Moisture 10 cm -.193 .048    

 
Aspect unfavourability was the variable most strongly correlated with the first ordination axis 
for both DCA and LNMDS (positively correlated). Basal area of deciduous trees was 
negatively correlated (DCA 1: P<0.01; LNMDS 1: P<0.05), and so was soil moisture (5 cm: 
P<0.01 for both axes; 10 cm: P<0.05 for DCA 1, not significant for LNMDS 1). The depth of 
the O and A horizons were positively correlated (P<0.01). Sum convexity at the 1 m2 scale 
and absolute convexity at the 9 m2 scale were also positively correlated (P<0.01 and P<0.05, 
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respectively). Total N (A horizon) was only negatively correlated with DCA 1 at the P<0.05 
level. The pH variables were not significantly correlated with the first ordination axis. 
 
The relationships between the variables were presented in section 5.1, but as the variables 
strongly correlated with the ordination axes are the most interesting, their interrelationships 
are covered in some more detail in figures 5.5 and 5.6. 

 
Figure 5.5: Plexus diagram visualizing Kendall’s τ between variables that were correlated 
with DCA 1, LNMDS 1 or both at the P<0.01 level. The thickest lines represent correlations 
at the P<0.01 level (exceptions: FeS A was only correlated with BS and KS (both B1) at the 
P<0.05 level; BAdec was not significantly correlated with BS B1; Depth O was not 
significantly correlated with BS B1 and only correlated at the P<0.05 level with MgS B1; 
Depth A was not significantly correlated with KS B1 and only correlated at the P<0.05 level 
with BS B1), the thinner lines represent correlations at the P<0.05 level. The thinnest line 
represents the correlations at the P<0.05 level between Mois 5 and MnS B1 and between 
Depth A and FeS A. Continuous lines refer to positive correlations, broken lines to negative. 
All variables within boxes were positively correlated at the P<0.01 level. The variable 
abbreviations are in accordance with table 5.1, but added horizon designations where 
necessary. 
 
5.3.2 The second ordination axis 
 
For the second ordination axis, several variables were more strongly correlated with LNMDS 
2 than DCA 2 (table 5.5). The number of species and the number of bryophyte species were 
most strongly correlated (negatively) with the second ordination axis, along with depth of the 
litter layer (positively). Both pH variables in the A and B1 horizons were negatively 
correlated (P<0.01), while HS (A horizon) was positively correlated (P<0.01). FeS (A and B1 
horizons) and CECE (B1) were positively correlated with DCA 2 (P<0.05) and LNMDS 2 
(P<0.01). The basal area variables and depth of the O horizon were only correlated with 
LNMDS 2 (P<0.01 for deciduous trees (negatively correlated), P<0.05 for coniferous trees 
and depth of the O horizon (positively correlated)). The number of vascular plants was 
negatively correlated with both DCA 2 and LNMDS 2 at the P<0.05 level. Some base cation 
variables and MnS (A horizon) were negatively correlated with either DCA2 or LNMDS 2 at 

Mois 5 

BAdec 

FeS A 
FeS B1 

Aspect 

MnS A 
MnS B1 
MgS B1 
KS B1 
BS B1 

Depth O

Depth A 
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Table 5.5: Kendall’s nonparametric correlation coefficients τ for correlation of explanatory 
variables in the 50 mesoplots and DCA 2 and LNMDS 2 plot scores, and their significance 
probabilities. The variables are sorted with respect to the significance probabilities, then with 
respect to the correlation coefficients, for each ordination axis. Only correlations at the 
significance level P<0.05 are included. The variable designations are in accordance with table 
5.1, but added horizon specification where necessary. 

DCA 2 LNMDS 2 
Explanatory variables τ P Explanatory variables τ P 
Bryophytes -.390 .000 Bryophytes -.496 .000 
Species -.388 .000 Litter depth .450 .000 
Litter depth .343 .001 Species -.442 .000 
pHCaCl2 A horizon -.329 .001 pHCaCl2 A horizon -.397 .000 
pHH2O B1 horizon -.326 .001 HS A horizon .354 .000 
pH CaCl2 B1 horizon -.297 .002 pHH2O B1 horizon -.348 .000 
Total NLOI A horizon -.288 .003 Basal area deciduous -.356 .001 
pHH2O A horizon -.286 .004 FeS B1 horizon .317 .001 
HS A horizon .260 .008 pHCaCl2 B1 horizon -.297 .002 
FeS A horizon .249 .011 FeS A horizon .288 .003 
FeS B1 horizon .229 .019 CECE B1 horizon .279 .004 
BS A horizon -.223 .022 pHH2O A horizon -.263 .008 
CECE B1 horizon .223 .022 Basal area coniferous .261 .010 
Vascular plants -.233 .024 Depth O horizon .234 .018 
CaS A horizon -.202 .039 Total NLOI A horizon -.226 .021 
NaS A horizon -.200 .044 SO4

2- A horizon .219 .025 
Total N A horizon -.196 .046 MnS A horizon -.208 .034 
   MgS B1 horizon -.207 .034 
   Vascular plants -.216 .036 

 
 

 
Figure 5.6: Plexus diagram visualizing Kendall’s τ between variables that were correlated 
with DCA 2, LNMDS 2 or both at the P<0.01 level. The thickest lines represent correlations 
at the P<0.01 level, medium lines represent correlations at the P<0.01 with exceptions for 
some variable pairs (either correlated at the P<0.05 level or not significantly correlated) and 
the thinnest lines represent correlations at the P<0.05 level. Continuous lines refer to positive 
correlations, broken lines to negative. All variables within boxes were positively correlated at 
the P<0.01 level (except the pHH2O variables, correlated at the p<0.05 level). The variable 
abbreviations are in accordance with table 5.1, but added horizon designations where 
necessary. 
 

pHH2O A 
pHCaCl2 A 
pHCaCl2 B1 
pHH2O B1 

FeS A 
FeS B1 

Species 
Bryophytes 
BAdec CECE B1 

Litter 

HS A 

Tot NLOI 



 

 80

the P<0.05 level. Total NLOI (A horizon) was negatively correlated with the second ordination 
axis (DCA 2: P<0.01; LNMDS 2: P<0.01) and total N (A horizon) was negatively correlated 
with DCA 2 at the P<0.05 level.  
 
5.3.3 The B2 horizon variables 
 
Table 5.6: Kendall’s nonparametric correlation coefficients τ for correlation of B2 horizon 
soil chemistry variables in the 20 intensive mesoplots and DCA 1 and LNMDS 1 plot scores, 
and their significance probabilities. The variables are sorted with respect to the significance 
probabilities, then with respect to the correlation coefficients, for each ordination axis. Only 
correlations at the significance level P<0.05 are included. The variable designations are in 
accordance with table 5.1. 

DCA 1 LNMDS 1 
Explanatory variables τ P Explanatory variables τ P 
MnS -.521 .001 MnS -.489 .003 
pHCaCl2 .394 .016 pHCaCl2 .383 .019 
CECE -.375 .021 CECE -.375 .021 
pHH2O .366 .027 pHH2O .376 .022 
NaS .332 .041 NaS .364 .025 

 
Of the B2 variables (n = 20; table 5.4), the only correlation with the ordination axes 
significant at the P<0.01 level was between MnS and DCA 1 and LNMDS 1. There were no 
significant correlations between the B2 variables and DCA 2 and LNMDS 2. 
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6 Discussion 
 
6.1 The main vegetation - environment relationships 
 
6.1.1 The first ordination axis 
 
The first ordination axis (DCA 1 and LNMDS 1) separated relatively flat plots with a 
favourable aspect, high in exchangeable nutrient cation saturations, deciduous trees and soil 
moisture and with thin A and O horizons (low score) from plots with opposite characteristics 
(high score). 
 
Magnesium and potassium are both essential nutrients to the plants, and manganese is a trace 
nutrient (Larcher, 1995). The strong correlation between MnS (in the A, B1 and B2 horizon), 
MgS, KS and BS (in the B1 horizon only) with the first ordination axis therefore suggests a 
variation in species abundance related to nutrient content in the soil. These variables are also 
commonly associated with the nutrient complex-gradient found in boreal systems (cf. section 
2.5). The variables were strongly positively intercorrelated, and the variation in the variables 
can be related to the theory on acidification (section 2.4) and hydrology (section 2.3). Acid 
deposition could cause mobilization of the cations. In the presence of mobile anions, the 
cations would be transported along the different flowpaths. With the clay-rich and compact 
soils of Liu Chong Guan one could expect both throughflow along the slopes and saturated 
overland flow in the valley-bottom. Solifluction processes could also bring cations to the 
valley-bottom. These effects would cause a variation in the saturation of these cations related 
to topography, and this was partly what was seen from the distribution of mesoplots along the 
first ordination axis. 
 
The plants respond to the variation in the nutrient content in the soil, which explains the 
variation in species composition with the variation in MgS, KS and MnS. However, when 
considering these variables compared to the variables connected with the nutrient complex-
gradient in boreal systems (cf. section 2.5), some questions arise: 

1) The MnS variables were among the variables that were most strongly correlated with 
the first ordination axis. What is the reason for this, and what is the role of manganese 
in the system? 

2) Why does the B1 horizon nutrient cation variables seem to be more important than 
those of the A horizon? 

3) Calcium and nitrogen content and pH are frequently found to be the most important 
variables connected with the nutrient complex-gradient in boreal systems (e.g. R.H. 
Økland and Eilertsen, 1993; T. Økland, 1996; Brunet et al., 1997). Why did these 
variables not vary, or vary only slightly, along the first ordination axis? 

  
1) Mn2+ is considered to be an acid cation (cf. section 2.4), but it seemed to follow the same 
trends as the base cation, i.e. MnS was negatively correlated with AlS and FeS and positively 
correlated with the base saturation. However, these results fit well into the soil buffer system 
described by Ulrich (1991) (cf. section 2.4). Ulrich suggested that the dissolution of Mn-
oxides may precede that of Al- and Fe-sesquioxides and that both the MnS and the Mn2+ 
levels in the soil solution may be high compared to the other cations at a not too low soil 
water pH. Mobilization of Mn2+ through acidification has been reported by for instance Ulrich 
(1991) and Blake et al. (1999). Blake et al. also found that the concentration of Mn2+ in 
solution and on the exchanger increased more rapidly than that of Al3+. 
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The buffering of Mn-oxides demands that the conditions necessary for their dissolution is 
present. The mineralogy of Mn compounds in soils is complex and not well-known. The most 
commonly occurring minerals are manganates, while the pure oxides are rare (Paterson et al., 
1991). The Mn-mineralogy of LCG is not known either. However, calculations based on the 
pure oxides can give some indications of the feasibility of dissolution reactions. The 
dissolution and reduction of for instance pyrolusite (βMnO2) can be described by the reaction 
 
βMnO2 (s) + 4H+ + 2e- ↔ Mn2+ + H2O      (6-1)22 
 
The mobilization of Mn2+ is dependent on both the pH and the pe of the system, i.e. 
 
log{Mn2+}= log K - 2pe - 4pH       (6-2) 
 
Given a constant pH, the Mn2+ concentration will increase as the pe decreases. For the median 
pH of the soil water in the catchment (4.2; from the data presented in section 3.1.5) and the 
log K for the reaction (42.2; Mohr et al. (1972)) the Mn2+-concentration will be for instance 
2.5 . 10-8 mM at pe = 18, but 2.5 mM at pe = 14. The dissolution of Mn-oxides will be linked 
to a complex system of soil chemical reactions. Still, these calculations show that the Mn-
oxides do not need very reducing conditions to dissolve. Furthermore, the sequence of redox 
reactions in natural systems described by Stumm and Morgan (1981) shows that the reduction 
of Mn-oxides is among the first reduction reactions to occur when there is depletion of 
oxygen (cf. also section 2.2.2). The low soil water pH (cf. section 3.1.5) and the presumed 
reducing conditions (water-saturation in the clay-rich B1 horizons in the slopes and 
depressions, oxygen depletion in the A horizon and on the ridges due to high oxidation of 
organic matter) should give suitable conditions for dissolution of Mn-oxides in LCG. 
However, a proper study of Mn mobilization in LCG can only be done if data on Mn2+-
concentration in water samples from the catchment are produced.  
 
Manganese is only a trace element, which makes it difficult to explain its seemingly large 
importance for the distribution of the vegetation in LCG. The range in MnS was very large, 
and there could be scarcity of Mn in the plots with high score on the first ordination axis. 
According to Marschner (1995), Mn deficiency is abundant in plants growing in highly 
leached tropical soils. If the Mn2+ is not leached, it might actually reach toxic levels (Foth, 
1978), but the critical toxicity content varies widely between plant species and environmental 
conditions (Marschner, 1995). As the mesoplots where MnS is large have favourable 
conditions with respect to other environmental variables, though, it is assumed that there is no 
present Mn toxicity problem in the catchment.  
 
Another, or an additional approach to explain the importance of Mn, is by its role as an 
indicator of acidification conditions. The results suggest a gradient in buffering systems 
within the catchment, with plots where the soil is buffered by the dissolution of Al- and Fe-
sequioxides having high score on the first axis and plots where the soil is buffered by the 
dissolution of Mn-oxides having low score. The relationship between the distribution of the 
plants and this gradient will be complex, and may only partly be represented by the 
correlation of the nutrient base cations with the first ordination axis. MnS, however, will 
function as a key variable. The mesoplots in the upper left corner of the ordination diagram 
(figures 5.3 and 5.4) did not have a high MnS. Their position along the first ordination axis is 
                                                 
22 Calculations with MINEQL+ 4.0 show that it is not necessary to consider complexation reactions when 
studying such dissolution reactions, as the major species in solution will be Mn2+. 
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difficult to explain, but it can possibly be related to some of the other variables. The soil 
moisture (5 cm) was high in these mesoplots, for instance. One could expect a gradient in AlS 
along with the gradient in buffering systems. AlS was negatively correlated with MnS, MgS, 
KS and BS, so it is difficult to explain why it was only very weakly correlated with the first 
ordination axis (B1 horizon). Aluminium is interesting as it is known to be toxic to many 
plants, but the aluminium tolerance varies greatly among different species (Taylor, 1988). FeS 
was strongly positively correlated with the first ordination axis, though. 
 
2) In many studies of boreal systems, soil samples have been collected from the upper 5 cm of 
the soil (or less, if the O-horizon is <5cm) (T. Økland, 1988; 1990; 1996; R.H. Økland and 
Eilertsen, 1993). This is because it is believed that the ground vegetation gets the major part 
of their nutrients from this part of the soil, and the correlations with the ordination axes are 
thus expected to be strongest for the upper horizon variables. Kivenheimo (1947), studying 
the root systems in Finland, found that even though most ground vegetation species had roots 
penetrating down to 15-50 cm, the main root mass was concentrated in the upper 5 cm of the 
soil. But for some of the forest types, there was also a significant root biomass at higher 
depths, especially at 5-10 cm. The results from LCG showed that many of the soil chemistry 
variables of the B1 horizon were significantly correlated with the first ordination axis (even 
MnS in the B2 horizon). Furthermore, the B1 horizon soil chemistry variables were more 
strongly correlated than the A horizon variables. This indicates that also the soil below 5 cm is 
important for the plants. In a survey of soil physical characteristics in the LCG catchment 
(Tangvald, 2002), tiny roots were found both in the B1 and B2 horizons (below 13 cm) in two 
of the four investigated plots. Also, Muthukumar et al. (2003) studied the distribution of roots 
in tropical forests in south-west China and found a considerable amount of fine roots (<2mm 
diameter) at 10-20 cm depth, even though more than half of the fine roots occurred in the top 
10 cm. The stronger relationship of the ground vegetation with the B1 horizon variables could 
therefore be explained by a deeper root penetration in LCG than in typical boreal systems. 
This can be related to the long period of the year with low rainfall (cf. section 3.1.3), in which 
deep roots helps the plants to resist drought. There are, however, some additional 
explanations: 
 
The nutrient content decreased with depth and the Al/Ca ratio increased. The importance of 
the B1 horizon could therefore not be explained by more favourable soil chemistry conditions. 
There could be an indirect relationship between the B1 horizon and the ground vegetation, 
through the uptake of nutrients by trees and the subsequent decomposition of leaves and 
needles, releasing the nutrients to the upper horizons (Giesler et al., 1998). However, this can 
only explain that the B1 horizon is important, not that it is more important than the A horizon. 
Another reason for the significance of the B1 horizon variables could be that the O and A 
horizons often were very thin. This means that the roots would not have to stretch very far to 
reach the B1 horizon, making the A horizon less significant. This assumption is confirmed by 
the strong positive correlation between the depth of the O and A horizons and the first 
ordination axis, and the strong negative correlation between the horizon depths and the group 
of nutrient cations (cf. figure 5.5). The negative relationship between horizon depth and 
nutrient content can be explained by variation in the rate of decay of organic material, as 
increased decay removes organic material and releases nutrients. There might also be a 
connection between horizon depth, nutrient content and topography, as the nutrient content is 
supposed to be higher in the slopes and depression, where there is also a chance of washout of 
soil (i.e. the upper horizons) during heavy rainfall. However, the depth of the O and A 
horizons were not correlated with each other, which suggests that there are different kinds of 
relationships between horizon depth and nutrient content for the two horizons. 
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3) The only slight importance of the calcium and nitrogen content to the distribution of 
vegetation along the first ordination axis can indicate that the supply of these elements was 
sufficient. For Ca2+ this is reasonable, due to the high Ca2+ deposition (cf. section 3.1.5). Even 
though Ca2+ constituted the major part of the base saturation, the strong correlation of BS (in 
the B1 horizon) with the first axis probably reflected the strong correlation of KS and MgS (in 
the B1 horizon). 
  
There are no reasons to believe that the catchment is saturated with nitrogen, though. As was 
shown in section 3.1.5, almost no NH4

+ or NO3
- was released to the surface water, even 

though the inputs of these ions were fairly high. The variation in total N in the catchment was 
no less than the variation in several of the variables that were strongly correlated with one of 
the ordination axes. It is therefore difficult to explain the lack of relationship with the first 
ordination axis. 
  
pH is often the variable most strongly connected with the nutrient complex-gradient in boreal 
systems (R.H. Økland and Eilertsen, 1993; T. Økland, 1996; Brunet et al., 1997; Giesler et al., 
1998, among others). pH is important to the plants by controlling the amount of exchangeable 
nutrient cations and the composition of the soil fauna, which controls the decomposition rates 
(R.H. Økland and Eilertsen, 1993; T. Økland, 1996). The strong connection between the 
nutrient complex-gradient and pH found in boreal systems can be explained by the importance 
of the soil chemistry of the O horizon in these systems (cf. 2) above). In the O horizon, there 
are barely any sesquioxides, and an increased H+ concentration in the soil water could cause 
exchange reactions with nutrient cations, thereby decreasing the soil pH. In mineral soils, 
additional H+ could be consumed in the dissolution of sesquioxides, and a consequent 
displacement of nutrient cations from the exchanger would not be related with a decreased 
soil pH (cf. chapter 2.4). In LCG, the O horizon is of minor importance because it is so thin 
(cf. 2) above). In several mesoplots the O horizon was practically non-existing. The lack of 
relationship between soil pH and the nutrient content in the mineral soil horizons was 
confirmed by the only weakly positive correlation between pH and the nutrient cation 
saturations. There is no information about the soil fauna in LCG, but it is generally known 
that the soil fauna is vulnerable to acidification (Rusek and Marshall, 2000). One can 
therefore assume that there is little variation in soil fauna in the catchment. In that case, the 
ground vegetation would not vary with the pH as a result of the effect of pH on the soil fauna.  
 
In boreal systems, pH has also been connected with the complex-gradient in nutrient content 
through the relationship between pH and total N. This relationship is complex and not 
completely understood (T. Økland, 1996; R.H. Økland, 1997), and it was not reflected along 
the first ordination axis. However, it was to some degree found along the second ordination 
axis (cf. section 6.1.2). 
 
Aspect unfavourability was the variable most strongly correlated with the first ordination axis. 
It is generally accepted that decomposition rates are higher on sites with a favourable aspect 
due to high incoming radiation (R.H. Økland and Eilertsen, 1993; T. Økland, 1996), giving 
higher nutrient contents. Variation in aspect unfavourability could therefore be an additional 
explanation for the variation in the nutrient cation variables within the catchment. The close 
relationship between aspect and nutrient content was reflected in the strong negative 
correlation between aspect unfavourability and most group 2 variables (cf. section 5.1). Basal 
area of deciduous trees was probably negatively correlated with the first ordination axis 
because also the distribution of deciduous trees would be related to the nutrient conditions 



 

 85

(basal area of deciduous trees was positively related to the nutrient cations and negatively 
correlated with aspect unfavourability). 
  
Soil moisture and nutrient content are in principle unrelated variables (R.H. Økland and 
Eilertsen, 1993). However, both positive relations (R.H. Økland and Eilertsen, 1993; T. 
Økland, 1988, 1996) and negative relations (T. Økland, 1990; T. Økland, 1996) between the 
complex gradients in soil moisture and nutrients content have been observed in boreal 
systems. In LCG one could assume that the mobilization and possible leaching of nutrient 
cations could be related to soil moisture. There was a negative relationship between soil 
moisture and the first ordination axis, even though soil moisture (10 cm) was only weakly 
correlated. However, soil moisture (5 cm) was only significantly correlated with MnS of the 
nutrient cation variables, and soil moisture (10 cm) was not correlated with any of the nutrient 
cation variables. It seems then, that the nutrient level is not dependent on moisture, but that 
the favourable nutrient and moisture conditions sometimes are at the same places. This can be 
connected with topography and water flowpaths. It is worth noticing though, that soil 
moisture (5 cm) was positively correlated with MnS in the B2 horizon, which was also 
strongly negatively correlated with the first ordination axis. This could indicate that the 
degree to which Mn2+ will leach to the deeper horizons or be released there depends on the 
soil moisture in the upper layer.  
 
The negative correlation between horizon depth and soil moisture can also explain the 
gradient in soil moisture. Where the O and A horizons were thin, the moisture measurements 
were in practice performed in the B1 horizon, which has much higher clay content. The higher 
density of the clay-rich horizons makes the water holding capacity, and thus the soil moisture, 
higher than in the organic horizons (Foth, 1978). The water holding capacity of the mineral 
soil, in combination with the generally deeper soil and roots possibly stretching further down 
(see above) than in boreal systems, may explain why there was no obvious parallel to the 
complex-gradient in soil moisture deficiency (cf. section 2.5) in LCG (this complex-gradient 
is not related to variation in nutrient content). Soil moisture did not increase with decreasing 
tree influence as found in boreal systems (cf. section 2.5). This can be because there is no 
parallel to the dry and dense spruce forest commonly found in boreal systems in LCG. 
 
One could expect a negative correlation between sum convexity at the 1 m2 level and soil 
moisture, because water could be trapped in local depressions. No such relationship was seen 
from the correlations, which makes it difficult to say why the convexity was strongly 
correlated with the first ordination axis. It could be, though, that local depression would 
represent suitable habitats for plant establishment. This may also be reflected in the weak 
negative correlation of the sum of absolute convexity/concavity at the 9 m2 level with the first 
ordination axis. 
 
 
6.1.2 The second ordination axis 
 
The second ordination separated plots with a high number of total species and bryophyte 
species, high pH and a thin litter layer (low score) from plots with opposite characteristics 
(high score).  
 
The litter depth seemed to have a key role in the distribution of vegetation along this gradient. 
For example the spread of the mesoplots of macroplot 5 corresponds with the variation in 
litter depth in the plots, especially for the LNMDS ordination. The variation in litter depth can 



 

 86

be related to topography (cf. section 2.5). In LCG, the thickest litter layer is expected to be 
found in the less steep slopes or flat areas at intermediate elevation. On the ridges, the litter is 
more easily decomposed (due to higher temperature) or blown away, and in the steep slopes 
and in the valley-bottom the litter is washed away during heavy rainfall. This variation was to 
some extent reflected in the ordination. But the variation in litter depth is probably also 
related to microtopographical variation and the number and types of trees present (cf. section 
2.5). Coniferous litter decomposes more slowly than deciduous litter (Horntvedt, 1989), 
which makes the litter layer thicker where the forest is dominated by coniferous trees. This 
was to some degree confirmed by the weak positive correlations between the basal area of 
coniferous trees and the second ordination axis and between litter and the basal area of 
coniferous trees, but this reflects not only the change in composition of the tree layer 
throughout the catchment, but also variation in litter depth from beneath to between trees (cf. 
section 2.5). A thicker litter layer produces a thicker O horizon. This was reflected in the 
strong correlation between litter depth and depth of the O horizon. The depth of the O horizon 
was also weakly related to the second ordination axis. 
 
The main reason for the importance of the litter depth to the plants is probably its effect on 
plant establishment. It is difficult for the plants, especially the bryophytes, to establish when 
the litter layer is thick, as the loose litter layer easily dries out (T. Økland, 1996). Most 
bryophytes absorb water and nutrients directly through their surface (Campbell, 1996), and 
they are therefore dependent on a moist environment. Also seedlings of vascular plants would 
have difficulties in establishing in a thick and dry litter layer (T. Økland, 1996). Furthermore, 
high litterfall can cause burial of newly established plants (R.H. Økland and Eilertsen, 1993). 
The negative correlation of total species, bryophytes and vascular plants with the second axis 
may reflect the relationship between plant establishment and depth of the litter layer. Total 
species and bryophytes were also negatively correlated with litter depth. Many of the plots in 
the upper part of the diagram had only vascular plants, and these species were often very few 
as well. Besides, the subplot frequency was often low.  
 
pH was strongly correlated with the second axis. The main reason for this is probably that pH 
follows the gradient in litter depth, and partly that of basal area of coniferous trees. The 
decomposition of litter produces organic acids (Reuss and Johnson, 1986), to a higher degree 
for coniferous litter (Horntvedt, 1989). This is reflected in the negative relationship between 
litter depth and pH and between basal area of coniferous trees and pH. The positive 
correlation between litter depth and HS probably reflects the same effect as well, and explains 
the strong positive correlation of HS (in the A horizon) with the second ordination axis. HS 
(in the A horizon) was also negatively correlated with some of the nutrient cation variables 
that were weakly negatively correlated with the second ordination axis. These relationships 
reflect to a slight degree the buffering by adsorption of H+ which was not observed along the 
first ordination axis (cf. section 6.1.1). pH might also have an effect on the distribution of 
vegetation along the second ordination axis, through the relationship between pH and total N 
(cf. section 6.1.1): Total NLOI (in the A horizon) was negatively correlated with the second 
ordination axis, and the total NLOI (in the A horizon) was positively correlated with pH.  
 
Variation in CECE would mainly be caused by variation in organic matter (cf. section 2.2.3.1). 
However, in the B1 horizon the variation in LOI is low, which is reflected in the lack of 
significant correlation between CECE (in the B1 horizon) and LOI (in the B1 horizon). A 
possible explanation for the positive correlation of CECE (in the B1 horizon) with the second 
ordination axis could therefore be that the low pH induces increased weathering, producing 
more clay minerals and thus increasing the CECE. 
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FeS was significantly correlated with both ordination axes, only slightly more strongly with 
the second axis. Iron is a trace nutrient element (Larcher, 1995), but the iron levels should be 
sufficient here, suggesting that FeS was only passively following the other variables. The 
higher FeS in the plots with high score on both ordination axes was probably related both to 
the mobilization of base cations and Mn2+, and the lower pH, causing higher dissolution of 
Fe-sesquioxides.  
 
6.2 Possible consequences of further acid deposition 
  
Acidification processes could explain the variation in species composition along both 
ordination axes. As the variation in soil pH along the second ordination axis can be related to 
the variation in litter depth, the variation in species composition along this ordination axis can 
mainly be connected with natural acidification processes. For the first ordination axis, one 
cannot say from the results whether the acidification causing mobilization of base cations and 
Mn2+ has a natural or anthropogenic origin. However, the high acid deposition documented in 
the LCG catchment suggests that the variation in vegetation along this coenocline can be 
related to anthropogenic acidification.  
 
It is reasonable to assume then, that further inputs of acid deposition could have an impact on 
the species composition in the catchment. In general, one could expect a change in the species 
composition towards that of more nutrientpoor sites, i.e. that the species composition in the 
mesoplots with low score on the first ordination axis could change towards that of the 
mesoplots with a higher score, and the species composition in the mesoplots with high score 
could change towards that of even poorer communities. A similar change in species 
composition has been suggested from studies of variation in species composition over time in 
boreal systems exposed to acid deposition (R.H. Økland and Eilertsen, 1996; T. Økland et al., 
2001). There could also be a possibility of manganese deficiency in the plots with highest 
score on the first ordination axis. The manganese levels in the plots with lowest score on the 
first ordination axis might increase further and reach toxic levels. The rate at which these 
changes would occur, however, is not within the scope of this thesis.  
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7 Summary and conclusions 
 
7.1 Summary of the vegetation - environment relationships 
 
The ordination of the vegetation data produced two major coenoclines. The interpretation of 
the coenoclines with respect to the explanatory variables was not straightforward, as some 
variables were correlated with both ordination axes, and some of the variables that were 
correlated with the same ordination axis were only weakly related to each other. Still, the first 
coenocline appeared to be related to a complex-gradient in nutrient conditions and possibly 
also a complex-gradient in soil moisture, while the variation along the second coenocline 
appeared to be mainly governed by a complex-gradient related to litter depth. 
  
The nutrient variables that were most strongly related to the nutrient complex-gradient were 
MnS (in all horizons), MgS, KS and BS (in the B1 horizon only). The variation in these 
variables could be related to the cation mobilization by acidification and consequent 
redistribution within the catchment or loss through surface water discharge. The gradient was 
to some degree reflected in the topography.  MnS was the most important nutrient variable. 
The soil water is buffered by different buffering systems, involving various exchange and 
dissolution processes (Ulrich, 1991). The large range in MnS within the catchment and the 
very high MnS in some plots, suggests that there is a gradient in acid buffering systems within 
the catchment. Dissolution of Mn-oxides through redox processes is assumed to be likely 
under the given conditions. In the mesoplots with a low score on the first ordination axis, the 
buffering of the soil water is probably connected with this dissolution/redox process, while in 
the mesoplots with high score, the soil water is buffered by the dissolution of Al- and Fe-
oxides. Manganese thus functions as a key indicator of the type of buffering in the system. 
Besides, the strong correlation between MnS and the first ordination axis can indicate that 
there are insufficient levels of manganese in parts of the catchment. 
 
The nutrient variables mentioned are also frequently connected with the nutrient complex-
gradient in boreal systems, though manganese is not as dominating as what was found in 
LCG. Furthermore, in LCG the B1 horizon variables were more important to the vegetation 
than the A horizon variables, whereas in boreal systems, the upper 5 cm (usually the O 
horizon) is usually considered to be the most important. Possible explanations for this is that 
the roots stretch further down in LCG to avoid drought in the winter season, and that the O 
and A horizons are very thin many places in the catchment, making these horizons less 
significant. In boreal systems the soil pH, Ca-, and N-content are commonly found to be key 
soil characteristics for explaining the variation along the nutrient complex-gradient. On the 
contrary, the soil pH was not connected with the nutrient complex-gradient in LCG. This can 
be due to the only minor importance of pH buffering by adsorption of H+, but this buffering 
effect was weakly reflected along the second coenocline. The calcium is also less important in 
LCG than in boreal systems, which can be explained by the high deposition of alkaline dust 
containing a large fraction of calcium. It was difficult to explain why the nitrogen content in 
the soil was not connected with the first coenocline, but nitrogen was related to the second 
coenocline, possibly through the relationship with pH.  
 
Aspect unfavourability was strongly related to the complex-gradient in nutrient conditions, 
probably because of increased decomposition rates at sites with a favourable aspect. There 
was also a gradient in soil moisture in the catchment, but it seemed to run parallel with the 
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nutrient complex-gradient, as moisture was only slightly connected with the variables making 
up the nutrient complex-gradient. 
 
The variation in species composition along with variation in litter depth can be explained by 
the negative effect of a thick litter layer on the establishment of many species, especially 
bryophytes. The depth of the litter layer was partly correlated with the number of coniferous 
trees. This is likely due to that the coniferous litter decomposes more slowly than deciduous 
litter. pH was also strongly connected with the gradient in litter depth. The main reason for 
this is probably that pH passively follows the gradient in litter depth, due to the production of 
humic acids during the decomposition of litter. However, the effect of pH on the nitrogen 
content and of HS on the mobilization of nutrient cations might have a direct effect on the 
species composition along this coenocline. Thus both coenoclines to some extent reflects 
variation in nutrient conditions, but the distinction between the underlying complex-gradients 
can be based on the causes for the variation in nutrient conditions: Along the first coenocline 
this variation may be governed by the effects of external acid input, while the variation along 
the second coenocline can be related to the litter decomposition.  
 
Further inputs of acid deposition could shift the position of the mesoplots along the nutrient 
complex-gradient. It is possible that, over time, the species composition would change 
towards that of more nutrientpoor sites. Furthermore, there is a possibility that there could be 
deficiency of manganese in parts of the catchment, and/or the manganese content could reach 
toxic levels in other parts of the catchment. 
 
7.2 Further progress 
 
The fieldwork and laboratory analyses produced a large amount of data, from which it is very 
likely possible to extract more information. There are several additional data treatment 
methods that could be applied, e.g. drawing isolines in ordination diagrams with variable 
values plotted on the mesoplots positions would visualise the distribution of the variables 
along the coenoclines; variation partitioning could be used to further investigate the relative 
importance of the different variables in directing the distribution of the ground vegetation (T. 
Økland, 1996). Furthermore, from a thorough analysis of the data from the other IMPACTS 
catchments one could reveal whether the relationships between vegetation and environment 
found to be important in LCG are of general importance in the other catchments, or if they 
merely represented special properties of the LCG catchment. Re-analyses of the vegetation 
will be performed, making it possible to confirm or reject the hypotheses regarding changes in 
species composition over time. The monitoring of the vegetation must, however, be 
accompanied by a monitoring of the degree of acidification, especially the acid deposition, as 
the soil chemistry is not likely to change much over a short period of time. 
  
From a chemical point of view, the most striking result of these investigations was the 
apparently important role of manganese. Little attention has been given to manganese in 
previous studies of the catchment, but these results suggest that this lack of focus should be 
reconsidered. With measurements of Mn in all water samples it would be possible to 
investigate the possible mobilization, redistribution within the catchment or leaching of Mn. 
A more thorough investigation of the Mn-mineralogy could be used to investigate the 
likelihood of dissolution of Mn-oxides and the possibility of depletion of Mn-oxides. It would 
also be interesting to measure the Mn-content in selected ground vegetation species, to 
determine whether the plants get sufficient Mn and/or if some places the Mn levels could be 
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toxic. This would, however, require knowledge about the Mn-requirements and Mn-tolerance 
of the selected species. 
 
7.3 Final conclusions and recommendations 
 
The experience from the intercalibration was that such quality control measures are 
mandatory, both to secure the accuracy of the data produced and to test suitability of selected 
determination methods prior to analysis on field samples. A thorough examination of the 
results and search for possible causes of discrepancies made it possible to improve the 
agreement between the results. Furthermore, the intercalibration fortified that, with these 
kinds of analyses one must account for some degree of variation between the results. This had 
to be kept in mind also in the comparison of CEC methods. There are still some parameters 
for which satisfactory intercalibration results have not been received. These should be looked 
into as soon as possible, so that analysis of field samples on these parameters can be started. 
 
The comparison of CEC determination methods confirmed that the main difference between 
the methods, in boreal as well as mature tropical soils, is to be found between buffered and 
unbuffered methods. The deviation was most pronounced for samples with a high organic 
content, meaning that the type of clay in such samples is of minor importance with regards to 
deviation between buffered and unbuffered methods. A similar experiment including only 
samples with a low organic content should be conducted. Such an experiment could reveal the 
degree of discrepancies due to different types of clay and different clay content. The buffered 
method also appeared to displace less Ca2+ from the samples with a high organic content. 
There were only slight discrepancies between the unbuffered methods. These results imply 
that for the investigation of vegetation - environment relationships, it is not necessary to 
consider deviations between these methods of determination. However, there were indications 
that the exchange capacity of Ba2+ is slightly higher than the other cations tested, due to the 
higher ionic potential. Besides, the NH4NO3 extraction procedure applied might be 
insufficient, as the soil suspension is not shaken during extraction. The investigations of 
extraction procedures showed that a single extraction and the determination of exchangeable 
H+ by pH measurement of the extract is adequate. In general, the determination of 
exchangeable cations with BaCl2 selected for the IMPACTS project (cf. section 4.2.2.5) can 
be recommended for acids soils. 
 
Summing up, the analysis of vegetation and environmental data from Liu Chong Guan 
extracted some important relationhips: The distribution of vegetation varies along a complex-
gradient in nutrient conditions, possibly parallel to a complex-gradient in soil moisture, and 
along a complex-gradient related to litter depth. These findings are important to understand 
the mechanisms of this type of ecosystem and constitute the basis for further monitoring. 
Furthermore, the results proved to be somewhat deviating from what has been found in 
similar studies of boreal systems. This should be kept in mind in further analyses of results 
from the IMPACTS catchments. The distribution along the nutrient complex-gradient appears 
to be related to acidification processes, likely resulting from anthropogenic inputs. Continued 
acid deposition might result in a change in species composition. However, a more thorough 
knowledge about relationships between vegetation and environment and possible 
consequences of acid deposition cannot be attained until the investigations outlined in section 
7.2 have been conducted. 
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Appendix A Macroplot maps 
 

  
 
 

  
Figure A.1: 30×30 m plot 1-4 with macroplots 1-4 and mesoplots 1-20 (one of the two 
mesoplots marked 6 is erroneous). 
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Figure A.2: 30×30 m plot 5-8 with macroplots 5-8 and mesoplots 21-40. 
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Figure A.3: 30×30 m plot 9-10 with macroplots 9-10 and mesoplots 41-50.  
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Appendix B SOP Perkin Elmer 3100 flame-AAS 
 
This manual is produced on the basis of the instrument User's Guide (Perkin Elmer, 1993), a 
Norwegian user manual (Skramstad, 2001) and personal experience along with experience of 
other students. 
 
SOP Perkin Elmer 3100 flame-AAS  
 
Before running  
 
1) Switch the ventilation to 3 (in V160) and make sure that the ventilation valve above the 
instrument is open. 
2) Switch the printer on.  
3) The instrument should be equipped with an Al-lamp. If running other elements, see 
Changing hollow cathode lamp. 
4) Switch on the instrument and wait while the self-test is running. 
5) Push Parameter Entry, make a selection and push Enter to get to the next parameter: 
- Lamp current: 25 (for the Al-lamp. If using any other lamp, check the continuous lamp current on the lamp 
before installation) 
- Integration time: 3 (see Clogging problems for other options)  
- Replicates: 3 (see Clogging problems for other options) 
- Calibration type: 1 (internal calibration is not used, but a selection must be done here) 
- AA technique: 1 
- STD 1: Do not enter anything. 
- RSLP: Do not enter anything    
6) Install the burner head:  
- Make sure the O-ring in the mounting hole in the ignitor assembly is properly seated. 
- Firmly push the burner head stem into the hole as far at is will go, making sure that you do 
not damage the O-ring.  
- Tighten the burner head locking ring right below the burner head by turning it clockwise. 
- Attach the burner head tie downs to the restraining clip. 
- Place the burner head interlock pin fully into the hole at the left of the burner head 
compartment. 
7) Adjust the burner head position: 
- Use a ruler or a sheet of paper and the horizontal and rotational adjustment knobs to make 
sure that the light beam is centred over the burner slot (the horizontal adjustment knob points towards 
you, the rotational is further down and points to the right). 
- Adjust the height by pushing Cont on the control panel and then A/Z, which sets the 
absorbance to zero. Turn the vertical adjustment wheel counter-clockwise until you obtain a 
slightly positive absorbance (ex. 003). Slowly rotate the wheel clockwise until the absorbance 
returns to zero and then rotate the wheel an additional 0.25 turn clockwise. 
8) Push AA-BG to run with background correction. 
9) Open gas vents. The pressure should be: 
- Air: 3.5-4.5 bar 
- Acetylen: 0.85-1.0 bar 
- N2O: 3.45-5.20 
10) Turn the gas control knob to Air and quickly adjust the gas flow: 
- Oxidant: 4  
- Fuel: 3.5 (2.5 when using only air-acetylen flame) 
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11) Push the red button and keep it in until the flame ignites (if the red light lights, turn the gas 
control knob to Off, then back to Air and try again. If the red light is on as soon as you turn the gas control knob, 
check the gases. It might also help to add some water down through the drain tube). 
12) Let the flame stabilize for 30-60 seconds. 
13) Turn the gas control knob to N2O. 
 
Running 
 
1) Push Data and Print 
2) Push A/Z to analyse the blank, to set the absorbance to 0. Push Read for the standards and 
samples. Keep the tube into the solution as long as the red light is on. 
- Let the instrument suck a dilute (1-5%) nitric acid solution in between the standards and 
samples. 
- The standard series should be run before and after the samples series, and for every ten to 
twenty samples. If there is much clogging, only ten samples should be run for each series. If 
there is less clogging, more samples could be run, but then the standard series must be run in 
between to ensure that the signal is not falling. Run the blank before and after each standard 
series and after every fifth sample. 
- The house standards (IK4 and IK5) should be included in the analysis. Remember to 
registrate your results on the envir-disc. 
 
Closing down the instrument 
 
1) Leave the instrument to suck acid solution for a few minutes. 
2) Turn the gas control knob to Air and wait for 15 seconds. 
3) Turn the gas control knob to Off. 
4) Close the main acetylen vent. 
5) Let the instrument cool. 
6) Turn the gas control knob to Air, leave it until all acetylen is let out, and turn it back to Off. 
7) Close all other gas vents.  
8) Turn off the instrument and printer. 
9) Always clean the burner head when you finish your last running (See Cleaning the burner head. 
Remove the burner head by doing the opposite of the installation procedure, in reversed order). 
 
Clogging problems 
 
Suggestions for solving clogging problems: 
- Wait a few seconds between each sample introduction to let the acid solution clean the 
burner head. 
- Use the soft metal strip provided to remove soot assembling on the burner head top.  
- Clean the burner head often (see Cleaning the burner head).  
- It might also be necessary to adjust the integration time and number of replicates to shorten 
the time the samples are in the flame, but this will have a negative effect on presicion. Do not 
go further down than 1 second integration time and 1 replicate. These adjustments can also be 
necessary when the sample volume is small. 
- The gas flows can be adjusted setting the oxidant flow up and the fuel flow down. Make 
sure that the total flow is the same. This procedure should as far as possible be avoided, 
however, as the sensitivity is lowered. 
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Cleaning the burner head 
 
- To remove soot attached to the burner head surface, use the soft metal strip provided – 
and nothing else – together with water. It is very important not to make scratches to the slot 
surface. 
- The burner head can be soaked in soap water overnight. If very sooty it can be soaked in 1 % 
nitric acid for some hours. It is even more effective to place it in ultrasound bath for one to 
four hours. Repeat the procedure with the metal strip afterwards.  
 
Changing hollow cathode lamp 
 
- Removing a hollow cathode lamp: Disconnect the lamp plug from the socket and carefully 
pull the lamp out, making sure that the lamp alignment screws on top of the instrument are in 
the vertical position. 
- Installing a hollow cathode lamp: Carefully insert the lamp all the way while keeping the 
lamp alignment screws in the vertical position. Pull the lamp back about 5 mm. Connect the 
lamp plug to the appropriate socket type. 
- Aligning a hollow cathode lamp: Press Enter. Slowly rotate the wavelength control dial to 
either side until you obtain maximum energy as shown by the bar and the number of counts. 
Also adjust the lamp position by pushing the lamp in and pulling it out and adjusting the 
screws. If the bar chart goes off scale, press Gain. Continue the adjustments until there is 
nothing more to gain. 
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Appendix C Intercalibration 
 
C.1     Instrument settings 
 
Table C.1: Emission lines used in the ICP-AES analysis. 

Element Emission line 
 nm 

Al 308.215 
Al 396.152 
Ca 315.887 
Ca 317.933 
Fe 238.204 
Fe 239.563 
Fe 259.940 
K 766.491  
K 769.897  

Mg 280.270 
Mg 285.213 
Mn 257.610 
Mn 260.568 
Mn 293.931 
Na 588.995 

 
C.2     Quality control 
 
Table C.2: Intercalibration of IK5 for ICP-AES. 

Concentration Mean concentration Real concentration Error Element Emission line 
ppm % 

308.215 3.320 Al 
396.152 3.380 

3.350 3.26 2.75 

315.887 16.981 Ca 
317.933 17.143 

17.062 14.60 16.87 

766.491 1.628 K 
769.897 1.427 

1.528 1.50 1.85 

280.270 1.660 Mg 
285.213 1.647 

1.654 1.49 11.00 

Na 588.995 3.737 3.737 3.93 -4.90 

 
Table C.3: Intercalibration of IK5 for flame-AAS. All data are for Al. 

Abs 1 Conc 1 Abs 2 Conc 2 Mean conc Undiluted conc Real conc Error Extract Replicate 
 ppm  ppm % 

1 0.034 3.502 0.027 3.301 3.402 3.779 3.26 15.93 Oxalate-
buffer 2 0.024 3.113 0.024 2.923 3.018 3.353 3.26 2.87 

1 0.028 3.302 0.017 2.187 2.745 3.050 3.26 -6.45 Na-pyro-
phos-
phate 2 0.016 2.796 0.021 2.968 2.882 3.202 3.26 -1.78 
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Table C.4: Intercalibration of IK5 for IC. All data are for SO4
2-. 

Peak area Concentration Undiluted concentration Real 
concentration 

Error Run Replicate 

 μM % 
1 1.24E+09 122.9 491.5 504.9 -2.6 1 
2 1.24E+09 123.5 493.9 504.9 -2.2 
1 8.56E+08 260.3 520.5 504.9 3.1 2 
2 8.63E+08 262.1 524.2 504.9 3.8 
1 1.23E+09 125.7 502.8 504.9 -0.4 3 
2 1.27E+09 129.5 517.9 504.9 2.6 
1 7.59E+08 234.5 468.9 504.9 -7.1 4 
2 8.31E+08 251.7 503.5 504.9 -0.3 
1 8.55E+08 261.6 523.3 504.9 3.7 5 
2 8.71E+08 265.4 530.8 504.9 5.1 
1 1.08E+09 127.0 508.1 504.9 0.6 6 
2 1.09E+09 128.2 512.9 504.9 1.6 
1 9.1E+08 252.8 505.5 504.9 0.1 7 
2 9.18E+08 254.5 509.1 504.9 0.8 
1 1.02E+09 122.4 489.8 504.9 -3.0 8 
2 1.09E+09 130.3 521.3 504.9 3.3 

 
C.3     Data 
 
Table C.5: Average and standard deviation (STD) for the results from 19 determinations of 
CECE of the UiO standard (sample 000) by two different technicians (Skotte, 1995). 

H+ Al3+ Fe3+ Ca2+ Mg2+ K+ Na+  mmolc 100g-1 

Average 0.18 2.61 0.03 0.17 0.06 0.06 0.02 
STD 0.02 0.07 0.011 0.02 0.005 0.007 0.004 

 
Table C.6: Average and standard deviation (STD) for the results from the Fe3+- and Al3+-pool 
determinations of the UiO standard (sample 000) (Furuberg, 1997). 

   Na- 
pyrophosphate 

Oxalate-
buffer CuCl2 

Replicates   27 13 6 
Average 8.3 10.3 4.0 

STD 
 

Al3+-pools 0.62 0.79 0.11 
Average 6.3 9.6  

STD 
Fe3+-pools 

mmolc 100g-

1 

0.21 0.38  
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Table C.7 shows the results determined by the different Norwegian laboratories.  
Explanation of colour codes:  Ref: 
Colour     
Black International standard Van Dijk et al., 1999 
Pink UiO standard  Skotte, 1995; Furuberg, 1997 
Sky blue Skogforsk   New data 
Violet PIAC  Lydersen et al., 1997 
Red NOMiNiC  Larsen, 2003 
Blue UiO1  Sigurdsson, 2000 
Bright green UiO2  Lund, 2001 
Light orange UiO3  New data 
Green UIO3b  New data 
 
Table C.7: Intercalibration data from different Norwegian laboratories. 

Dry matter LOI pH Sample Site 
% (w/w) H2O CaCl2 KCl BaCl2 

000 UiO standard 99.4 2.6 4.06  3.68  3.57 4.64 
198 Høylandet 99.1 3.8 4.77  4.13   3.62 
511 LCG 95.8 22 3.63  3.24  3.09 3.16 
513 LCG 98.3 5.6 4.00  3.73  3.62 3.54 
522 LCG 98.0 6.3 3.99  3.57  3.50 3.64 
523 LCG 98.1 4.5 4.19  3.68  3.59 3.81 
524 LCG 98.1 4.3 4.45  3.90  3.68 3.68 
525 LCG 97.4 18 3.75  3.29  3.12 3.41 
527 LCG 98.4 3.7 4.25  3.83  3.68 3.82 
939 TSP 99.2 5.5 3.99 3.98 3.68  3.46 3.59 
941 TSP 98.0 12 3.83 4.04 3.42  3.35 3.29 
954 Turkey 96.6 9.9 5.35 5.38 5.06 4.21 4.82 4.09 
956 Greece 97.6 2.1 7.74 8.11 7.26 7.30 7.57 7.41 
980 CJT 97.9 9.9 4.18 4.28 3.79  3.68  
982 CJT 98.0 8.3 4.26 4.40 3.94  3.87  
984 CJT 97.7 11 4.06 4.10 3.69  3.52  
990 CJT 99.2 3.4 4.43 4.70 4.06  4.04  
1024 Birkenes 98.9 4.6 4.48 4.50 3.78  3.80  
1025 Birkenes 98.7 9.5 4.29 4.33 3.37  3.37  
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Table C.7 continued. 
Effective exchangeable cations 

H+ Al3+ Fe3+ Mn2+ Ca2+ Mg2+ K+ Na+ CECE 

Sample Site 

mmolc 100g-1 

000 UiO standard 0.20 0.18 2.06 2.61 0.04 0.03 0.06 0.16 0.17 0.06 0.06 0.06 0.06 0.01 0.02 2.65 3.13 
198 Høylandet 0.10  0.96  0.07  0.22 0.34  0.16  0.07  0.01  1.94  
511 LCG 0.58  10.33  0.76  0.07 4.66  0.66  0.38  0.04  17.5  
513 LCG 0.20  6.20  0.08  0.01 0.48  0.13  0.09  0.01  7.20  
522 LCG 0.18  7.22  0.15  0.04 0.82  0.27  0.16  0.01  8.84  
523 LCG 0.15  6.80  0.03  0.10 0.88  0.31  0.17  0.02  8.46  
524 LCG 0.15  4.22  0.03  0.05 2.53  0.87  0.12  0.03  8.00  
525 LCG 0.33  5.73  0.38  0.15 3.02  0.55  0.22  0.02  10.4  
527 LCG 0.10  5.80  0.02  0.00 0.23  0.07  0.09  0.01  6.32  
939 TSP  0.22 3.71 3.98 0.02 0.02 0.00 0.01 0.02 0.02 0.02 0.03 0.03 0.01 0.06 4.03 4.35 
941 TSP  0.44 4.53 4.39 0.22 0.04 0.09 0.48 0.27 0.20 0.18 0.14 0.10 0.02 0.08 6.11 5.49 
954 Turkey 0.07 0.03 0.26 0.38 0.04 0.06 0.15 5.55 6.18 11.56 13.80 0.43 0.52 2.57 3.00 20.6 24.1 
956 Greece 0.00 0.00  0.00 0.00 0.00 0.00 17.91 20.30 0.96 0.92 0.18 0.20 0.08 0.09 19.1 21.5 
980 CJT  0.14 4.27 4.42 0.03 0.02 0.09 0.28 0.26 0.12 0.11 0.17 0.18 0.01 0.02 5.10 5.01 
982 CJT  0.09 3.42 3.28 0.02 0.01 0.05 0.10 0.09 0.08 0.06 0.10 0.12 0.02 0.02 3.88 3.66 
984 CJT  0.22 4.49 5.49 0.03 0.02 0.37 0.76 1.00 0.24 0.24 0.20 0.21 0.03 0.05 6.34 7.01 
990 CJT  0.09 1.34 1.75 0.01 0.01 0.03 0.19 0.23 0.05 0.03 0.06 0.07 0.02 0.02 1.80 2.10 
1024 Birkenes  0.00  2.90  0.10   0.05  0.05  0.07  0.04  3.22 
1025 Birkenes  0.16  3.26  0.11   0.11  0.12  0.16  0.05  3.98 

 
Table C.7 continued. 

Fe3+-pools Al3+-pools 
Oxalate-buffer Na-pyrophosphate CuCl2 Oxalate-buffer Na-pyrophosphate CuCl2 

Sample Site 

mmolc 100 g-1 

000 UiO standard 10.4 9.60 6.73 6.30 0.03 0.00 11.5 10.3 8.44 8.30 4.07 4.00 
198 Høylandet 13.3  18.3  0.68 0.14 11.8  11.6  3.06  
511 LCG  23.6  26.1 2.31 2.47  34.0  33.2 24.48 19.8 
513 LCG  24.4  26.2 0.03 0.00  26.0  25.6 11.30 10.7 
522 LCG 18.9  15.6  0.06 0.00 24.5  24.1  13.09  
523 LCG 15.9  12.8  0.00 0.00 23.3  20.6  11.79  
524 LCG 32.8  15.7  0.00 0.00 21.1  19.0  8.41  
525 LCG  10.5  14.4 1.23 2.44  23.5  17.5 14.23 12.7 
527 LCG  4.11  11.9 0.00 0.00  20.5  21.8 10.94 10.0 
939 TSP 3.09  17.1  0.00 0.00 11.1 23.0 12.9 13.4 5.54 5.00 
941 TSP 13.3  27.1  0.46 0.49 22.8 40.6 24.9 27.2 13.62 10.1 
954 Turkey 35.0  20.3  0.24 0.26 21.3  56.4  3.02  
956 Greece 1.78  0.24  0.00 0.00 6.38  0.93  0.85  
980 CJT 17.4  41.4  0.04 0.00 34.2 28.5 45.1 27.3 13.38 14.8 
982 CJT 17.5  42.8  0.00 0.00 42.0 32.1 55.4 34.0 13.29 15.3 
984 CJT 12.5  35.0  0.08 0.09 29.7 23.8 27.2 23.1 13.40 16.0 
990 CJT 8.49  9.20  0.00 0.00 16.5 17.6 12.3 12.7 6.13 5.79 
1024 Birkenes 37.4  30.3  0.15 0.17 21.8  20.0  6.80  
1025 Birkenes 6.89  6.17  0.22 0.23 13.9  10.6  10.19  
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Table C.7 continued. 
SO4

2- Total C Total N C/N ratio 
Dissolveded+adsorbed Dissolved Adsorbed 

Sample Site 

% (w/w)  mmol kg-1 

000 UiO standard 1.20  0.07  17.1  1.31 0.68 0.63 
198 Høylandet 0.79  0.08  9.9     
511 LCG 12.8 14.9 0.68  18.8  3.45 2.90 0.55 
513 LCG 0.60 0.68 0.06  10.0  7.62 3.11 4.51 
522 LCG 1.24 1.29 0.11  11.3  1.30 0.60 0.70 
523 LCG 0.63 1.10 0.07  9.0  2.19 0.50 1.70 
524 LCG 1.03 0.62 0.09  11.4  1.76 0.42 1.34 
525 LCG 8.20 9.23 0.33  24.8  1.73 1.36 0.37 
527 LCG 0.23 0.24 0.03  7.7  4.08 1.23 2.85 
939 TSP  0.16  0.05  3.2 2.71 0.84 1.87 
941 TSP  6.44  0.39  16.5 1.85 1.33 0.52 
954 Turkey 2.28 2.41 0.24 0.28 9.5   3.57  
956 Greece 2.59 2.79 0.08 0.08 32.4  0.51 0.39 0.12 
980 CJT 3.35 3.91 0.24 0.30 14.0 13.0 1.84 0.59 1.25 
982 CJT 2.63 2.94 0.19 0.21 13.8 14.0 2.38 0.65 1.73 
984 CJT 4.86 4.48 0.35 0.36 13.9 12.4 2.43 1.03 1.40 
990 CJT 0.88 1.00 0.10 0.12 8.8 8.3  0.27  
1024 Birkenes  2.62  0.14  19.9 0.39 0.16 0.24 
1025 Birkenes  5.44  0.24  21.6 0.27 0.24 0.03 
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Table C.8: Intercalibration data determined at CRAES. 
pH Effective exchangeable cations Dry matter LOI 

H2O CaCl2 KCl BaCl2 H+ Al3+ Fe3+ Mn2+ Ca2+ Mg2+ K+ Na+ CECE 

Sample Site 

% (w/w)  mmolc 100g-1 

000 UiO standard 99.4 2.9 3.98 3.55 3.41 3.64 0.20 1.07 0.13 0.06 0.46 0.16 0.10 0.35 2.52 
198 Høylandet 99.3    3.72           
511 LCG 96.2 25.9 3.67 3.00 2.99 3.11 2.01 6.14 1.71 0.05 5.98 1.09 0.43 1.37 18.77 
513 LCG 98.2 4.7 3.93 3.29 3.45 3.33 0.40 4.46 0.15 0.00 1.12 0.40 0.17 0.00 6.70 
522 LCG 98.0 6.5 3.80 3.24 3.47 3.28 0.45 4.22 0.17 0.03 1.12 0.50 0.16 0.04 6.68 
523 LCG 98.2 6.0 4.07 3.42 3.32 3.49 0.28 3.09 0.05 0.08 1.20 0.57 0.16 0.05 5.47 
524 LCG 98.2 6.3 4.31 3.50 3.35 3.60 0.21 3.40 0.04 0.05 2.41 0.78 0.13 0.16 7.18 
525 LCG 97.6 18.5 3.73 3.05 2.77 3.09 0.70 4.22 0.46 0.13 2.91 0.65 0.20 0.18 9.44 
527 LCG 98.2 5.7 4.14 3.53 3.34 3.58 0.23 4.20 0.05 0.00 0.46 0.15 0.11 0.15 5.34 
939 TSP 99.1 5.4 3.92 3.42 3.13 3.44 0.31 2.29 0.05 0.00 0.23 0.07 0.05 0.13 3.13 
941 TSP 98.3 11.6 3.79 3.19 3.08 3.22 0.51 2.92 0.57 0.09 0.75 0.34 0.16 0.36 5.71 
954 Turkey 96.7 9.7 5.39 4.58 4.58 4.64 0.02 1.22 0.14 0.14 5.69 1.30 0.47 2.96 11.92 
956 Greece 97.7 4.1 7.34 7.26 7.38 7.27 0.00  0.01 0.00 17.90 1.29 0.25 0.43 19.87 
980 CJT 98.0 9.5 4.27 3.54 3.37 3.57 0.23 2.50 0.23 0.13 0.66 0.25 0.20 0.44 4.63 
982 CJT 97.6 7.2 4.37 3.74 3.58 3.80 0.14 1.63 0.93 0.08 0.41 0.15 0.13 0.47 3.94 
984 CJT 97.8 11.1 4.00 3.37 3.36 3.53 0.25 2.82 0.06 0.29 0.98 0.34 0.20 0.19 5.13 
990 CJT 99.2 3.0 4.32 3.74 3.84 3.80 0.14 0.74 0.01 0.02 0.37 0.10 0.07 0.14 1.60 
1024 Birkenes 98.7    3.58           
1025 Birkenes 98.8 10.0 4.46 3.20 3.31 3.27 0.46 1.97 0.29 0.00 0.58 0.43 0.18 0.12 4.02 

Table C.8 continued. 
Fe-pools Al-pools SO4

2- 
Oxalate-

buffer 
Na-

pyrophosphate CuCl2 
Oxalate-

buffer 
Na-

pyrophosphate CuCl2 

Total 
C 

Total 
N 

C/N 
Dissolved 
+adsorbed Dissolved Adsorbed 

Sample Site 

mmolc 100 g-1 % (w/w)  mmol kg-1 

000 UiO 
standard 4.12 4.38 0.13 6.49 9.43 7.35 1.49 0.28 5.40 2.81   

198 Høylandet       1.13 0.02 75.33    
511 LCG       13.12 0.65 20.18    
513 LCG   0.28   9.61 0.01 0.00     
522 LCG 4.60 7.14 0.11 10.99 22.31 15.88 1.19 0.02 79.00 1.65 0.97 0.68 
523 LCG 4.35 5.30 0.06 18.91 18.80 14.01 0.00 0.00  2.31 2.14 0.17 
524 LCG 3.64 7.25 0.06 15.03 18.63 6.89 1.90 0.02 95.00 1.65 0.66 1.00 
525 LCG 4.40 8.40 0.63 21.15 18.64 19.08 7.47 0.32 23.34 2.16 1.70 0.46 
527 LCG 3.17 7.23 0.03 19.90 18.96 13.50 0.00 0.00  5.04 1.70 3.35 
939 TSP 2.76 6.27 0.03 8.97 10.44 6.90 0.02 0.02 1.33 3.09 1.31 1.78 
941 TSP   1.06   14.02 4.89 0.02 325.67    
954 Turkey   0.84   5.62 2.76 0.27 10.42    
956 Greece   0.01   111.01 3.03 0.01 303.00    
980 CJT 5.85 7.85 0.11 36.30 40.11 15.43 4.64 0.30 15.47    
982 CJT 4.34 8.68 0.03 41.43 34.40 18.58 3.13 0.17 18.38 2.65 1.41 1.24 
984 CJT 4.65 9.32 0.17 13.69 237.32 19.83 5.09 0.37 13.95 2.64 1.86 0.78 
990 CJT 4.36 5.49 0.02 14.46 18.41 7.74 1.17 0.10 11.70 0.88 0.63 0.25 
1024 Birkenes       7.34 0.99 7.45    
1025 Birkenes 4.51 2.89 0.34 9.18 9.91 7.11 4.07 0.15 28.03 0.78   
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Table C.9: Re-analysis of selected samples and variables. 
Effective exchangeable cations 

Al3+ Fe3+ Mg2+ Na2+ 
Sample Site 

mmolc 100 g-1 
511 LCG 9.63 0.88 0.63 0.03 
513 LCG 5.29 0.10 0.15 0.01 
941 TSP 5.26 0.21 0.19 0.02 
980 CJT 4.67 0.04 0.14 0.01 
1025 Birkenes 3.34 0.14 0.13 0.12 
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Figure C.1: Results of intercalibration of exchangeable Al3+, Fe3+, Mg2+ and Na2+ where 
samples 511, 513, 941, 980 and 1025 are re-analysed. Sample 954 is excluded from the Mg2+ 
and Na2+ graphic presentations; for Mg2+ because it was considered an outlier, for Na+ 
because it was in a different order of magnitude. The line of equality is given. 
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Appendix D CEC comparison 
 
D.1     Instrument settings  
 
Table D.1: Titration method parameters. 

Signal 
drift 

Addition 
1 

Equilibration time 
1 

Stop pH 
1 

Addition 
2 

Equilibration time 
2 

Stop pH 
2 

Method 

mV min-1 ml sec  ml sec  
BaCl2 blank 2 0.005 120 7.80    
BaCl2 total acidity 2 0.050 5 5.50 0.025 60 7.80 
BaCl2 H-acidity 2 0.025 120 7.80    
KCl blank 2 0.002 120 7.00    
KCl total acidity 2 0.050 5 5.50 0.025 60 7.00 
KCl H-acidity 2 0.025 120 7.00    
NH4Ac blank 2 0.001 120 6.97    
NH4Ac total 
acidity 

2 0.100 5 6.97    

NH4Ac H-acidity 2 0.100 5 6.97    
NH4NO3 blank 2 0.050 5 7.00    
NH4NO3 total 
acidity 

2 0.050 5 7.00    

NH4NO3 H-acidity 2 0.050 5 7.00    

 
Table D.2: Emission lines selected for the different extracts. 

Element Emission line BaCl2 NH4NO3 KCl NH4Ac 
394.401 X X X X Al 
396.152 X X X X 
393.366  X X  Ca 
396.847 X X X X 
238.204   X  
259.940 X X X X Fe 
261.187   X  
766.491 X X  X K 
769.897    X 
285.213  X X X Mg 
383.829 X X X X 
257.610 X X X X Mn 
294.610 X X X X 
588.995 X X X X Na 
589.592   X X 
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D.2     Quality control 
 
Table D.3: Intercalibration of IK5 for ICP-AES analysis of BaCl2 extracts. 

BaCl2 Series 1 BaCl2 Series 2 
Dilution 1 

Conc Mean conc Real conc Error Conc Mean conc Real conc Error 

Element Emission line 

ppm % ppm % 
394.401 3.529 3.257 Al 
396.152 3.550 

3.539 3.26 8.57 
3.231 

3.244 3.26 -0.49 

393.366   Ca 
396.847 15.853 

15.853 14.60 8.58 
14.811 

14.811 14.60 1.44 

766.491 1.471 1.471 K 
769.897  

1.471 1.50 -1.91 
 

1.471 1.50 -1.92 

285.213   Mg 
383.829 1.426 

1.426 1.49 -4.28 
1.234 

1.234 1.49 -17.16 

588.995 3.889 3.592 Na 
589.592  

3.889 3.93 -1.04 
 

3.592 3.93 -8.60 

 
Table D.4: Intercalibration of IK5 for ICP-AES analysis of KCl extracts. 

KCl series 1 KCl Series 2 
Dilution 1 Dilution 2 Dilution 1 Dilution 2 

Conc Mean 
conc 

Real 
conc Error Conc Mean 

conc
Real 
conc Error Conc Mean 

conc
Real 
conc Error Conc Mean 

conc
Real 
conc Error

Element Emission 
line 

ppm % ppm % ppm % ppm % 
394.401 3.719 3.230 4.211 3.093 Al 
396.152 3.837 

3.778 3.26 15.90 
3.397

3.313 3.26 1.63
4.243

4.227 3.26 29.67 
3.125 

3.109 3.26 -4.64

393.366 19.623 15.257 20.872 14.245 Ca 
396.847 19.310 

19.466 14.60 33.33 
14.861

15.059 14.60 3.14
20.433

20.653 14.60 41.46 
13.834 

14.039 14.60 -3.84

285.213 1.335 1.473 1.574 1.252 Mg 
383.829 1.477 

1.406 1.49 -5.65 
1.486

1.480 1.49 -0.70
1.633

1.603 1.49 7.62 
1.262 

1.257 1.49 -
15.63

588.995 2.698 3.719 4.056 3.430 Na 
589.592 3.011 

2.854 3.93 -
27.37 4.773

4.246 3.93 8.03
4.209

4.133 3.93 5.16 
4.396 

3.913 3.93 -0.43

 
Table D.5: Intercalibration of IK5 for ICP-AES analysis of NH4Ac extracts. 

NH4Ac series 1 NH4Ac Series 2 
Dilution 1 Dilution 2 Dilution 1 Dilution 2 

Conc Mean 
conc 

Real 
conc Error Conc Mean 

conc
Real 
conc Error Conc Mean 

conc
Real 
conc Error Conc Mean 

conc
Real 
conc Error

Element Emission 
line 

ppm % ppm % ppm % ppm % 
394.401 3.454 3.556 3.430 3.611 Al 
396.152 3.535 

3.494 3.26 7.19 
3.749

3.652 3.26 12.03
3.486

3.458 3.26 6.07 
3.651 

3.631 3.26 11.37

393.366     Ca 
396.847 14.969 

14.969 14.60 2.53 
15.949

15.949 14.60 9.24
15.297

15.297 14.60 4.77 
16.293 

16.293 14.60 11.59

766.491 1.430 1.283 1.308 0.889 K 
769.897 1.660 

1.545 1.50 3.01 
1.734

1.509 1.50 0.57
1.528

1.418 1.50 -5.47 
1.401 

1.145 1.50 -
23.68

285.213 1.437 1.422 1.346 1.222 Mg 
383.829 1.559 

1.498 1.49 0.54 
1.639

1.531 1.49 2.73
1.394

1.370 1.49 -8.08 
1.397 

1.310 1.49 -
12.10

588.995 3.842 4.300 3.819 4.041 Na 
589.592 2.499 

3.170 3.93 -
19.33 2.834

3.567 3.93 -9.24
3.551

3.685 3.93 -6.23 
4.502 

4.272 3.93 8.69

 
Table D.6: Intercalibration of IK5 for ICP-AES analysis of NH4NO3 extracts. 

NH4NO3 series 1 NH4NO3 Series 2 
Dilution 1 Dilution 2 Dilution 1 Dilution 2 

Conc Mean 
conc 

Real 
conc Error Conc Mean 

conc
Real 
conc Error Conc Mean 

conc
Real 
conc Error Conc Mean 

conc
Real 
conc Error

Element Emission 
line 

ppm % ppm % ppm % ppm % 
394.401 3.483 3.397 3.064 3.301 Al 
396.152 3.403 

3.443 3.26 5.61 
3.156

3.277 3.26 0.51
3.085

3.075 3.26 -5.68 
3.243 

3.272 3.26 0.37

393.366 15.118 14.087 13.838 14.413 Ca 
396.847 14.554 

14.836 14.60 1.62 
13.418

13.752 14.60 -5.81
13.027

13.433 14.60 -8.00 
13.567 

13.990 14.60 -4.18

766.491 1.643 1.529 1.534 1.730 K 
769.897  

1.643 1.50 9.55 
 

1.529 1.50 1.95
 

1.534 1.50 2.26 
 

1.730 1.50 15.33

285.213 1.414 1.241 1.239 1.262 Mg 
383.829 1.410 

1.412 1.49 -5.21 
1.322

1.282 1.49 -
13.98 1.296

1.268 1.49 -
14.93 1.299 

1.281 1.49 -
14.05

588.995 3.715 4.113 3.202 4.495 Na 
589.592  

3.715 3.93 -5.48 
 

4.113 3.93 4.67
 

3.202 3.93 -
18.54  

4.495 3.93 14.37
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D.3     Data 
 
Table D.7: CECE data from previous determination with BaCl2-extraction. 

H+ Al3+ Fe3+ Mn2+ Ca2+ Mg2+ K+ Na+ CECE BS AlS Sample 
mmolc 100 g-1 % 

523 0.28 6.80 0.03 0.10 0.88 0.31 0.17 0.02 8.46 16.42 80.40 
525 0.70 5.73 0.38 0.15 3.02 0.55 0.22 0.02 10.39 36.66 55.11 
527 0.23 5.80 0.02 0.00 0.23 0.07 0.09 0.01 6.32 6.42 91.73 
607 2.88 27.08 1.85  1.33 0.74 0.91 0.15 34.93 8.92 77.54 

1013 0.26 0.84 0.01 0.00 0.11 0.04 0.03 0.07 1.35 17.62 62.23 

 
Tables D.8-D.11 give the results from the BaCl2-extraction. 
Table D.8: Acidity and exchangeable cations. 

Total acidity H-acidity H+ Al3+ Fe3+ Mn2+ Ca2+ Mg2+ K+ Na+ Sample 
mmolc 100 g-1 

523 10.20 0.48 0.43 10.22 0.02 0.08 0.98 0.30 0.27 0.00 
525 11.50 3.08 2.15 8.74 0.66 0.14 3.66 0.61 0.35 0.00 
527 8.37 0.39 0.28 8.36 0.01 0.00 0.15 0.06 0.14 0.00 
607 25.64 8.22 6.04 16.78 2.26 0.06 1.75 0.61 0.76 0.02 

1013 1.70 0.76 0.41 0.89 0.00 0.00 0.01 0.03 0.03 0.00 

 
Table D.9: CECE as the sum of total acidity and base cations. 

CECE BS AlS FeS MnS Non-HS Total acidity H-acidity Sample 
mmolc 100 g-1 % 

523 11.75 13.18 86.99 0.20 0.72 82.75 86.82 4.07 
525 16.12 28.66 54.22 4.08 0.90 52.25 71.34 19.08 
527 8.72 3.97 95.86 0.10 0.00 91.50 96.03 4.53 
607 28.77 10.89 58.30 7.85 0.19 60.53 89.11 28.58 

1013 1.77 4.05 50.39 0.00 0.00 53.31 95.95 42.64 

 
Table D.10: CECE as the sum of exchangeable cations and H+, calculated from the pH-value. 

CECE BS AlS FeS MnS HS Sample 
mmolc 100 g-1 % 

523 12.31 12.58 83.01 0.19 0.69 3.53 
525 16.31 28.33 53.59 4.03 0.89 13.16 
527 8.99 3.85 92.96 0.10 0.00 3.09 
607 28.27 11.09 59.34 7.99 0.20 21.38 

1013 1.37 5.23 65.10 0.00 0.00 29.67 

 
Table D.11: CECE as the sum of exchangeable cations and H-acidity. 

CECE BS AlS FeS MnS HS Sample 
mmolc 100 g-1 % 

523 12.35 12.53 82.72 0.19 0.69 3.87 
525 17.24 26.80 50.70 3.81 0.84 17.84 
527 9.11 3.80 91.77 0.10 0.00 4.33 
607 30.45 10.30 55.10 7.42 0.18 27.01 

1013 1.72 4.17 51.91 0.00 0.00 43.92 
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Table D.12: Results of the CECE determination for the four different extracting agents 
BaCl2 NH4NO3 KCl NH4Ac 

Conc STD Conc STD Conc STD Conc STD 
Sample 

mmolc 100 g-1 

CECE 

523 11.75 0.18 13.25 0.43 12.46 0.13 20.36 1.39 
525 16.12 0.16 14.73 0.21 13.77 0.31 34.17 0.53 
527 8.72 0.13 9.81 1.33 9.71 0.20 17.48 3.80 
607 28.77 0.20 21.70 0.96 23.90 0.70 86.40 4.96 

1013 1.77 0.14 1.53 0.05 1.54 0.10 3.74 1.89 
Total acidity 

523 10.20 0.17 11.88 0.43 10.83 0.13 18.73 1.39 
525 11.50 0.09 10.60 0.03 9.81 0.29 30.21 0.53 
527 8.37 0.12 9.54 1.33 9.33 0.20 17.10 3.80 
607 25.64 0.19 18.72 0.96 21.30 0.69 83.81 4.96 

1013 1.70 0.14 1.47 0.05 1.45 0.10 3.65 1.89 
Al3+ 

523 10.22 0.43 10.13 0.35 11.07 0.12 0.13 0.00 
525 8.74 0.24 7.32 0.31 7.83 0.08 0.42 0.02 
527 8.36 0.32 8.85 0.28 9.65 0.35 0.07 0.02 
607 16.78 0.18 12.28 0.12 15.84 1.03 0.63 0.02 

1013 0.89 0.06 0.76 0.04 0.90 0.03 0.00 0.00 
Fe3+ 

523 0.02 0.00 0.00 0.00 0.05 0.01 0.02 0.00 
525 0.66 0.02 0.66 0.03 0.72 0.03 0.11 0.00 
527 0.01 0.01 0.00 0.00 0.05 0.03 0.02 0.01 
607 2.26 0.04 2.01 0.02 2.50 0.13 0.21 0.01 

1013 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 
Mn2+ 

523 0.08 0.00 0.09 0.02 0.14 0.03 0.09 0.01 
525 0.14 0.01 0.13 0.02 0.17 0.03 0.11 0.00 
527 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 
607 0.06 0.00 0.06 0.00 0.09 0.01 0.04 0.00 

1013 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ca2+ 

523 0.98 0.03 0.86 0.03 1.01 0.01 1.04 0.01 
525 3.66 0.14 3.28 0.20 3.37 0.06 3.07 0.08 
527 0.15 0.04 0.08 0.01 0.22 0.01 0.17 0.03 
607 1.75 0.03 1.61 0.02 1.93 0.10 1.14 0.01 

1013 0.01 0.01 0.00 0.00 0.06 0.01 0.01 0.01 
Mg2+ 

523 0.30 0.01 0.29 0.01 0.34 0.01 0.35 0.00 
525 0.61 0.02 0.58 0.04 0.60 0.02 0.60 0.01 
527 0.06 0.02 0.06 0.00 0.08 0.01 0.07 0.03 
607 0.61 0.00 0.61 0.00 0.69 0.05 0.57 0.00 

1013 0.03 0.00 0.03 0.00 0.05 0.00 0.03 0.01 
K+ 

523 0.27 0.03 0.22 0.01   0.23 0.00 
525 0.35 0.02 0.27 0.03   0.26 0.01 
527 0.14 0.01 0.13 0.00   0.13 0.01 
607 0.76 0.02 0.74 0.01   0.74 0.01 

1013 0.03 0.00 0.03 0.00   0.03 0.01 
Na+ 

523 0.00 0.00 0.00 0.00 0.19 0.05 0.00 0.00 
525 0.00 0.00 0.00 0.00 0.22 0.01 0.03 0.05 
527 0.00 0.00 0.00 0.00 0.11 0.02 0.01 0.02 
607 0.02 0.01 0.03 0.05 0.25 0.02 0.14 0.12 

1013 0.00 0.00 0.00 0.00 0.10 0.04 0.02 0.03 
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Appendix E Vegetation and explanatory variables 
 
Table E.1: Explanatory variables in the 50 mesoplots. Designations according to table 5.1 (all 
data except soil data: T. Økland et al., unpublished data). 

Biotic variables Topography 
Species Bryo-

phytes 
Vascular 

plants 
Incli-

nation 
Max 
Incli-

nation 

Aspect 
unfavour-

ability 

Heat 
index 

Terrain 
Rough-

ness 

Sum 
convexity 

1 m2 

Abs 
convexity 

1 m2 

Meso-
plot 

   °  cm   
1 2 1 1 20 90 71 -0.24  5 0 2 
2 9 5 4 23 65 110 -0.02  11 3 7 
3 8 3 5 22 85 99 -0.09  9 -4 8 
4 9 2 7 20 74 129 0.10  7 -1 3 
5 10 6 4 24 62 141 0.21  6 0 6 
6 3 0 3 23 84 195 0.42  14 4 4 
7 8 3 5 22 48 182 0.38  8 2 6 
8 3 0 3 14 40 198 0.25  9 0 0 
9 6 2 4 28 81 183 0.50  15 1 1 

10 7 2 5 20 38 187 0.35  6 3 11 
11 1 0 1 17 34 160 0.23  7 0 0 
12 4 0 4 14 51 157 0.17  16 2 2 
13 3 0 3 15 30 153 0.17  8 0 0 
14 4 0 4 8 52 148 0.08  9 1 3 
15 2 0 2 20 44 165 0.29  5 -4 4 
16 10 8 2 10 68 108 -0.01  13 -11 15 
17 14 8 6 20 74 160 0.27  21 -7 7 
18 15 6 9 32 54 136 0.25  7 1 11 
19 9 6 3 32 52 180 0.58  4 0 0 
20 9 3 6 36 75 118 0.07  8 2 4 
21 5 0 5 16 52 178 0.26  9 3 3 
22 6 0 6 20 38 178 0.33  8 -2 4 
23 9 3 6 22 34 174 0.36  12 3 5 
24 10 2 8 22 38 178 0.37  7 0 0 
25 7 2 5 28 50 170 0.45  7 2 4 
26 7 3 4 21 26 84 -0.18  7 2 2 
27 9 4 5 14 50 70 -0.17  9 -2 2 
28 11 5 6 14 40 89 -0.10  11 -7 9 
29 7 3 4 32 85 55 -0.53  12 -4 6 
30 8 1 7 34 66 193 0.67  10 -1 5 
31 8 3 5 10 20 246 0.13  5 2 4 
32 5 1 4 18 34 158 0.23  7 5 7 
33 4 1 3 22 41 172 0.35  5 5 5 
34 7 2 5 32 78 165 0.50  5 3 7 
35 6 1 5 30 52 174 0.51  6 0 10 
36 9 3 6 14 38 228 0.23  6 2 2 
37 5 0 5 10 44 242 0.14  10 1 1 
38 8 0 8 11 30 206 0.19  7 1 1 
39 12 2 10 13 50 230 0.20  6 2 2 
40 8 2 6 10 42 236 0.15  6 -3 3 
41 13 5 8 15 38 300 -0.03  4 -1 1 
42 13 6 7 20 47 304 -0.07  8 3 7 
43 9 2 7 17 47 282 0.06  7 1 9 
44 11 4 7 20 40 315 -0.14  6 -3 3 
45 8 1 7 23 50 302 -0.07  11 4 8 
46 12 6 6 24 46 220 0.42  9 2 6 
47 9 2 7 27 49 259 0.28  14 1 7 
48 9 5 4 24 45 302 -0.07  7 -1 1 
49 11 6 5 35 53 282 0.13  10 3 7 
50 10 1 9 22 60 284 0.06  7 8 12 
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Table E.1 continued. 
Toppography Tree influence Soil physical variables 

Sum 
convexity 

9 m2 

Abs  
convexity 

9 m2 

Basal area 
deciduous 

Basal area 
coniferous 

Litter 
depth 

Depth 
O 

horizon 

Depth A 
horizon 

Moisture 
5 cm 

Moisture 
10 cm 

Meso-
plot 

    cm % (v/v) 
1 3 5 3 3 7 0.75 4.81 18.90 18.25 
2 4 4 2 2 2 1.00 0.88 31.50 33.55 
3 3 5 1 4 5 7.75 1.25 19.80 25.55 
4 4 4 5 4 6 1.25 2.25 24.65 26.50 
5 4 6 3 6 3 1.75 3.88 30.05 36.65 
6 4 4 2 6 5 3.00 2.00 29.30 32.60 
7 0 4 0 8 4 2.25 3.00 29.20 32.15 
8 6 6 1 9 5 2.25 2.50 22.70 25.90 
9 4 4 0 13 4 2.00 1.25 31.50 36.35 

10 2 2 1 11 5 1.00 1.00 30.05 30.05 
11 6 8 1 13 4 0.88 3.50 29.90 39.15 
12 5 5 1 11 4 0.63 3.50 35.75 39.05 
13 5 5 1 13 5 1.25 3.00 30.60 36.15 
14 3 5 2 15 4 1.00 4.00 33.90 37.75 
15 0 4 0 15 8 0.88 4.50 33.55 40.00 
16 0 6 4 1 0 0.50 1.50 39.05 40.60 
17 -1 1 7 2 1 0.50 3.25 31.35 25.00 
18 -7 9 6 2 1 0.50 2.00 26.20 30.15 
19 4 4 3 1 1 0.50 2.38 26.75 24.90 
20 1 5 5 1 3 0.75 2.25 30.15 30.20 
21 7 7 2 6 7 4.00 1.38 31.90 33.50 
22 -3 5 3 9 3 2.75 1.00 31.40 33.45 
23 5 5 3 12 1 1.38 1.38 31.50 34.80 
24 -1 1 3 5 3 0.63 1.25 33.05 31.80 
25 4 4 2 12 2 1.25 1.75 34.95 35.50 
26 0 2 5 9 1 0.38 0.63 35.00 42.45 
27 0 2 6 5 1 0.25 0.25 39.55 42.20 
28 2 4 4 4 1 0.25 2.63 38.80 43.90 
29 1 7 4 1 1 0.44 2.00 24.60 32.00 
30 4 4 3 7 6 0.50 1.75 24.10 31.10 
31 -3 5 0 5 2 1.25 6.00 30.40 36.45 
32 4 4 0 9 3 1.00 7.50 32.20 40.70 
33 5 5 2 5 2 1.50 5.75 18.70 26.55 
34 3 3 4 7 5 0.63 7.50 19.40 29.60 
35 -2 4 3 5 3 0.75 7.13 19.15 28.45 
36 1 1 1 12 2 2.50 3.00 26.60 32.75 
37 3 5 1 17 5 1.38 4.00 29.05 35.95 
38 -1 1 0 9 4 2.50 3.00 32.55 33.25 
39 0 2 1 13 3 1.25 3.25 31.05 33.20 
40 2 2 1 13 6 3.50 3.50 27.85 33.25 
41 1 5 1 7 1 0.88 6.00 37.95 35.10 
42 1 3 4 12 4 1.50 1.38 27.65 32.30 
43 2 6 3 5 7 0.88 8.50 28.85 39.40 
44 0 4 3 13 5 2.00 1.13 32.45 35.10 
45 -2 2 2 12 6 1.75 4.75 29.05 36.05 
46 1 5 2 7 1 3.00 2.88 17.60 25.85 
47 -1 3 2 7 6 4.88 5.50 20.25 27.25 
48 0 4 2 6 7 2.50 4.75 16.95 22.75 
49 3 5 1 7 2 2.13 6.50 15.20 22.85 
50 0 6 3 11 6 1.50 13.75 15.40 16.35 
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Table E.1 continued. 
Soil chemistry A horizon 

LOI pHH2O pHCaCl2 HS AlS FeS MnS CaS MgS KS NaS 
Meso-
plot 

%(w/w)   % 
1 15.53 3.62 3.16 6.02 49.63 4.09 0.21 34.57 3.60 1.70 0.17 
2 27.69 3.52 3.17 9.37 55.74 5.31 0.38 23.65 3.07 2.27 0.21 
3 20.66 3.45 2.91 25.75 40.14 7.07 0.16 21.71 3.65 1.31 0.22 
4 29.60 3.41 3.07 16.05 60.12 7.24 0.49 10.71 3.34 1.64 0.41 
5 20.92 3.54 3.10 14.12 60.20 6.59 0.18 14.24 2.71 1.50 0.47 
6 56.54 3.37 2.82 13.17 24.68 4.40 0.38 51.59 3.86 1.70 0.21 
7 50.33 3.55 2.96 18.51 35.13 4.65 0.47 33.40 5.26 2.37 0.21 
8 31.73 3.55 3.03 18.89 47.23 5.55 0.41 21.24 3.93 2.42 0.33 
9 51.59 3.38 2.91 19.44 26.77 3.74 0.32 43.04 4.63 1.82 0.24 

10 52.97 3.52 2.99 17.99 39.25 5.50 0.35 30.54 4.05 2.09 0.24 
11 56.21 3.81 2.96 16.71 47.82 6.31 0.73 22.63 3.86 1.69 0.25 
12 44.00 3.29 2.81 17.95 51.25 6.94 0.47 17.20 4.16 1.80 0.23 
13 39.09 3.51 3.03 17.84 50.68 6.00 0.39 18.29 4.52 1.82 0.45 
14 52.98 3.61 3.02 11.78 41.53 5.81 0.46 34.75 3.31 2.09 0.28 
15 40.27 3.38 2.90 26.22 41.70 5.88 0.39 19.16 4.27 2.07 0.31 
16 39.13 3.60 3.28 8.48 42.60 2.94 3.23 34.92 4.59 2.94 0.29 
17 35.37 4.12 3.79 2.55 20.58 0.27 9.97 57.44 6.04 2.54 0.61 
18 36.58 4.28 3.92 3.04 22.66 0.18 13.30 49.50 8.02 3.01 0.28 
19 47.88 3.54 3.23 7.72 22.74 3.17 4.26 53.12 5.45 3.35 0.21 
20 51.83 3.61 3.20 9.24 35.91 2.69 10.91 32.29 5.82 2.74 0.41 
21 61.26 3.42 2.88 19.97 37.96 6.98 0.60 27.92 4.62 1.61 0.35 
22 56.62 3.59 2.93 13.42 19.88 4.35 0.72 54.56 4.88 2.04 0.16 
23 58.89 3.41 2.89 14.94 25.80 4.99 0.65 47.26 3.98 2.08 0.28 
24 48.01 3.41 3.03 17.68 30.20 4.64 0.99 39.41 4.39 2.36 0.33 
25 53.14 3.61 2.98 11.98 23.31 3.64 0.86 52.98 4.48 2.49 0.25 
26 36.07 3.88 3.51 5.25 62.50 1.66 2.92 20.54 3.81 3.04 0.28 
27 9.88 3.86 3.42 6.71 78.11 3.77 0.59 6.77 2.27 1.47 0.30 
28 19.28 3.56 3.36 5.34 73.98 2.79 2.92 8.17 4.01 2.44 0.33 
29 42.77 3.90 3.55 6.99 53.15 2.19 10.07 18.50 5.39 3.35 0.37 
30 43.52 3.77 3.12 11.67 27.00 5.23 1.77 46.83 4.58 2.73 0.20 
31 47.43 3.53 3.24 6.51 71.99 5.12 0.06 10.88 2.59 2.61 0.24 
32 34.47 3.86 3.33 11.30 61.10 7.26 0.18 12.77 3.54 2.81 1.04 
33 24.13 3.85 3.30 11.46 55.21 5.58 0.42 20.14 4.97 1.87 0.36 
34 47.41 4.17 3.41 5.70 16.22 3.45 0.95 67.11 4.34 1.99 0.24 
35 35.10 3.51 3.32 11.36 33.82 3.76 2.37 41.12 5.57 1.74 0.26 
36 27.03 3.65 3.22 11.75 47.88 5.89 0.31 28.69 3.44 1.60 0.44 
37 32.87 3.52 3.00 19.31 44.88 6.88 0.21 22.64 3.74 1.86 0.47 
38 22.39 3.68 3.16 15.94 51.17 6.80 0.14 20.70 3.31 1.64 0.29 
39 34.68 3.68 3.05 20.68 30.50 4.56 0.20 38.66 3.33 1.81 0.24 
40 25.33 3.68 3.16 16.69 52.05 6.88 0.14 18.81 3.66 1.47 0.29 
41 21.83 3.47 3.07 12.51 59.96 6.53 0.11 16.37 2.75 1.53 0.24 
42 32.10 3.74 3.37 8.86 43.26 3.51 1.39 36.21 4.86 1.64 0.29 
43 38.07 4.07 3.48 5.27 53.57 4.81 0.23 29.93 3.35 2.51 0.33 
44 33.94 3.46 2.89 26.64 48.91 6.03 0.12 12.99 3.42 1.52 0.34 
45 46.72 3.56 3.08 11.10 35.68 4.80 0.30 42.91 3.38 1.67 0.16 
46 20.66 3.66 3.23 15.93 36.43 5.68 0.24 34.41 4.82 2.04 0.48 
47 10.90 3.53 3.16 12.86 59.17 8.00 0.15 14.65 3.44 1.34 0.38 
48 18.08 3.58 2.99 17.30 49.77 6.32 0.16 20.62 3.85 1.65 0.34 
49 19.77 3.55 3.03 17.95 43.69 6.00 0.12 26.95 3.36 1.67 0.25 
50 18.97 3.46 2.98 20.36 49.01 6.13 0.29 17.59 4.25 2.11 0.26 
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Table E.1 continued. 
Soil chemistry A horizon Soil chemistry B1 horizon 

CECE BS Total 
C 

Total 
N 

Total 
NLOI 

SO4
2- SO4

2-

LOI 

LOI pHH2O pHCaCl2 HS AlS 
Meso-
plot 

mmolc 
100g-1 % % (w/w) % mmol 

kg-1 % % 
(w/w)  % 

1 14.55 40.05 5.53 0.31 2.00 2.31 14.87 9.91 3.75 3.36 5.93 69.41 
2 20.87 29.20 11.46 0.65 2.35 2.11 7.62 9.92 3.72 3.39 6.58 73.84 
3 18.69 26.88 13.15 0.56 2.71 2.56 12.39 11.18 3.57 3.21 17.48 61.54 
4 17.93 16.10 12.62 0.73 2.47 1.86 6.28 18.39 3.76 3.34 6.65 66.50 
5 17.14 18.92 9.90 0.50 2.39 0.79 3.78 10.74 3.68 3.31 9.95 72.25 
6 44.08 57.37 35.31 1.60 2.83 0.91 1.61 9.19 3.81 3.31 4.42 69.73 
7 28.57 41.24 31.39 1.41 2.80 0.59 1.17 10.69 3.59 3.09 8.37 64.53 
8 20.83 27.92 17.37 0.89 2.81 1.73 5.45 8.14 3.72 3.33 5.16 78.58 
9 37.17 49.74 18.15 1.09 2.11 1.33 2.58 15.43 3.20 2.92 5.92 62.77 

10 30.08 36.92 30.16 1.36 2.57 1.04 1.96 17.30 3.44 3.13 6.62 72.76 
11 29.44 28.43 34.96 1.58 2.81 1.41 2.51 6.67 3.74 3.21 7.72 73.87 
12 25.68 23.39 23.34 1.10 2.50 0.94 2.14 8.57 3.71 3.29 6.19 74.48 
13 23.65 25.08 17.69 0.85 2.17 0.71 1.82 8.36 3.87 3.33 6.03 68.80 
14 34.43 40.41 36.02 0.66 1.25 1.58 2.98 8.23 3.61 3.18 8.08 71.34 
15 23.29 25.81 24.58 1.11 2.76 1.83 4.54 8.41 3.68 3.32 5.58 69.89 
16 26.52 42.75 27.25 1.84 4.70 0.51 1.30 8.92 4.01 3.48 3.50 70.10 
17 28.66 66.62 19.95 1.15 3.25 0.74 2.09 6.90 4.29 3.72 4.22 62.62 
18 24.89 60.82 13.87 0.92 2.51 1.03 2.82 8.64 4.25 3.70 3.86 50.48 
19 34.63 62.12 25.29 1.41 2.95 0.85 1.78 8.19 4.28 3.75 4.73 59.40 
20 28.45 41.26 27.43 1.41 2.72 0.47 0.91 9.92 4.08 3.59 4.74 66.23 
21 30.41 34.50 36.35 1.61 2.63 1.62 2.64 6.19 3.57 3.05 11.44 61.22 
22 39.68 61.63 38.14 1.38 2.44 0.58 1.02 6.49 3.67 3.09 15.57 54.31 
23 36.25 53.61 36.58 1.67 2.84 0.57 0.97 6.38 3.77 3.10 8.56 75.93 
24 27.07 46.49 24.57 1.29 2.69 1.16 2.42 7.04 3.80 3.20 7.08 76.11 
25 34.80 60.20 23.91 1.33 2.50 0.79 1.49 6.13 3.84 3.25 13.73 64.68 
26 20.06 27.67 19.11 1.10 3.05 1.15 3.19 17.23 3.97 3.49 4.98 66.17 
27 9.21 10.81 3.10 0.19 1.92 1.73 17.50 12.39 3.66 3.37 6.16 70.76 
28 10.72 14.96 14.84 0.82 4.25 0.53 2.75 12.22 3.76 3.43 5.55 74.14 
29 19.36 27.60 24.99 1.72 4.02 0.57 1.33 14.34 3.73 3.51 6.17 64.62 
30 28.32 54.33 21.71 1.18 2.71 0.68 1.56 15.60 3.57 3.22 9.21 64.94 
31 27.03 16.32 26.68 1.24 2.61 0.91 1.92 9.41 3.79 3.43 5.53 77.11 
32 16.80 20.16 15.51 0.88 2.55 1.14 3.31 15.70 3.79 3.39 5.19 80.76 
33 17.59 27.34 10.88 0.58 2.40 2.31 9.57 8.68 3.94 3.46 4.91 65.23 
34 38.16 73.68 26.95 1.30 2.74 1.73 3.65 7.51 3.80 3.44 6.57 76.59 
35 23.60 48.69 19.46 1.04 2.96 1.95 5.56 8.21 3.74 3.32 5.26 74.86 
36 20.25 34.16 17.14 0.71 2.63 0.49 1.81 8.22 3.77 3.35 8.21 71.18 
37 20.47 28.71 17.76 0.76 2.31 0.89 2.71 9.65 3.94 3.46 7.65 67.09 
38 18.04 25.95 15.18 0.74 3.31 0.66 2.95 7.20 3.88 3.62 6.54 66.58 
39 23.03 44.05 15.82 0.78 2.25 0.74 2.13 7.95 3.80 3.54 6.64 75.75 
40 17.68 24.23 14.21 0.75 2.96 0.57 2.25 7.67 3.82 3.58 7.24 73.52 
41 19.31 20.89 12.61 0.70 3.21 0.61 2.79 10.36 4.03 3.65 5.53 79.75 
42 20.85 42.98 18.71 0.99 3.08 2.09 6.51 8.73 3.93 3.67 4.76 79.61 
43 24.15 36.12 21.73 1.16 3.05 1.32 3.47 8.90 3.99 3.62 7.28 72.34 
44 19.64 18.29 16.56 0.76 2.24 1.13 3.33 8.72 3.87 3.46 7.41 80.04 
45 31.97 48.12 25.00 1.22 2.61 2.77 5.93 10.53 3.63 3.41 6.40 73.87 
46 14.05 41.73 16.44 0.84 4.07 0.29 1.40 9.17 3.89 3.53 5.89 69.05 
47 8.22 19.82 6.86 0.31 2.85 0.70 6.42 7.04 3.95 3.68 6.47 73.40 
48 10.56 26.46 7.58 0.34 1.88 0.55 3.04 7.37 3.85 3.40 16.33 63.60 
49 11.21 32.24 8.97 0.42 2.12 0.56 2.83 9.15 3.85 3.50 9.94 73.88 
50 9.51 24.22 9.41 0.44 2.32 0.07 0.37 5.96 3.84 3.62 8.12 76.48 
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Table E.1 continued. 
Soil chemistry B1 horizon 

FeS MnS CaS MgS KS NaS CECE BS Total 
C 

Total 
N 

SO4
2- 

Meso-
plot 

% mmolc 100g-1 % % (w/w) mmol kg-1 

1 3.69 0.11 14.88 3.71 1.91 0.35 9.48 20.85 3.99 0.20 1.16 
2 4.01 0.33 8.29 3.87 2.59 0.47 7.99 15.23 3.17 0.18 1.74 
3 4.20 0.08 12.72 2.72 1.08 0.17 11.59 16.70 4.10 0.22 1.23 
4 4.15 1.79 13.61 4.17 2.58 0.54 9.50 20.90 7.61 0.44 1.19 
5 3.97 0.14 10.12 2.13 1.20 0.24 9.52 13.69 3.61 0.17 1.05 
6 3.80 0.12 17.11 2.48 2.01 0.32 15.14 21.93 2.85 0.15 0.84 
7 3.71 0.22 17.23 3.63 2.06 0.26 15.13 23.17 4.99 0.22 0.69 
8 3.66 0.18 7.79 2.51 1.82 0.30 9.75 12.42 2.53 0.14 0.62 
9 4.23 0.18 21.12 3.27 2.19 0.31 18.64 26.89 4.78 0.24 1.51 

10 5.07 0.20 10.02 3.20 1.88 0.24 15.54 15.35 6.42 0.32 1.25 
11 5.10 0.26 7.69 2.72 2.18 0.42 9.70 13.02 2.83 0.12 2.04 
12 4.71 0.13 9.22 3.02 2.02 0.24 10.37 14.49 2.30 0.11 1.37 
13 3.93 0.11 15.18 3.67 1.97 0.30 10.08 21.15 2.04 0.09 0.87 
14 3.06 0.22 12.68 2.76 1.63 0.24 11.27 17.30 1.00 0.06 1.07 
15 5.14 0.13 14.53 2.38 2.13 0.22 8.85 19.27 3.13 0.13 1.45 
16 0.72 2.45 16.10 4.57 2.28 0.28 10.27 23.23 2.08 0.15 1.23 
17 0.22 5.61 18.78 5.39 2.73 0.42 6.78 27.31 1.89 0.14 0.82 
18 0.16 6.71 28.53 6.98 2.94 0.34 7.61 38.79 2.23 0.15 1.29 
19 0.09 9.91 17.60 4.45 3.34 0.46 5.21 25.85 1.96 0.14 1.19 
20 0.49 9.63 12.04 4.53 2.05 0.29 7.57 18.91 3.00 0.18 1.51 
21 4.09 0.34 15.44 4.29 2.70 0.47 8.65 22.90 0.75 0.06 1.97 
22 2.28 0.50 18.55 6.27 2.32 0.19 11.42 27.35 0.65 0.05 0.46 
23 3.33 0.21 6.92 2.41 2.35 0.27 8.68 11.96 0.91 0.06 0.28 
24 2.15 0.36 9.29 2.86 1.98 0.15 10.24 14.29 0.95 0.08 0.96 
25 1.97 0.37 13.15 3.95 1.94 0.21 10.59 19.26 0.58 0.03 0.44 
26 1.44 2.38 17.66 4.19 2.67 0.44 7.82 25.03 8.45 0.46 1.69 
27 3.41 1.97 10.26 4.17 2.67 0.59 7.76 17.70 5.16 0.32 1.23 
28 2.43 4.08 7.80 3.77 1.97 0.25 7.62 13.80 4.72 0.30 0.77 
29 1.31 5.25 15.71 3.67 2.70 0.51 5.80 22.64 6.72 0.40 1.47 
30 4.73 1.73 12.98 4.20 1.95 0.23 8.55 19.38 6.84 0.38 0.93 
31 4.83 0.04 7.15 2.72 2.01 0.60 8.48 12.46 2.54 0.13 1.21 
32 5.70 0.06 3.49 2.50 1.77 0.53 10.32 8.29 6.11 0.38 2.57 
33 3.88 0.04 20.20 3.03 2.48 0.24 9.74 25.95 3.35 0.36 1.02 
34 4.16 0.08 8.11 2.49 1.75 0.25 7.61 12.60 1.59 0.12 0.88 
35 3.86 0.10 11.82 1.84 2.05 0.18 8.77 15.91 2.05 0.11 1.61 
36 4.85 0.04 10.00 3.71 1.53 0.47 6.03 15.73 4.22 0.21 2.25 
37 4.60 0.17 16.00 2.42 1.68 0.39 7.92 20.49 3.86 0.20 1.14 
38 3.57 0.05 16.69 3.33 2.27 0.92 4.29 23.22 3.51 0.19 2.31 
39 4.41 0.07 9.45 2.06 1.39 0.22 6.04 13.12 3.03 0.16 1.59 
40 3.66 0.03 10.66 2.93 1.50 0.39 4.50 15.53 3.64 0.20 1.17 
41 2.53 0.07 7.27 2.88 1.63 0.34 6.46 12.11 3.51 0.16 1.33 
42 3.24 0.09 7.39 2.95 1.72 0.24 5.92 12.30 3.10 0.14 2.67 
43 3.08 0.06 11.88 2.92 2.26 0.19 7.07 17.25 3.46 0.17 1.83 
44 4.63 0.04 3.44 2.22 1.74 0.47 6.16 7.87 4.20 0.21 2.41 
45 5.30 0.15 9.38 3.04 1.55 0.31 8.28 14.28 3.63 0.19 2.19 
46 6.08 0.14 13.55 3.25 1.49 0.56 6.23 18.84 2.03 0.15 2.04 
47 3.55 0.06 10.90 2.71 2.60 0.31 4.24 16.52 1.68 0.12 6.85 
48 5.94 0.07 9.74 2.54 1.47 0.32 7.29 14.06 2.57 0.13 2.01 
49 5.21 0.07 6.35 2.54 1.72 0.30 5.25 10.91 1.99 0.12 2.04 
50 3.27 0.11 6.52 2.88 2.17 0.44 4.29 12.02 2.09 0.09 2.76 
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Table E.2: Soil chemistry in the B2 horizon of the 20 intensive mesoplots. Designations 
according to table 5.1. 

LOI pHH2O pHCaCl2 HS AlS FeS MnS CaS Meso-
plot % (w/w)  % 

1 5.80 3.89 3.57 4.80 79.91 1.75 0.12 8.57 
2 5.77 3.94 3.53 4.44 82.19 2.44 0.14 6.01 
3 7.27 3.85 3.59 4.92 74.07 2.99 0.08 13.64 
4 6.57 3.89 3.61 4.98 80.17 2.89 0.17 7.02 
5 7.15 3.88 3.61 3.18 79.17 2.65 0.09 11.65 

26 7.74 4.09 3.53 5.86 69.81 1.51 0.43 14.64 
27 7.46 4.05 3.52 3.53 78.18 2.03 0.24 11.04 
28 6.52 3.84 3.46 6.91 78.86 1.58 0.68 7.01 
29 6.51 3.94 3.54 5.53 82.02 1.03 0.76 5.86 
30 6.90 4.00 3.60 4.60 81.72 1.09 0.87 7.08 
31 5.83 4.02 3.71 7.59 84.06 1.75 0.01 3.50 
32 7.80 4.11 3.55 4.02 82.22 3.49 0.03 6.17 
33 6.76 3.94 3.52 3.83 74.46 2.29 0.01 14.61 
34 5.49 3.91 3.50 6.66 74.66 3.23 0.05 9.77 
35 6.19 3.99 3.81 6.02 75.73 2.89 0.06 8.41 
46 7.76 4.19 4.08 6.18 77.75 2.36 0.10 8.64 
47 8.65 4.16 4.14 5.35 78.74 1.30 0.10 8.61 
48 6.09 4.00 3.81 5.35 73.79 3.74 0.06 11.15 
49 6.23 4.14 4.00 4.79 84.71 2.17 0.00 4.37 
50 7.03 3.94 3.87 4.40 78.12 2.71 0.09 7.95 

 
Table E.2 continued. 

MgS KS NaS CECE BS Total C Total N SO4
2- Meso-

plot % mmolc 100g-1 % % (w/w) mmol kg-1 

1 2.58 1.98 0.28 6.12 13.42 0.88 0.07 3.05 
2 1.98 2.46 0.33 6.12 10.78 0.93 0.08 2.82 
3 2.58 1.33 0.38 7.72 17.93 1.85 0.12 2.01 
4 2.59 1.54 0.64 6.49 11.80 1.28 0.1 2.91 
5 1.78 1.20 0.27 8.57 14.90 1.74 0.1 3.31 

26 4.45 2.63 0.43 5.44 22.28 1.57 0.12 1.19 
27 2.42 2.32 0.22 9.24 16.01 1.48 0.09 1.35 
28 2.43 2.05 0.48 7.93 11.97 1.13 0.08 1.29 
29 2.24 2.38 0.17 6.27 10.63 1.43 0.12 1.98 
30 2.11 2.30 0.23 6.76 11.72 1.63 0.11 1.12 
31 1.28 1.36 0.45 4.90 6.59 0.72 0.03 3.69 
32 1.72 1.99 0.34 8.13 10.24 1.87 0.13 0.58 
33 2.48 1.97 0.35 7.74 19.41 2.09 0.09 1.87 
34 3.12 2.01 0.46 4.26 15.40 1.01 0.06 2.91 
35 3.61 2.17 0.85 3.26 15.18 1.01 0.08 6.89 
46 2.26 2.12 0.60 2.89 13.63 2.36 0.12 6.59 
47 2.26 2.69 0.94 2.66 14.50 2.81 0.12 0.01 
48 3.13 2.06 0.73 4.34 17.06 1.43 0.08 5.19 
49 1.57 1.97 0.43 2.76 8.33 1.73 0.09 7.76 
50 3.93 2.14 0.67 3.47 14.67 2.06 0.12 3.53 
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Table E.3: Variable scores from the PCA ordination of 53 variables in the 50 mesoplots. 
Designation according to table 5.1, added horizon specification where necessary. 
Explanatory variables PCA 1 PCA 2 
Species 0.24 0.55 
Bry 0.31 0.58 
Vas -0.03 0.24 
Incl 0.39 -0.04 
Maxincl 0.32 -0.03 
Aspect -0.47 -0.10 
HI 0.19 -0.56 
Rough 0.14 -0.15 
Con1 -0.25 -0.21 
Abscon1 0.24 0.21 
Con9 -0.21 -0.38 
Abscon9 0.12 -0.13 
BAdec 0.62 0.39 
BAcon -0.54 -0.44 
Litter -0.50 -0.35 
DepthO -0.54 -0.35 
DepthA -0.34 0.10 
Mois5 0.17 0.00 
Mois10 -0.01 0.01 
LOI A 0.40 -0.76 
pHH2O A 0.38 0.47 
pHCaCl2 A 0.45 0.73 
HS A -0.62 -0.47 
AlS A -0.51 0.62 
FeS A -0.82 -0.10 
MnS A 0.85 0.05 
CaS A 0.59 -0.53 
MgS A 0.69 -0.23 
KS A 0.68 0.02 
NaS A -0.11 0.38 
ECEC A 0.47 -0.75 
BS A 0.63 -0.51 
TotC A 0.38 -0.71 
TotN A 0.57 -0.51 
TotNLOI A 0.37 0.26 
SO4 A -0.11 -0.12 
SO4LOI A -0.29 0.30 
LOI B1 0.00 0.34 
pHH2O B1 0.38 0.49 
pHCaCl2 B1 0.16 0.72 
HS B1 -0.46 -0.37 
AlS B1 -0.54 0.16 
FeS B1 -0.73 -0.17 
MnS B1 0.78 0.11 
CaS B1 0.60 -0.14 
MgS B1 0.66 0.14 
KS B1 0.60 0.13 
NaS B1 -0.10 0.43 
ECEC B1 0.12 -0.60 
BS B1 0.66 -0.09 
TotC B1 -0.15 0.45 
TotN B1 -0.03 0.54 
SO4 B1 -0.39 0.43 
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Table E.4: Kendall’s nonparametric correlation coefficients τ from correlation of 53 explanatory variables in the 
50 mesoplots, and their significance probabilities. Correlations significant at level P<0.01 in bold face, at P<0.05 
in italic face. Variable designations are in accordance with table 5.1. 

Biotic variables Topography 

Species Bryophytes Vascular plants Inclination Max inclination Aspect 
unfavour Explanatory variables 

τ P τ P τ P τ P τ P τ P 
Species   .677 .000 .559 .000 .113 .275 .046 .655 .192 .058
Bryophytes .677 .000   .137 .212 .217 .041 .129 .220 -.023 .825

Biotic 
variables 

Vascular plants .559 .000 .137 .212   .024 .818 -.086 .410 .327 .002
Inclination .113 .275 .217 .041 .024 .818   .334 .001 -.026 .794
Max inclination .046 .655 .129 .220 -.086 .410 .334 .001   -.208 .035
Aspect unfavourability .192 .058 -.023 .825 .327 .002 -.026 .794 -.208 .035   
Heat index -.130 .200 -.150 .148 -.030 .773 .288 .004 -.003 .973 .103 .295
Terrain roughness .008 .939 .004 .973 -.032 .764 .044 .671 .224 .030 -.110 .279
Sum convexity 1 m2 -.078 .459 -.130 .230 .050 .644 .126 .228 -.053 .606 .199 .051
Abs convexity 1 m2 .239 .022 .237 .027 .181 .090 .210 .042 .232 .023 -.041 .686
Sum convexity 9 m2 -.331 .002 -.220 .042 -.395 .000 -.019 .859 .076 .462 -.133 .193

Topography 

Abs convexity 9 m2 -.142 .192 -.070 .530 -.238 .032 .029 .789 .131 .216 -.134 .204
Basal area deciduous .312 .004 .327 .003 .156 .156 .231 .031 .303 .004 -.260 .013Tree 

influence Basal area coniferous -.227 .029 -.364 .001 .039 .714 -.254 .014 -.325 .001 .301 .003
Litter depth -.304 .004 -.460 .000 .006 .959 -.042 .689 .073 .482 .258 .012
Depth O horizon -.056 .589 -.144 .173 .083 .429 -.016 .873 -.090 .369 .387 .000
Depth A horizon -.061 .549 -.128 .221 -.004 .966 -.037 .711 -.022 .827 .253 .010
Moisture 5 cm -.018 .859 -.014 .892 -.031 .767 -.327 .001 -.210 .034 -.220 .025

Soil physical 
variables 

Moisture 10 cm -.140 .167 -.098 .346 -.125 .225 -.323 .001 -.260 .009 -.148 .130
LOI -.247 .015 -.224 .031 -.112 .278 .042 .674 -.014 .887 -.044 .651
pHH2O .113 .269 .172 .099 .066 .524 .014 .893 -.018 .854 -.107 .280
pHCaCl2 .249 .014 .347 .001 .075 .471 .061 .545 .043 .669 -.163 .097
HS -.136 .177 -.275 .008 .010 .919 -.111 .267 -.100 .311 .249 .011
AlS .001 .993 .048 .640 -.076 .461 -.277 .006 -.228 .021 -.052 .598
FeS -.139 .169 -.263 .011 .018 .859 -.214 .033 -.179 .070 .224 .022
MnS .003 .973 .070 .502 -.076 .460 .190 .059 .182 .066 -.396 .000
CaS .013 .899 .006 .953 .053 .605 .272 .007 .230 .020 .025 .795
MgS -.047 .643 .019 .852 -.086 .406 .317 .002 .145 .143 -.121 .216
KS .009 .926 .096 .354 -.097 .346 .121 .229 .007 .947 -.231 .019
NaS .127 .217 .100 .345 .034 .747 -.102 .316 -.141 .161 -.040 .687
CECE -.198 .050 -.170 .101 -.088 .392 .067 .507 .081 .412 -.006 .953
BS .004 .966 .015 .885 .046 .653 .299 .003 .227 .022 .011 .913
Total C -.222 .028 -.193 .063 -.116 .259 -.014 .886 -.046 .639 -.040 .682
Total N -.123 .225 -.064 .541 -.102 .325 .097 .334 -.005 .960 -.071 .467
Total NLOI .140 .167 .170 .101 .105 .309 -.005 .960 -.081 .416 .025 .802
SO4

2- -.293 .004 -.220 .034 -.185 .073 -.012 .906 .091 .357 -.155 .114

Soil 
chemistry  
A horizon 

SO4
2-

LOI -.067 .505 -.027 .792 -.080 .440 -.038 .705 .056 .569 -.048 .622
LOI -.012 .906 .141 .174 -.090 .382 .062 .539 .137 .164 -.207 .034
pHH2O .325 .001 .283 .007 .147 .156 .025 .807 -.088 .374 .159 .106
pHCaCl2 .400 .000 .332 .001 .250 .016 .025 .801 .027 .782 .137 .165
HS -.020 .840 -.127 .221 .133 .197 .002 .987 -.027 .782 .133 .175
AlS .102 .312 -.033 .747 .128 .216 -.197 .049 -.229 .020 .244 .013
FeS -.189 .061 -.183 .077 -.094 .360 -.019 .853 -.089 .370 .208 .034
MnS .064 .527 .128 .221 -.071 .497 .167 .097 .220 .027 -.413 .000
CaS -.185 .067 -.084 .420 -.151 .142 .090 .368 .205 .038 -.233 .017
MgS .097 .341 .170 .103 .030 .773 .052 .608 .128 .197 -.264 .007
KS -.044 .661 .003 .980 -.065 .530 .111 .267 .051 .609 -.263 .007
NaS .060 .560 .109 .299 -.010 .926 -.109 .281 -.063 .529 .001 .993
CECE -.383 .000 -.283 .006 -.349 .001 -.051 .614 .022 .828 -.229 .020
BS -.175 .084 -.082 .429 -.139 .177 .068 .496 .197 .046 -.269 .006
Total C -.039 .698 .039 .709 -.018 .859 -.072 .470 -.019 .847 -.088 .366
Total N .001 .993 .118 .261 -.009 .932 -.011 .913 .054 .591 -.141 .154

Soil 
chemistry 
B1 horizon  

SO4
2- .157 .121 .078 .455 .165 .111 .036 .718 -.053 .592 .226 .021
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Table E.4 continued. 
Topography 

Heat 
index 

Terrain 
roughness

Sum 
convexity 1 m2

Sum abs 
convexity 1 m2

Sum 
convexity 9 m2 

Abs 
convexity 9 m2Explanatory variables 

τ P τ P τ P τ P τ P τ P 
Species -.130 .200 .008 .939 -.078 .459 .239 .022 -.331 .002 -.142 .192 
Bryophytes -.150 .148 .004 .973 -.130 .230 .237 .027 -.220 .042 -.070 .530 

Biotic 
variables 

Vascular plants -.030 .773 -.032 .764 .050 .644 .181 .090 -.395 .000 -.238 .032 
Inclination .288 .004 .044 .671 .126 .228 .210 .042 -.019 .859 .029 .789 
Max inclination -.003 .973 .224 .030 -.053 .606 .232 .023 .076 .462 .131 .216 
Aspect unfavourability .103 .295 -.110 .279 .199 .051 -.041 .686 -.133 .193 -.134 .204 
Heat index   -.045 .660 .143 .161 -.025 .807 .140 .171 -.083 .429 
Terrain roughness -.045 .660   -.005 .966 .135 .200 .093 .380 .060 .585 
Sum convexity 1 m2 .143 .161 -.005 .966   .148 .161 .158 .138 -.024 .829 
Abs convexity 1 m2 -.025 .807 .135 .200 .148 .161   -.203 .054 .074 .495 
Sum convexity 9 m2 .140 .171 .093 .380 .158 .138 -.203 .054   .280 .011 

Topography 

Abs convexity 9 m2 -.083 .429 .060 .585 -.024 .829 .074 .495 .280 .011   
Basal area deciduous -.140 .183 .091 .403 -.172 .115 .226 .036 -.158 .148 .025 .827 Tree 

influence Basal area coniferous .080 .429 -.053 .616 .151 .152 -.226 .030 .092 .382 -.136 .208 
Litter depth -.012 .906 -.066 .538 .032 .765 -.068 .523 .111 .301 -.017 .876 
Depth O horizon .093 .352 .061 .553 .190 .068 -.041 .692 .064 .537 .004 .973 
Depth A horizon -.012 .900 -.222 .030 .134 .193 .100 .324 -.045 .660 .118 .264 
Moisture 5 cm -.098 .319 .094 .357 -.118 .247 -.174 .084 -.016 .879 -.128 .223 

Soil 
physical 
variables 

Moisture 10 cm -.161 .101 .089 .384 -.063 .538 -.095 .346 .040 .698 .014 .891 
LOI .311 .002 .085 .403 .139 .171 -.072 .474 .130 .202 .079 .450 
pHH2O -.088 .375 -.102 .318 -.013 .899 .117 .249 -.142 .166 -.061 .565 
pHCaCl2 -.146 .138 -.103 .314 -.051 .618 .228 .025 -.241 .019 -.120 .257 
HS .103 .295 .003 .973 .021 .839 -.232 .022 .170 .096 .058 .583 
AlS -.438 .000 -.099 .331 -.071 .483 -.046 .650 .046 .648 .058 .583 
FeS -.061 .536 -.058 .571 .052 .607 -.134 .184 .219 .032 .084 .425 
MnS .172 .080 .157 .124 -.094 .357 .093 .359 .033 .748 .042 .686 
CaS .378 .000 .104 .307 .123 .227 .073 .469 -.048 .636 -.081 .440 
MgS .326 .001 .115 .258 -.028 .781 .127 .210 -.013 .899 .113 .283 
KS .114 .248 .060 .554 .053 .606 .140 .167 -.048 .636 .145 .169 
NaS -.072 .471 .046 .654 -.110 .286 -.028 .787 .016 .879 .040 .705 
CECE .358 .000 .094 .357 .135 .185 -.049 .626 .090 .380 .005 .959 
BS .379 .000 .107 .291 .140 .169 .097 .337 -.045 .661 -.061 .559 
Total C .256 .009 .104 .307 .090 .375 -.014 .893 .043 .673 .065 .536 
Total N .286 .004 .119 .244 .056 .583 .043 .668 .040 .698 .084 .425 
Total NLOI .100 .311 .072 .478 -.141 .166 .170 .092 -.109 .287 -.064 .542 
SO4

2- -.020 .841 -.093 .361 .087 .394 -.030 .768 .136 .185 -.057 .588 

Soil 
chemistry 
A horizon 

SO4
2-

LOI -.240 .015 -.119 .240 -.042 .679 .008 .933 .034 .736 -.117 .264 
LOI -.256 .009 .059 .560 -.034 .742 .129 .201 .066 .515 -.031 .770 
pHH2O -.076 .441 -.103 .314 .007 .946 -.003 .973 -.173 .091 -.002 .986 
pHCaCl2 -.223 .024 -.109 .287 -.036 .723 .120 .235 -.290 .005 -.057 .588 
HS .014 .887 .010 .919 .003 .973 -.047 .644 .125 .221 .045 .668 
AlS -.111 .259 -.119 .244 .170 .095 .057 .573 -.003 .980 -.069 .509 
FeS .065 .508 -.053 .600 .186 .068 -.043 .668 .139 .174 -.059 .577 
MnS .047 .633 .272 .008 -.193 .061 .019 .853 .044 .666 .111 .294 
CaS .172 .079 .106 .299 -.164 .107 -.056 .579 -.036 .723 .029 .784 
MgS -.051 .604 .137 .179 -.125 .221 .032 .755 -.059 .566 -.006 .952 
KS .067 .498 .150 .141 -.039 .704 .051 .614 -.026 .800 .085 .420 
NaS -.197 .048 .010 .926 .044 .672 -.144 .159 -.019 .852 -.016 .884 
CECE .195 .046 .117 .251 .028 .781 -.031 .762 .238 .020 .122 .243 
BS .146 .136 .123 .227 -.171 .093 -.058 .567 -.050 .624 .018 .864 
Total C -.301 .002 -.062 .543 -.100 .327 .014 .893 .020 .846 -.159 .129 
Total N -.240 .016 -.029 .780 -.085 .412 .048 .637 .027 .793 -.177 .095 

Soil 
chemistry 
B1 horizon 

SO4
2- -.224 .023 -.036 .723 .192 .060 .078 .439 -.202 .048 -.052 .618 
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Table E.4 continued. 
Tree influence Soil physical variables 

Basal area 
deciduous

Basal area 
coniferous

Litter  
depth 

Depth  
O horizon 

Depth  
A horizon 

Moisture  
5 cm 

Moisture 
10 cm Explanatory variables 

τ P τ P τ P τ P τ P τ P τ P 
Species .312 .004 -.227 .029 -.304 .004 -.056 .589 -0.61 0.549 -.018 .859 -.140 .167
Bryophytes .327 .003 -.364 .001 -.460 .000 -.144 .173 0.128 0.221 -.014 .892 -.098 .346

Biotic 
variables 

Vascular plants .156 .156 .039 .714 .006 .959 .083 .429 -0.004 0.966 -.031 .767 -.125 .225
Inclination .231 .031 -.254 .014 -.042 .689 -.016 .873 -0.37 0.711 -.327 .001 -.323 .001
Max inclination .303 .004 -.325 .001 .073 .482 -.090 .369 -0.022 0.827 -.210 .034 -.260 .009
Aspect unfavourability -.260 .013 .301 .003 .258 .012 .387 .000 0.253 0.010 -.220 .025 -.148 .130
Heat index -.140 .183 .080 .429 -.012 .906 .093 .352 -0.012 0.900 -.098 .319 -.161 .101
Terrain roughness .091 .403 -.053 .616 -.066 .538 .061 .553 -0.222 0.030 .094 .357 .089 .384
Sum convexity 1 m2 -.172 .115 .151 .152 .032 .765 .190 .068 0.134 0.193 -.118 .247 -.063 .538
Abs convexity 1 m2 .226 .036 -.226 .030 -.068 .523 -.041 .692 0.100 0.324 -.174 .084 -.095 .346
Sum convexity 9 m2 -.158 .148 .092 .382 .111 .301 .064 .537 -0.045 0.660 -.016 .879 .040 .698

Topography 

Abs convexity 9 m2 .025 .827 -.136 .208 -.017 .876 .004 .973 0.228 0.264 -.128 .223 .014 .891
Basal area deciduous   -.418 .000 -.196 .075 -.384 .000 -0.190 0.072 -.024 .818 -.118 .260Tree 

influence Basal area coniferous -.418 .000   .253 .017 .237 .021 0.074 0.469 .113 .263 .251 .013
Litter depth -.196 .075 .253 .017   .304 .004 0.198 0.057 -.254 .014 -.119 .249
Depth O horizon -.384 .000 .237 .021 .304 .004   0.032 0.750 -.239 .016 -.209 .035
Depth A horizon -.190 .072 .074 .469 .198 .057 .032 .750   -.268 .007 -.083 .398
Moisture 5 cm -.024 .818 .113 .263 -.254 .014 -.239 .016 -0.268 0.007   .607 .000

Soil 
physical 
variables 

Moisture 10 cm -.118 .260 .251 .013 -.119 .249 -.209 .035 -0.083 0.398 .607 .000   
LOI -.044 .676 .121 .229 -.017 .872 -.095 .339 -0.208 0.035 .240 .014 .178 .068
pHH2O .241 .022 -.114 .263 -.205 .048 -.201 .045 0.074 0.456 -.109 .269 -.003 .973
pHCaCl2 .380 .000 -.366 .000 -.330 .001 -.365 .000 0.102 0.303 -.095 .336 -.009 .927
HS -.472 .000 .401 .000 .350 .001 .414 .000 -0.053 0.592 -.020 .834 -.074 .452
AlS -.084 .423 -.058 .567 .010 .919 -.024 .808 0.149 0.130 .092 .349 .238 .015
FeS -.458 .000 .256 .011 .361 .000 .416 .000 0.201 0.042 -.092 .349 -.002 .980
MnS .491 .000 -.246 .015 -.275 .008 -.440 .000 -0.277 0.005 .108 .273 .002 .980
CaS .166 .113 -.014 .893 -.071 .487 -.049 .621 -0.125 0.206 -.087 .375 -.202 .039
MgS .220 .035 -.135 .181 -.120 .243 -.129 .197 -0.139 0.159 -.124 .206 -.222 .023
KS .181 .085 -.204 .044 -.284 .006 -.445 .000 -0.060 0.541 .092 .349 .048 .621
NaS .106 .317 -.012 .906 -.070 .503 .038 .705 0.098 0.330 .008 .940 .041 .681
CECE -.002 .986 .093 .355 -.003 .973 -.086 .388 -0.194 0.049 .191 .050 .099 .311
BS .189 .071 -.036 .724 -.110 .286 -.081 .416 -0.131 0.183 -.088 .366 -.197 .044
Total C -.012 .905 .102 .313 -.031 .760 -.086 .388 -0.156 0.113 .211 .031 .179 .067
Total N .057 .585 -.043 .668 -.118 .253 -.180 .071 -0.216 0.029 .169 .085 .143 .143
Total NLOI .137 .189 -.193 .056 -.193 .061 -.117 .240 -0.017 0.867 .027 .782 .002 .987
SO4

2- -.018 .864 -.003 .973 .226 .029 -.064 .518 -0.031 0.750 -.008 .933 .073 .456

Soil 
chemistry 
A horizon 

SO4
2-

LOI .016 .878 -.058 .567 .207 .044 .013 .900 0.154 0.117 -.075 .441 .017 .861
LOI .018 .865 -.146 .148 -.070 .498 -.168 .092 -0.133 0.178 .044 .651 .140 .153
pHH2O .229 .030 -.144 .155 -.221 .033 -.096 .339 0.154 0.121 -.051 .604 -.104 .288
pHCaCl2 .218 .037 -.196 .053 -.164 .113 -.116 .244 0.231 0.020 -.144 .143 -.148 .132
HS -.161 .123 .218 .031 .264 .010 .324 .001 -0.006 0.953 -.079 .417 -.044 .651
AlS -.111 .286 .196 .052 .020 .846 -.030 .763 0.241 0.014 .073 .456 .139 .155
FeS -.445 .000 .282 .005 .297 .004 .265 .008 0.170 0.085 -.164 .093 .025 .802
MnS .418 .000 -.269 .008 -.271 .009 -.382 .000 -0.370 0.000 .209 .034 .038 .700
CaS .118 .260 -.164 .103 -.040 .697 -.034 .731 -0.181 0.067 -.005 .960 -.065 .509
MgS .305 .004 -.306 .002 -.220 .033 -.198 .047 -0.325 0.001 .121 .215 -.029 .770
KS .274 .009 -.296 .003 -.186 .071 -.265 .008 -0.170 0.084 .126 .200 .033 .738
NaS .000 1.000 -.080 .433 -.094 .369 .049 .626 -0.017 0.867 .002 .987 -.017 .867
CECE -.169 .105 .075 .459 .079 .446 .009 .926 -0.184 0.062 .187 .056 .173 .078
BS .148 .157 -.202 .045 -.075 .466 -.079 .426 -0.230 0.019 .038 .700 -.037 .707
Total C -.070 .500 .003 .980 .074 .472 -.063 .524 -0.101 0.307 .009 .927 .128 .192
Total N .018 .864 -.132 .195 -.038 .715 -.096 .343 -0.149 0.135 -.021 .834 .065 .513

Soil 
chemistry 
B1 horizon 

SO4
2- -.108 .302 .076 .454 .115 .264 .130 .194 0.138 0.162 -.118 .228 -.006 .953
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Table E.4 continued. 
Soil chemistry A horizon 

LOI pHH2O pHCaCl2 HS AlS FeS Explanatory variables 
τ P τ P τ P τ P τ P τ P 

Species -.247 .015 .113 .269 .249 .014 -.136 .177 .001 .993 -.139 .169
Bryophytes -.224 .031 .172 .099 .347 .001 -.275 .008 .048 .640 -.263 .011

Biotic 
Variables 

Vascular plants -.112 .278 .066 .524 .075 .471 .010 .919 -.076 .461 .018 .859
Inclination .042 .674 .014 .893 .061 .545 -.111 .267 -.277 .006 -.214 .033
Max inclination -.014 .887 -.018 .854 .043 .669 -.100 .311 -.228 .021 -.179 .070
Aspect unfavourability -.044 .651 -.107 .280 -.163 .097 .249 .011 -.052 .598 .224 .022
Heat index .311 .002 -.088 .375 -.146 .138 .103 .295 -.438 .000 -.061 .536
Terrain roughness .085 .403 -.102 .318 -.103 .314 .003 .973 -.099 .331 -.058 .571
Sum convexity 1 m2 .139 .171 -.013 .899 -.051 .618 .021 .839 -.071 .483 .052 .607
Abs convexity 1 m2 -.072 .474 .117 .249 .228 .025 -.232 .022 -.046 .650 -.134 .184
Sum convexity 9 m2 .130 .202 -.142 .166 -.241 .019 .170 .096 .046 .648 .219 .032

Topography 

Abs convexity 9 m2 .079 .450 -.061 .565 -.120 .257 .058 .583 .058 .583 .084 .425
Basal area deciduous -.044 .676 .241 .022 .380 .000 -.472 .000 -.084 .423 -.458 .000Tree 

influence Basal area coniferous .121 .229 -.114 .263 -.366 .000 .401 .000 -.058 .567 .256 .011
Litter depth -.017 .872 -.205 .048 -.330 .001 .350 .001 .010 .919 .361 .000
Depth O horizon -.095 .339 -.201 .045 -.365 .000 .414 .000 -.024 .808 .416 .000
Depth A horizon -.208 .035 .074 .456 .102 .303 -.053 .592 .149 .130 .201 .042
Moisture 5 cm .240 .014 -.109 .269 -.095 .336 -.020 .834 .092 .349 -.092 .349

Soil 
physical 
variables 

Moisture 10 cm .178 .068 -.003 .973 -.009 .927 -.074 .452 .238 .015 -.002 .980
LOI   -.082 .402 -.233 .018 .033 .732 -.402 .000 -.201 .040
pHH2O -.082 .402   .566 .000 -.458 .000 .057 .563 -.281 .004
pHCaCl2 -.233 .018 .566 .000   -.654 .000 .196 .046 -.332 .001
HS .033 .732 -.458 .000 -.654 .000   -.087 .375 .446 .000
AlS -.402 .000 .057 .563 .196 .046 -.087 .375   .341 .000
FeS -.201 .040 -.281 .004 -.332 .001 .446 .000 .341 .000   
MnS .296 .003 .168 .089 .195 .048 -.330 .001 -.292 .003 -.517 .000
CaS .361 .000 .095 .336 -.016 .867 -.121 .216 -.767 .000 -.431 .000
MgS .258 .008 .063 .525 .040 .682 -.065 .509 -.428 .000 -.352 .000
KS .269 .006 .206 .037 .226 .022 -.284 .004 -.171 .080 -.444 .000
NaS -.201 .043 .110 .272 .194 .053 -.006 .953 .251 .011 .158 .111
CECE .779 .000 -.078 .426 -.202 .039 -.026 .789 -.536 .000 -.280 .004
BS .382 .000 .118 .231 .018 .854 -.142 .146 -.758 .000 -.462 .000
Total C .789 .000 -.068 .487 -.174 .076 -.005 .960 -.378 .000 -.213 .029
Total N .734 .000 -.002 .980 -.065 .508 -.069 .482 -.348 .000 -.314 .001
Total NLOI .047 .633 .126 .203 .253 .010 -.240 .014 -.025 .802 -.169 .085
SO4

2- .038 .700 -.064 .519 -.007 .947 -.030 .763 .022 .821 .029 .770

Soil 
chemistry 
A horizon 

SO4
2-

LOI -.371 .000 .055 .575 .146 .136 -.073 .452 .264 .007 .153 .118
LOI -.123 .210 -.001 .993 .158 .108 -.114 .242 .257 .008 -.063 .519
pHH2O -.148 .132 .220 .026 .314 .001 -.250 .011 .040 .682 -.123 .212
pHCaCl2 -.336 .001 .325 .001 .460 .000 -.313 .001 .161 .101 -.102 .299
HS .020 .834 -.125 .203 -.394 .000 .339 .001 -.054 .581 .340 .001
AlS -.115 .238 -.104 .291 .006 .953 .051 .598 .207 .034 .147 .132
FeS -.065 .509 -.157 .112 -.254 .010 .333 .001 .077 .432 .407 .000
MnS .260 .008 .058 .557 .064 .519 -.210 .033 -.237 .016 -.404 .000
CaS .132 .175 .105 .288 .081 .412 -.103 .292 -.208 .033 -.217 .027
MgS .077 .432 .198 .045 .234 .017 -.316 .001 -.065 .509 -.301 .002
KS .186 .058 .045 .651 .141 .152 -.243 .013 .005 .960 -.247 .012
NaS -.172 .083 .083 .406 .154 .123 -.097 .327 .283 .004 .108 .276
CECE .348 .000 -.233 .018 -.306 .002 .165 .091 -.146 .134 .004 .967
BS .147 .132 .105 .288 .109 .269 -.147 .132 -.184 .060 -.234 .016
Total C -.215 .028 .094 .340 .123 .212 -.011 .913 .340 .001 .062 .525
Total N -.223 .024 .191 .056 .237 .017 -.097 .327 .272 .006 -.021 .834

Soil 
chemistry 
B1 horizon 

SO4
2- -.239 .015 .042 .669 .087 .375 .072 .462 .206 .036 .212 .030
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Table E.4 continued. 
Soil chemistry A horizon 

MnS CaS MgS KS NaS CECE BS Soil chemistry A horizon 
τ P τ P τ P τ P τ P τ P τ P 

Species .003 .973 .013 .899 -.047 .643 .009 .926 .127 .217 -.198 .050 .004 .966
Bryophytes .070 .502 .006 .953 .019 .852 .096 .354 .100 .345 -.170 .101 .015 .885

Biotic 
variables 

Vascular plants -.076 .460 .053 .605 -.086 .406 -.097 .346 .034 .747 -.088 .392 .046 .653
Inclination .190 .059 .272 .007 .317 .002 .121 .229 -.102 .316 .067 .507 .299 .003
Max inclination .182 .066 .230 .020 .145 .143 .007 .947 -.141 .161 .081 .412 .227 .022
Aspect unfavourability -.396 .000 .025 .795 -.121 .216 -.231 .019 -.040 .687 -.006 .953 .011 .913
Heat index .172 .080 .378 .000 .326 .001 .114 .248 -.072 .471 .358 .000 .379 .000
Terrain roughness .157 .124 .104 .307 .115 .258 .060 .554 .046 .654 .094 .357 .107 .291
Sum convexity 1 m2 -.094 .357 .123 .227 -.028 .781 .053 .606 -.110 .286 .135 .185 .140 .169
Abs convexity 1 m2 .093 .359 .073 .469 .127 .210 .140 .167 -.028 .787 -.049 .626 .097 .337
Sum convexity 9 m2 .033 .748 -.048 .636 -.013 .899 -.048 .636 .016 .879 .090 .380 -.045 .661

Topography 

Abs convexity 9 m2 .042 .686 -.081 .440 .113 .283 .145 .169 .040 .705 .005 .959 -.061 .559
Basal area deciduous .491 .000 .166 .113 .220 .035 .181 .085 .106 .317 -.002 .986 .189 .071Tree 

influence Basal area coniferous -.246 .015 -.014 .893 -.135 .181 -.204 .044 -.012 .906 .093 .355 -.036 .724
Litter depth -.275 .008 -.071 .487 -.120 .243 -.284 .006 -.070 .503 -.003 .973 -.110 .286
Depth O horizon -.440 .000 -.049 .621 -.129 .197 -.445 .000 .038 .705 -.086 .338 -.081 .416
Depth A horizon -.277 .005 -.125 .206 -.139 .159 -.060 .541 .098 .330 -.194 .049 -.131 .183
Moisture 5 cm .108 .273 -.087 .375 -.124 .206 .092 .349 .008 .940 .191 .050 -.088 .366

Soil 
physical 
variables 

Moisture 10 cm .002 .980 -.202 .039 -.222 .023 .048 .621 .041 .681 .099 .311 -.197 .044
LOI .296 .003 .361 .000 .258 .008 .269 .006 -.201 .043 .779 .000 .382 .000
pHH2O .168 .089 .095 .336 .063 .525 .206 .037 .110 .272 -.078 .426 .118 .231
pHCaCl2 .195 .048 -.016 .867 .040 .682 .226 .022 .194 .053 -.202 .039 .018 .854
HS -.330 .001 -.121 .216 -.065 .509 -.284 .004 -.006 .953 -.026 .789 -.142 .146
AlS -.292 .003 -.767 .000 -.428 .000 -.171 .080 .251 .011 -.536 .000 -.758 .000
FeS -.517 .000 -.431 .000 -.352 .000 -.444 .000 .158 .111 -.280 .004 -.462 .000
MnS   .311 .001 .526 .000 .418 .000 -.004 .967 .279 .004 .357 .000
CaS .311 .001   .348 .000 .214 .029 -.298 .003 .538 .000 .949 .000
MgS .526 .000 .348 .000   .336 .001 .034 .731 .252 .010 .396 .000
KS .418 .000 .214 .029 .336 .001   -.024 .808 .216 .028 .261 .008
NaS -.004 .967 -.298 .003 .034 .731 -.024 .808   -.311 .002 -.263 .008
CECE .279 .004 .538 .000 .252 .010 .216 .028 -.311 .002   .536 .000
BS .357 .000 .949 .000 .396 .000 .261 .008 -.263 .008 .536 .000   
Total C .316 .001 .347 .000 .276 .005 .266 .007 -.163 .100 .691 .000 .355 .000
Total N .384 .000 .331 .001 .382 .000 .377 .000 -.134 .177 .623 .000 .361 .000
Total NLOI .239 .015 .065 .503 .189 .053 .182 .063 .074 .455 .052 .592 .085 .384
SO4

2- .012 .907 .006 .953 -.103 .292 -.133 .178 -.139 .164 .093 .344 .002 .980

Soil 
chemistry 
A horizon 

SO4
2-

LOI -.164 .094 -.213 .029 -.307 .002 -.319 .001 .065 .513 -.296 .002 -.231 .018
LOI -.033 .738 -.220 .024 -.147 .132 .060 .541 -.037 .712 -.150 .126 -.192 .049
pHH2O .031 .750 .044 .657 .097 .323 .125 .206 .256 .010 -.118 .231 .058 .552
pHCaCl2 -.060 .541 -.085 .384 -.037 .706 .074 .451 .175 .080 -.300 .002 -.074 .451
HS -.225 .021 -.020 .841 -.194 .047 -.259 .008 -.080 .421 -.010 .920 -.047 .628
AlS -.234 .017 -.206 .035 -.298 .002 -.098 .315 .009 .927 -.142 .146 -.214 .028
FeS -.419 .000 -.150 .124 -.231 .018 -.282 .004 -.001 .993 -.100 .307 -.165 .091
MnS .651 .000 .239 .015 .336 .001 .429 .000 -.040 .687 .237 .016 .267 .007
CaS .246 .012 .246 .012 .335 .001 .132 .178 .002 .987 .179 .067 .260 .008
MgS .393 .000 .153 .118 .274 .005 .248 .012 -.048 .627 .102 .296 .178 .069
KS .385 .000 .049 .616 .271 .006 .288 .003 .014 .887 .138 .160 .080 .412
NaS -.139 .162 -.267 .007 -.187 .059 -.044 .657 .188 .061 -.217 .028 -.250 .011
CECE .061 .536 .114 .245 .085 .384 .083 .398 -.177 .075 .344 .000 .112 .252
BS .305 .002 .234 .016 .330 .001 .171 .080 -.017 .867 .184 .060 .252 .010
Total C -.111 .259 -.309 .002 -.192 .049 -.074 .451 .016 .873 -.269 .006 -.294 .003
Total N -.043 .663 -.244 .014 -.107 .280 .002 .987 .063 .534 -.267 .007 -.220 .026

Soil 
chemistry 
B1 horizon 

SO4
2- -.235 .017 -.196 .046 -.131 .181 -.206 .036 .126 .205 -.283 .004 -.194 .047
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Table E.4 continued. 
Soil chemistry A horizon B1 horizon 

Total C Total N Total NLOI SO4
2- SO4

2-
LOI LOI pHH2O Explanatory variables 

τ P τ P τ P τ P τ P τ P τ P 
Species -.222 .028 -.123 .225 .140 .167 -.293 .004 -.067 .505 -.012 .906 .325 .001
Bryophytes -.193 .063 -.064 .541 .170 .101 -.220 .034 -.027 .792 .141 .174 .283 .007Biotic 

variables 
Vascular plants -.116 .259 -.102 .325 .105 .309 -.185 .073 -.080 .440 -.090 .382 .147 .156
Inclination -.014 .886 .097 .334 -.005 .960 -.012 .906 -.038 .705 .062 .539 .025 .807
Max inclination -.046 .639 -.005 .960 -.081 .416 .091 .357 .056 .569 .137 .164 -.088 .374
Aspect unfavourability -.040 .682 -.071 .467 .025 .802 -.155 .114 -.048 .622 -.207 .034 .159 .106
Heat index .256 .009 .286 .004 .100 .311 -.020 .841 -.240 .015 -.256 .009 -.076 .441
Terrain roughness .104 .307 .119 .244 .072 .478 -.093 .361 -.119 .240 .059 .560 -.103 .314
Sum convexity 1 m2 .090 .375 .056 .583 -.141 .166 .087 .394 -.042 .679 -.034 .742 .007 .946
Abs convexity 1 m2 -.014 .893 .043 .668 .170 .092 -.030 .768 .008 .933 .129 .201 -.003 .973
Sum convexity 9 m2 .043 .673 .040 .698 -.109 .287 .136 .185 .034 .736 .066 .515 -.173 .091

Topography 

Abs convexity 9 m2 .065 .536 .084 .425 -.064 .542 -.057 .588 -.117 .264 -.031 .770 -.002 .986
Basal area deciduous -.012 .905 .057 .585 .137 .189 -.018 .864 .016 .878 .018 .865 .229 .030Tree 

influence Basal area coniferous .102 .313 -.043 .668 -.193 .056 -.003 .973 -.058 .567 -.146 .148 -.144 .155
Litter depth -.031 .760 -.118 .253 -.193 .061 .226 .029 .207 .044 -.070 .498 -.221 .033
Depth O horizon -.086 .388 -,180 .071 -.117 .240 -.064 .518 .013 .900 -.168 .092 -.096 .339
Depth A horizon -.156 .113 -.216 .029 -.017 .867 -.031 .750 .154 .117 -.133 .178 .154 .121
Moisture 5 cm .211 .031 .169 .085 .027 .782 -.008 .933 -.075 .441 .044 .651 -.051 .604

Soil 
physical 
variables 

Moisture 10 cm .179 .067 .143 .143 .002 .987 .073 .456 .017 .861 .140 .153 -.104 .288
LOI .789 .000 .734 .000 .047 .633 .038 .700 -.371 .000 -.123 .210 -.148 .132
pHH2O -.068 .487 -.002 .980 .126 .203 -.064 .519 .055 .575 -.001 .993 .220 .026
pHCaCl2 -.174 .076 -.065 .508 .253 .010 -.007 .947 .146 .136 .158 .108 .314 .001
HS -.005 .960 -.069 .482 -.240 .014 -.030 .763 -.073 .452 -.114 .242 -.250 .011
AlS -.378 .000 -.348 .000 -.025 .802 .022 .821 .264 .007 .257 .008 .040 .682
FeS -.213 .029 -.314 .001 -.169 .085 .029 .770 .153 .118 -.063 .519 -.123 .212
MnS .316 .001 .384 .000 .239 .015 .012 .907 -.164 .094 -.033 .738 .031 .750
CaS .347 .000 .331 .001 .065 .503 .006 .953 -.213 .029 -.220 .024 .044 .657
MgS .276 .005 .382 .000 .189 .053 -.103 .292 -.307 .002 -.147 .132 .097 .323
KS .266 .007 .377 .000 .182 .063 -.133 .178 -.319 .001 .060 .541 .125 .206
NaS -.163 .100 -.134 .177 .074 .455 -.139 .164 .065 .513 -.037 .712 .256 .010
CECE .691 .000 .623 .000 .052 .592 .093 .344 -.296 .002 -.150 .126 -.118 .231
BS .355 .000 .361 .000 .085 .384 .002 .980 -.231 .018 -.192 .049 .058 .552
Total C   .793 .000 .203 .038 .002 .980 -.389 .000 -.115 .238 -.122 .212
Total N .793 .000   .317 .001 -.073 .456 -.435 .000 -.073 .456 -.037 .706
Total NLOI .203 .038 .317 .001   -.155 .116 -.146 .136 -.021 .828 .215 .029
SO4

2- .002 .980 -.073 .456 -.155 .116   .594 .000 .129 .189 -.230 .019

Soil 
chemistry 
A horizon 

SO4
2-

LOI -.389 .000 -.435 .000 -.146 .136 .594 .000   .158 .106 -.081 .407
LOI -.115 .238 -.073 .456 -.021 .828 .129 .189 .158 .106   -.170 .083
pHH2O -.122 .212 -.037 .706 .215 .029 -.230 .019 -.081 .407 -.170 .083   
pHCaCl2 -.289 .003 -.187 .057 .198 .044 -.157 .112 .041 .676 -.053 .592 .639 .000
HS .002 .987 -.129 .186 -.261 .008 -.093 .340 -.064 .514 -.144 .141 -.319 .001
AlS -.080 .412 -.097 .323 .029 .770 .051 .604 .126 .198 -.052 .592 .018 .854
FeS -.082 .403 -.138 .160 -.260 .008 .128 .192 .126 .198 .136 .165 -.311 .002
MnS .254 .010 .319 .001 .090 .361 -.043 .663 -.196 .046 .112 .255 -.077 .436
CaS .112 .252 .132 .178 .064 .514 .022 .821 -.102 .296 .060 .541 .047 .633
MgS .063 .519 .149 .130 .092 .349 -.098 .319 -.191 .051 .098 .319 .071 .472
KS .156 .112 .254 .009 .155 .114 .040 .682 -.069 .482 -.074 .451 .084 .393
NaS -.164 .097 -.100 .314 .030 .763 -.098 .323 -.013 .893 .085 .393 .143 .149
CECE .274 .005 .217 .027 -.167 .088 .237 .016 -.019 .847 .164 .093 -.386 .000
BS .123 .207 .163 .096 .077 .432 .007 .940 -.117 .232 .058 .553 .044 .657
Total C -.201 .040 -.138 .160 -.001 .993 .098 .315 .167 .088 .633 .000 -.176 .073
Total N -.230 .020 -.141 .154 .049 .621 .075 .451 .157 .111 .638 .000 -.060 .546

Soil 
chemistry 
B1 horizon 

SO4
2- -.207 .034 -.195 .047 -.007 .947 .029 .770 .179 .067 .025 .795 .098 .319
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Table E.4 continued. 
Soil chemistry B1 horizon 

pHCaCl2 HS AlS FeS MnS CaS MgS Explanatory variables 
τ P τ P τ P τ P τ P τ P τ P 

Species .400 .000 -.020 .840 .102 .312 -.189 .061 .064 .527 -.185 .067 .097 .341
Bryophytes .332 .001 -.127 .221 -.033 .747 -.183 .077 .128 .221 -.084 .420 .170 .103Biotic 

variables 
Vascular plants .250 .016 .133 .197 .128 .216 -.094 .360 -.071 .497 -.151 .142 .030 .773
Inclination .025 .801 .002 .987 -.197 .049 -.019 .853 .167 .097 .090 .368 .052 .608
Max inclination .027 .782 -.027 .782 -.229 .020 -.089 .370 .220 .027 .205 .038 .128 .197
Aspect unfavourability .137 .165 .133 .175 .244 .013 .208 .034 -.413 .000 -.233 .017 -.264 .007
Heat index -.223 .024 .014 .887 -.111 .259 .065 .508 .047 .633 .172 .079 -.051 .604
Terrain roughness -.109 .287 .010 .919 -.119 .244 -.053 .600 .272 .008 .106 .299 .137 .179
Sum convexity 1 m2 -.036 .723 .003 .973 .170 .095 .186 .068 -.193 .061 -.164 .107 -.125 .221
Abs convexity 1 m2 .120 .235 -.047 .644 .057 .573 -.043 .668 .019 .853 -.056 .579 .032 .755
Sum convexity 9 m2 -.290 .005 .125 .221 -.003 .980 .139 .174 .044 .666 -.036 .723 -.059 .566

Topography 

Abs convexity 9 m2 -.057 .588 .045 .668 -.069 .509 -.059 .577 .111 .294 .029 .784 -.006 .952
Basal area deciduous .218 .037 -.161 .123 -.111 .286 -.445 .000 .418 .000 .118 .260 .305 .004Tree 

influence Basal area coniferous -.196 .053 .218 .031 .196 .052 .282 .005 -.269 .008 -.164 .103 -.306 .002
Litter depth -.164 .113 .264 .010 .020 .846 .297 .004 -.271 .009 -.040 .697 -.220 .033
Depth O horizon -.116 .244 .324 .001 -.030 .763 .265 .008 -.382 .000 -.034 .731 -.198 .047
Depth A horizon .231 .020 -.006 .953 .241 .014 .170 .085 -.370 .000 -.181 .067 -.325 .001
Moisture 5 cm -.144 .143 -.079 .417 .073 .456 -.164 .093 .209 .034 -.005 .960 .121 .215

Soil 
physical 
variables 

Moisture 10 cm -.148 .132 -.044 .651 .139 .155 .025 .802 .038 .700 -.065 .509 -.029 .770
LOI -.336 .001 .020 .834 -.115 .238 -.065 .509 .260 .008 .132 .175 .077 .432
pHH2O .325 .001 -.125 .203 -.104 .291 -.157 .112 .058 .557 .105 .288 .198 .045
pHCaCl2 .460 .000 -.394 .000 .006 .953 -.254 .010 .064 .519 .081 .412 .234 .017
HS -.313 .001 .339 .001 .051 .598 .333 .001 -.210 .033 -.103 .292 -.316 .001
AlS .161 .101 -.054 .581 .207 .034 .077 .432 -.237 .016 -.208 .033 -.065 .509
FeS -.102 .299 .340 .001 .147 .132 .407 .000 -.404 .000 -.217 .027 -.301 .002
MnS -.060 .541 -.225 .021 -.234 .017 -.419 .000 .651 .000 .246 .012 .393 .000
CaS -.085 .384 -.020 .841 -.206 .035 -.150 .124 .239 .015 .246 .012 .153 .118
MgS -.037 .706 -.194 .047 -.298 .002 -.231 .018 .336 .001 .335 .001 .274 .005
KS .074 .451 -.259 .008 -.098 .315 -.282 .004 .429 .000 .132 .178 .248 .012
NaS .175 .080 -.080 .421 .009 .927 -.001 .993 -.040 .687 .002 .987 -.048 .627
CECE -.300 .002 -.010 .920 -.142 .146 -.100 .307 .237 .016 .179 .067 .102 .296
BS -.074 .451 -.047 .628 -.214 .028 -.165 .091 .267 .007 .260 .008 .178 .069
Total C -.289 .003 .002 .987 -.080 .412 -.082 .403 .254 .010 .112 .252 .063 .519
Total N -.187 .057 -.129 .186 -.097 .323 -.138 .160 .319 .001 .132 .178 .149 .130
Total NLOI .198 .044 -.261 .008 .029 .770 -.260 .008 .090 .361 .064 .514 .092 .349
SO4

2- -.157 .112 -.093 .340 .051 .604 .128 .192 -.043 .663 .022 .821 -.098 .319

Soil 
chemistry 
A horizon 

SO4
2-

LOI .041 .676 -.064 .514 .126 .198 .126 .198 -.196 .046 -.102 .296 -.191 .051
LOI -.053 .592 -.144 .141 -.052 .592 .136 .165 .112 .255 .060 .541 .098 .319
pHH2O .639 .000 -.319 .001 .018 .854 -.311 .002 -.077 .436 .047 .633 .071 .472
pHCaCl2   -.326 .001 .080 .417 -.221 .024 -.109 .269 -.026 .789 .054 .586
HS -.326 .001   -.071 .467 .228 .020 -.101 .303 -.134 .170 -.144 .141
AlS .080 .417 -.071 .467   .156 .110 -.329 .001 -.689 .000 -.441 .000
FeS -.221 .024 .228 .020 .156 .110   -.372 .000 -.247 .012 -.324 .001
MnS -.109 .269 -.101 .303 -.329 .001 -.372 .000   .288 .003 .444 .000
CaS -.026 .789 -.134 .170 -.689 .000 -.247 .012 .288 .003   .381 .000
MgS .054 .586 -.144 .141 -.441 .000 -.324 .001 .444 .000 .381 .000   
KS .055 .575 -.240 .014 -.273 .005 -.360 .000 .391 .000 .305 .002 .376 .000
NaS .235 .018 -.140 .157 -.026 .795 .069 .487 -.007 .946 -.030 .763 .151 .127
CECE -.627 .000 .057 .558 -.103 .292 .077 .432 .124 .209 .148 .130 -.001 .993
BS -.038 .700 -.160 .101 -.720 .000 -.284 .004 .340 .001 .887 .000 .477 .000
Total C -.012 .900 -.025 .795 -.020 .834 .159 .103 -.044 .657 .028 .776 .069 .482
Total N .083 .407 -.127 .200 -.107 .280 .110 .265 -.012 .907 .123 .215 .138 .164

Soil 
chemistry 
B1 horizon 

SO4
2- .278 .005 -.008 .933 .164 .094 .252 .010 -.256 .009 -.210 .032 -.101 .303
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Table E.4 continued. 
Soil chemistry B1 horizon 

KS NaS CECE BS Total C Total N SO4
2- Explanatory variables 

τ P τ P τ P τ P τ P τ P τ P 
Species -.044 .661 .060 .560 -.383 .000 -.175 .084 -.039 .698 .001 .993 .157 .121
Bryophytes .003 .980 .109 .299 -.283 .006 -.082 .429 .039 .709 .118 .261 .078 .455

Biotic 
variables 

Vascular plants -.065 .530 -.010 .926 -.349 .001 -.139 .177 -.018 .859 -.009 .932 .165 .111
Inclination .111 .267 -.109 .281 -.051 .614 .068 .496 -.072 .470 -.011 .913 .036 .718
Max inclination .051 .609 -.063 .529 .022 .828 .197 .046 -.019 .847 .054 .591 -.053 .592
Aspect unfavourability -.263 .007 .001 .993 -.229 .020 -.269 .006 -.088 .366 -.141 .154 .226 .021
Heat index .067 .498 -.197 .048 .195 .046 .146 .136 -.301 .002 -.240 .016 -.224 .023
Terrain roughness .150 .141 .010 .926 .117 .251 .123 .227 -.062 .543 -.029 .780 -.036 .723
Sum convexity 1 m2 -.039 .704 .044 .672 .028 .781 -.171 .093 -.100 .327 -.085 .412 .192 .060
Abs convexity 1 m2 .051 .614 -.144 .159 -.031 .762 -.058 .567 .014 .893 .048 .637 .078 .439
Sum convexity 9 m2 -.026 .800 -.019 .852 .238 .020 -.050 .624 .020 .846 .027 .793 -.202 .048

Topography 

Abs convexity 9 m2 .085 .420 -.016 .884 .122 .243 .018 .864 -.159 .129 -.177 .095 -.052 .618
Basal area deciduous .274 .009 .000 1.000 -.169 .105 .148 .157 -.070 .500 .018 .864 -.108 .302Tree 

influence Basal area coniferous -.296 .003 -.080 .433 .075 .459 -.202 .045 .003 .980 -.132 .195 .076 .454
Litter depth -.186 .071 -.094 .369 .079 .446 -.075 .466 .074 .472 -.038 .715 .115 .264
Depth O horizon -.265 .008 .049 .626 .009 .926 -.079 .426 -.063 .524 -.096 .343 .130 .194
Depth A horizon -.170 .084 -.017 .867 -.184 .062 -.230 .019 -.101 .307 -.149 .135 .138 .162
Moisture 5 cm .126 .200 .002 .987 .187 .056 .038 .700 .009 .927 -.021 .834 -.118 .228

Soil 
physical 
variables 

Moisture 10 cm .033 .738 -.017 .867 .173 .078 -.037 .707 .128 .192 .065 .513 -.006 .953
LOI .186 .058 -.172 .083 .348 .000 .147 .132 -.215 .028 -.223 .024 -.239 .015
pHH2O .045 .651 .083 .406 -.233 .018 .105 .288 .094 .340 .191 .056 .042 .669
pHCaCl2 .141 .152 .154 .123 -.306 .002 .109 .269 .123 .212 .237 .017 .087 .375
HS -.243 .013 -.097 .327 .165 .091 -.147 .132 -.011 .913 -.097 .327 .072 .462
AlS .005 .960 .283 .004 -.146 .134 -.184 .060 .340 .001 .272 .006 .206 .036
FeS -.247 .012 .108 .276 .004 .967 -.234 .016 .062 .525 -.021 .834 .212 .030
MnS .385 .000 -.139 .162 .061 .536 .305 .002 -.111 .259 -.043 .663 -.235 .017
CaS .049 .616 -.267 .007 .114 .245 .234 .016 -.309 .002 -.244 .014 -.196 .046
MgS .271 .006 -.187 .059 .085 .384 .330 .001 -.192 .049 -.107 .280 -.131 .181
KS .288 .003 -.044 .657 .083 .398 .171 .080 -.074 .451 .002 .987 -.206 .036
NaS .014 .887 .188 .061 -.177 .075 -.017 .867 .016 .873 .063 .534 .126 .205
CECE .138 .160 -.217 .028 .344 .000 .184 .060 -.269 .006 -.267 .007 -.283 .004
BS .080 .412 -.250 .011 .112 .252 .252 .010 -.294 .003 -.220 .026 -.194 .047
Total C .156 .112 -.164 .097 .274 .005 .123 .207 -.201 .040 -.230 .020 -.207 .034
Total N .254 .009 -.100 .314 .217 .027 .163 .096 -.138 .160 -.141 .154 -.195 .047
Total NLOI .155 .114 .030 .763 -.167 .088 .077 .432 -.001 .993 .049 .621 -.007 .947
SO4

2- .040 .682 -.098 .323 .237 .016 .007 .940 .098 .315 .075 .451 .029 .770

Soil 
chemistry 
A horizon 

SO4
2-

LOI -.069 .482 -.013 .893 -.019 .847 -.117 .232 .167 .088 .157 .111 .179 .067
LOI -.074 .451 .085 .393 .164 .093 .058 .553 .633 .000 .638 .000 .025 .795
pHH2O .084 .393 .143 .149 -.386 .000 .044 .657 -.176 .073 -.060 .546 .098 .319
pHCaCl2 .055 .575 .235 .018 -.627 .000 -.038 .700 -.012 .900 .083 .407 .278 .005
HS -.240 .014 -.140 .157 .057 .558 -.160 .101 -.025 .795 -.127 .200 -.008 .933
AlS -.273 .005 -.026 .795 -.103 .292 -.720 .000 -.020 .834 -.107 .280 .164 .094
FeS -.360 .000 .069 .487 .077 .432 -.284 .004 .159 .103 .110 .265 .252 .010
MnS .391 .000 -.007 .946 .124 .209 .340 .001 -.044 .657 -.012 .907 -.256 .009
CaS .305 .002 -.030 .763 .148 .130 .887 .000 .028 .776 .123 .215 -.210 .032
MgS .376 .000 .151 .127 -.001 .993 .477 .000 .069 .482 .138 .164 -.101 .303
KS   .157 .113 -.029 .763 .400 .000 -.065 .509 -.011 .913 -.028 .776
NaS .157 .113   -.283 .004 .020 .841 .173 .080 .211 .035 .244 .014
CECE -.029 .763 -.283 .004   .153 .118 .003 .973 -.028 .776 -.361 .000
BS .400 .000 .020 .841 .153 .118   .033 .738 .126 .203 -.201 .040
Total C -.065 .509 .173 .080 .003 .973 .033 .738   .815 .000 .120 .222
Total N -.011 .913 .211 .035 -.028 .776 .126 .203 .815 .000   .076 .446

Soil 
chemistry 
B1 horizon 

SO4
2- -.028 .776 .244 .014 -.361 .000 -.201 .040 .120 .222 .076 .446   
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Table E.5: Kendall’s nonparametric correlation coefficients τ from correlation of 69 explanatory variables in the 
20 intensive mesoplots, and their significance probabilities. Correlations significant at level P<0.01 in bold face, 
at level P<0.05 in italic face. Variable designations are in accordance with table 5.1. 

Soil chemistry B2 horizon 
LOI pHH2O pHCaCl2 HS AlS FeS MnS CaS Explanatory variables 

τ P τ P τ P τ P τ P τ P τ P τ P 
Species .133 .430 .068 .691 .313 .065 -.011 .948 .055 .742 -.011 .947 .106 .531 -.111 .511
Bryophytes -.011 .947 .053 .763 .046 .790 .109 .527 .057 .739 .012 .947 .035 .841 .000 1.000

Biotic 
variables 

Vascular plants .221 .202 .101 .566 .299 .087 .169 .330 .070 .687 -.082 .638 .153 .382 -.186 .283
Inclination -.081 .625 .149 .376 .267 .109 .054 .744 -.027 .870 -.016 .922 -.082 .624 -.049 .769
Max inclination -.216 .183 -.383 .020 -.069 .672 -.127 .436 .079 .626 .069 .673 .197 .229 -.058 .721
Aspect unfavourability .011 .948 .344 .037 .511 .002 .058 .721 .021 .897 .190 .242 -.426 .009 -.063 .697
Heat index .047 .770 .210 .203 .219 .182 -.011 .948 -.005 .974 .186 .255 -.293 .074 -.005 .974
Terrain roughness .224 .187 .160 .353 .091 .597 -.006 .974 .190 .262 -.298 .080 .413 .016 -.257 .129
Sum convexity 1 m2 -.011 .948 .274 .107 .133 .431 -.148 .377 .033 .844 .198 .238 -.431 .011 .000 1.000
Abs convexity 1 m2 .039 .818 -.141 .409 .072 .668 .055 .742 .072 .669 .150 .374 -.139 .410 -.182 .278
Sum convexity 9 m2 -.028 .869 -.258 .135 -.227 .185 -.428 .012 .185 .275 .141 .408 .028 .868 .028 .869

Topography 

Abs convexity 9 m2 -.065 .710 -.205 .248 .203 .249 -.130 .457 .230 .187 -.018 .919 -.167 .343 -.195 .264
Basal area deciduous -.011 .947 -.237 .172 -.321 .063 .057 .740 -.170 .320 -.159 .353 .492 .004 .136 .426Tree 

influence Basal area coniferous .363 .032 .405 .019 .282 .098 -.056 .741 -.151 .373 .118 .488 -.209 .221 .140 .410
Litter depth -.142 .407 -.163 .351 .270 .119 -.091 .596 -.063 .715 .337 .050 -.069 .690 .074 .667
Depth O horizon .176 .283 .098 .556 .566 .001 -.096 .558 -.059 .720 .241 .143 -.361 .029 .101 .537
Depth A horizon -.164 .314 .059 .720 .283 .085 .074 .649 .037 .820 .271 .097 -.539 .001 -.142 .381
Moisture 5 cm .116 .475 -.086 .602 -.415 .011 .005 .974 .168 .299 -.180 .269 .340 .037 -.084 .604

Soil 
physical 
variables 

Moisture 10 cm .147 .364 .054 .744 -.404 .013 .079 .626 .158 .330 -.201 .217 .223 .172 -.053 .746
LOI -.185 .256 .005 .974 -.144 .380 .243 .135 .142 .381 .027 .871 -.016 .922 -.164 .314
pHH2O .032 .845 .184 .267 -.364 .027 .005 .974 -.053 .745 -.255 .119 .107 .515 .138 .398
pHCaCl2 -.016 .922 .135 .414 -.421 .010 .169 .299 -.037 .820 -.271 .097 .197 .229 -.005 .974
HS .200 .218 .065 .695 .500 .002 -.237 .144 -.042 .795 .328 .044 -.213 .193 .084 .604
AlS .179 .270 -.022 .896 -.255 .119 -.100 .537 .147 .364 -.159 .330 .160 .329 -.021 .897
FeS .305 .060 .065 .695 .351 .032 -.269 .098 .105 .516 .370 .023 -.255 .119 .042 .795
MnS -.101 .537 -.146 .378 -.434 .008 .096 .558 -.143 .380 -.208 .205 .520 .002 .027 .871
CaS -.263 .105 .065 .695 .096 .558 .142 .381 -.147 .364 .053 .745 -.096 .558 .063 .697
MgS -.074 .650 -.043 .794 -.011 .948 .248 .127 -.274 .092 -.032 .845 .053 .745 .126 .436
KS -.105 .516 .129 .434 -.213 .193 .195 .230 .221 .173 -.243 .135 .160 .329 -.347 .032
NaS .434 .008 .162 .327 .118 .474 -.090 .581 .021 .897 .096 .558 -.021 .896 .085 .603
CECE -.326 .044 -.129 .434 -.234 .153 .227 .163 .063 .697 .042 .795 -.011 .948 -.063 .697
BS -.242 .136 .097 .557 .032 .845 .185 .256 -.105 .516 .011 .948 -.096 .558 .063 .697
Total C -.137 .399 -.075 .648 -.160 .329 .396 .015 .042 .795 -.021 .897 .032 .845 -.147 .364
Total N -.132 .417 -.049 .769 -.197 .229 .339 .038 .079 .626 -.069 .673 .069 .672 -.164 .314
Total NLOI .164 .314 .016 .922 -.080 .626 .455 .005 -.069 .673 -.186 .255 .219 .182 -.037 .820
SO4

2- -.138 .398 -.270 .102 -.289 .079 -.143 .380 -.116 .475 .128 .435 -.107 .515 .190 .242

Soil 
chemistry 
A horizon 

SO4
2-

LOI .000 1.000 -.161 .328 -.213 .193 -.280 .085 -.137 .399 .095 .559 -.021 .897 .263 .105
LOI .189 .243 -.108 .514 -.309 .059 -.058 .721 .179 .270 -.201 .217 .383 .019 -.053 .746
pHH2O .106 .516 .370 .026 .247 .134 .197 .229 -.181 .269 -.011 .948 -.247 .134 .106 .516
pHCaCl2 .106 .516 .378 .022 .150 .362 .164 .314 -.021 .897 -.202 .217 -.096 .558 -.095 .559
HS -.063 .697 -.183 .267 .234 .153 -.185 .256 .053 .746 .180 .269 .021 .897 .053 .746
AlS -.105 .516 .086 .602 .011 .948 .079 .626 .221 .173 .180 .269 -.319 .051 -.326 .044
FeS -.042 .795 .215 .192 .277 .091 .026 .871 .137 .399 .423 .009 -.394 .016 -.074 .650
MnS .021 .896 -.186 .266 -.259 .117 .048 .769 .064 .696 -.333 .043 .773 .000 -.064 .696
CaS .105 .516 -.054 .744 -.149 .363 .016 .922 -.263 .105 -.265 .104 .351 .032 .305 .060
MgS .069 .673 -.016 .922 -.231 .161 -.032 .845 .058 .721 -.389 .018 .584 .000 -.016 .922
KS .047 .770 .092 .579 -.133 .416 .000 1.000 .047 .770 -.387 .018 .336 .040 -.153 .347
NaS .027 .871 .266 .109 .038 .820 .043 .795 .239 .144 -.101 .537 .113 .494 -.260 .111
CECE .042 .795 -.333 .043 -.213 .193 -.164 .314 -.032 .846 .222 .173 -.117 .474 .179 .270
BS .095 .559 -.054 .744 -.202 .217 .005 .974 -.211 .194 -.317 .051 .447 .006 .253 .119
Total C .189 .243 -.204 .215 -.383 .019 -.142 .381 .053 .746 -.180 .269 .447 .006 .011 .948
Total N .187 .255 -.093 .578 -.394 .017 -.064 .696 .048 .770 -.220 .182 .404 .014 .101 .536

Soil 
chemistry 
B1 horizon 

SO4
2- .296 .069 .508 .002 .492 .003 -.058 .721 .063 .697 .106 .516 -.139 .397 -.085 .603
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Table E.5 continued. 
Soil chemistry B2 horizon 

MgS KS NaS CECE BS Total C Total N SO4
2- Explanatory variables 

τ P τ P τ P τ P τ P τ P τ P τ P 
Species -.145 .392 .017 .921 .194 .249 -.128 .449 -.111 .511 .178 .292 .053 .762 .216 .199
Bryophytes -.254 .143 -.075 .665 -.040 .816 -.017 .920 -.046 .790 .000 1 000 -.068 .708 .230 .183

Biotic 
variables 

Vascular plants .035 .840 .111 .524 .425 .014 -.250 .149 -.139 .421 .175 .314 .175 .337 -.006 .973
Inclination -.049 .769 .141 .396 .043 .794 -.357 .031 -.016 .922 .190 .253 .064 .714 .195 .240
Max inclination .090 .581 -.032 .845 -.212 .194 .011 .948 -.037 .820 -.133 .417 -.006 .974 .074 .649
Aspect 
unfavourability -.032 .845 -.047 .770 .459 .005 -.427 .009 -.063 .697 .243 .135 -.017 .921 .301 .064
Heat index -.069 .673 -.042 .795 .212 .194 -.212 .194 -.047 .770 .218 .183 .000 1 000 .127 .436
Terrain roughness -.203 .234 .410 .016 -.084 .620 -.062 .716 -.224 .187 .191 .261 .324 .069 -.241 .156
Sum convexity 1 m2 -.055 .743 -.027 .870 .137 .413 -.280 .095 -.055 .743 .165 .326 .029 .867 .126 .451
Abs convexity 1 m2 -.017 .921 .022 .895 .221 .188 -.122 .469 -.105 .532 .161 .340 .148 .401 .033 .844
Sum convexity 9 m2 -.192 .261 -.349 .040 -.383 .025 .383 .025 -.107 .530 .096 .574 .066 .710 -.146 .390

Topography 

Abs convexity 9 m2 -.214 .223 -.385 .028 -.166 .343 .012 .946 -.218 .211 .089 .612 .101 .581 .320 .068
Basal area 
deciduous .382 .026 .256 .136 -.131 .446 .187 .274 .227 .185 -.171 .320 -.067 .710 -.176 .304Tree 

influence Basal area 
coniferous .056 .741 .101 .552 .224 .187 -.224 .187 .106 .531 .398 .019 .335 .059 -.011 .947
Litter depth .200 .246 -.142 .407 .217 .208 -.160 .353 .040 .817 .006 .974 -.067 .710 .091 .596
Depth O horizon -.102 .536 -.299 .068 .321 .051 -.289 .079 .037 .820 .338 .040 .172 .318 .289 .079
Depth A horizon .027 .871 -.190 .242 .317 .051 -.275 .091 -.037 .820 .037 .820 -.159 .353 .265 .104
Moisture 5 cm -.222 .173 .132 .417 -.248 .127 .438 .007 -.105 .516 -.180 .269 -.006 .974 -.406 .012

Soil 
physical 
variables 

Moisture 10 cm -.254 .119 .164 .314 -.237 .144 .364 .025 -.074 .650 -.127 .436 -.006 .974 -.364 .025
LOI -.080 .626 -.063 .697 -.148 .363 .000 1 000 -.164 .314 -.228 .162 -.040 .816 -.021 .897
pHH2O -.043 .795 .249 .127 -.313 .055 .133 .417 .074 .649 -.032 .845 .028 .868 -.207 .205
pHCaCl2 -.005 .974 .296 .069 -.190 .242 .148 .363 .016 .922 -.164 .314 -.045 .791 -.243 .135
HS -.021 .897 -.216 .183 .185 .256 -.132 .417 .042 .795 .370 .023 .299 .079 .248 .127
AlS -.190 .242 .005 .974 -.100 .537 .354 .030 -.063 .697 -.063 .697 .040 .816 -.280 .085
FeS -.159 .330 -.280 .085 .227 .163 -.026 .871 -.042 .795 .349 .032 .322 .059 .016 .922
MnS .325 .047 .351 .032 -.170 .298 .181 .269 .133 .417 -.133 .416 .023 .894 -.245 .135
CaS .159 .330 .079 .626 .016 .922 -.332 .041 .084 .604 -.063 .697 -.152 .370 .237 .144
MgS .296 .069 .216 .183 .153 .347 -.206 .206 .168 .299 .106 .516 .107 .528 .047 .770
KS -.085 .603 .269 .098 -.174 .284 .047 .770 -.305 .060 -.169 .299 .017 .921 -.153 .347
NaS -.096 .558 .005 .974 .154 .346 .080 .626 .000 1 000 .372 .023 .403 .018 -.058 .721
CECE .000 1 000 -.142 .381 -.164 .314 -.026 .871 -.063 .697 -.349 .032 -.175 .304 .005 .974
BS .095 .559 .142 .381 -.026 .871 -.332 .041 .084 .604 -.053 .745 -.085 .619 .195 .230
Total C -.042 .795 .026 .871 -.016 .922 -.047 .770 -.126 .436 -.180 .269 .017 .921 -.058 .721
Total N -.048 .770 .074 .649 -.074 .649 -.011 .948 -.142 .381 -.175 .284 .023 .894 -.085 .603
Total NLOI .069 .673 .148 .363 .159 .330 -.106 .516 -.037 .820 .069 .673 .238 .163 -.201 .217
SO4

2- .074 .649 -.154 .346 -.154 .346 .218 .183 .190 .242 -.234 .153 -.176 .303 -.090 .581

Soil 
chemistry 
A horizon 

SO4
2-

LOI .074 .649 -.111 .495 -.132 .417 .227 .163 .242 .136 -.085 .603 -.152 .370 -.164 .314
LOI -.180 .269 -.037 .820 -.406 .012 .470 .004 -.158 .330 -.074 .649 .254 .135 -.396 .015
pHH2O .171 .298 .091 .580 .400 .015 -.432 .008 .096 .558 .225 .172 .051 .765 .091 .580
pHCaCl2 .000 1 000 .292 .074 .260 .111 -.440 .007 -.021 .897 .234 .153 .119 .486 -.005 .974
HS -.063 .697 -.121 .455 .005 .974 -.016 .922 .032 .846 .095 .559 .040 .816 .174 .284
AlS -.180 .269 -.058 .721 .174 .284 -.100 .537 -.242 .136 -.148 .363 -.243 .154 .100 .537
FeS -.243 .135 -.269 .098 .111 .495 -.121 .455 -.158 .330 .074 .649 -.062 .715 .269 .098
MnS .151 .362 .306 .063 -.273 .097 .220 .182 -.053 .745 -.183 .268 .109 .527 -.177 .283
CaS .233 .153 .142 .381 -.132 .417 .079 .626 .263 .105 .074 .649 .164 .336 -.164 .314
MgS .027 .871 .255 .119 -.245 .135 .213 .193 -.058 .721 -.016 .922 .091 .595 -.351 .032
KS .080 .626 .444 .006 -.085 .603 .000 1 000 -.047 .770 -.090 .581 .091 .595 -.275 .091
NaS -.144 .380 .106 .516 -.043 .795 .032 .845 -.281 .085 -.101 .537 .040 .816 .011 .948
CECE -.053 .745 -.406 .012 -.237 .144 .501 .002 .095 .559 -.085 .603 -.040 .816 -.142 .381
BS .222 .173 .216 .183 -.121 .455 .111 .495 .211 .194 .042 .795 .141 .407 -.237 .144
Total C .011 .948 .037 .820 -.385 .018 .544 .001 -.011 .948 -.074 .649 .254 .135 -.459 .005
Total N -.048 .769 .032 .845 -.406 .013 .460 .005 -.005 .974 -.005 .974 .263 .126 -.481 .003

Soil 
chemistry 
B1 horizon 

SO4
2- -.011 .948 .239 .144 .228 .162 -.419 .010 -.085 .603 .330 .044 .369 .031 .111 .495
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Table E.5 continued. 
Soil chemistry B2 horizon 

LOI pHH2O pHCaCl2 HS AlS FeS MnS CaS Explanatory variables 
τ P τ P τ P τ P τ P τ P τ P τ P 

LOI   .280 .090 .160 .329 -.206 .206 -.147 .364 -.095 .559 .117 .474 .253 .119
pHH2O .280 .090   .337 .043 .049 .769 .108 .514 -.108 .514 -.130 .433 -.075 .648
pHCaCl2 .160 .329 .337 .043   .069 .672 .064 .696 .043 .795 -.188 .254 -.085 .603
HS -.206 .206 .049 .769 .069 .672   -.111 .495 -.080 .626 .016 .922 -.121 .455
AlS -.147 .364 .108 .514 .064 .696 -.111 .495   -.233 .153 .074 .649 -.705 .000
FeS -.095 .559 -.108 .514 .043 .795 -.080 .626 -.233 .153   -.439 .008 .148 .363
MnS .117 .474 -.130 .433 -.188 .254 .016 .922 .074 .649 -.439 .008   -.043 .795
CaS .253 .119 -.075 .648 -.085 .603 -.121 .455 -.705 .000 .148 .363 -.043 .795   
MgS -.032 .845 -.141 .396 -.053 .745 .175 .284 -.624 .000 .191 .242 .102 .536 .413 .011
KS .111 .495 .329 .046 -.059 .720 .053 .745 -.058 .721 -.292 .074 .379 .021 -.005 .974
NaS .005 .974 .113 .493 .336 .040 .339 .038 -.206 .206 .239 .144 -.208 .205 .058 .721
CECE .153 .347 -.350 .034 -.507 .002 -.370 .023 .005 .974 .027 .871 .208 .205 .100 .537
BS .168 .299 -.118 .473 -.128 .435 -.058 .721 -.832 .000 .212 .194 -.117 .474 .832 .000
Total C .614 .000 .292 .078 .246 .134 -.292 .074 -.159 .330 .032 .845 -.021 .896 .265 .104
Total N .706 .000 .219 .205 .171 .319 -.215 .207 -.040 .816 -.040 .816 .177 .303 .119 .486

Soil 
chemistry 
B2 horizon 

SO4
2- -.343 .035 -.038 .819 .421 .010 .116 .475 -.016 .922 .292 .074 -.379 .021 -.111 .495

 
Table E.5 continued. 

Soil chemistry B2 horizon 
MgS KS NaS CECE BS Total C Total N SO4

2- Esplanatory variables 
τ P τ P τ P τ P τ P τ P τ P τ P 

LOI -.032 .845 .111 .495 .005 .974 .153 .347 .168 .299 .614 .000 .706 .000 -.343 .035
pHH2O -.141 .396 .329 .046 .113 .493 -.350 .034 -.118 .473 .292 .078 .219 .205 -.038 .819
pHCaCl2 -.053 .745 -.059 .720 .336 .040 -.507 .002 -.128 .435 .246 .134 .171 .319 .421 .010
HS .175 .284 .053 .745 .339 .038 -.370 .023 -.058 .721 -.292 .074 -.215 .207 .116 .475
AlS -.624 .000 -.058 .721 -.206 .206 .005 .974 -.832 .000 -.159 .330 -.040 .816 -.016 .922
FeS .191 .242 -.292 .074 .239 .144 .027 .871 .212 .194 .032 .845 -.040 .816 .292 .074
MnS .102 .536 .379 .021 -.208 .205 .208 .205 -.117 .474 -.021 .896 .177 .303 -.379 .021
CaS .413 .011 -.005 .974 .058 .721 .100 .537 .832 .000 .265 .104 .119 .486 -.111 .495
MgS   .143 .380 .281 .085 -.175 .284 .550 .001 -.053 .745 -.023 .894 .090 .581
KS .143 .380   .095 .559 -.222 .173 .079 .626 .058 .721 .164 .336 -.243 .135
NaS .281 .085 .095 .559   -.519 .001 .100 .537 .101 .537 -.057 .740 .233 .153
CECE -.175 .284 -.222 .173 -.519 .001   .079 .626 -.005 .974 .045 .791 -.434 .008
BS .550 .001 .079 .626 .100 .537 .079 .626   .159 .330 .017 .921 -.047 .770
Total C -.053 .745 .058 .721 .101 .537 -.005 .974 .159 .330   .642 .000 -.218 .183
Total N -.023 .894 .164 .336 -.057 .740 .045 .791 .017 .921 .642 .000   -.294 .084

Soil 
chemistry 
B2 horizon 

SO4
2- .090 .581 -.243 .135 .233 .153 -.434 .008 -.047 .770 -.218 .183 -.294 .084   
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Table E.6: Subplot frequency for vascular plant species in the 50 mesoplots (T. Økland et al., 
unpublished data). 
Meso-
plot 

Ardisia 
japonica 

Athyrium 
epirachis 

Camellia 
brevistyla 

Carex 
fillicina 

Carex 
henryi 

Castanea 
sequinii 

Cayratia 
japonica 

Cunning-
hamia 

lanceo-
lata 

Deye-
uxia 

effuse-
flora 

Dicranop-
teris 

pedata 

1 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 1 0 0 
3 0 0 1 0 0 0 0 0 0 0 
4 5 0 12 0 0 0 0 0 0 0 
5 0 0 6 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 0 0 0 
7 0 0 0 0 0 0 0 0 0 0 
8 0 0 1 0 0 0 0 0 0 0 
9 0 0 0 0 0 0 0 0 0 0 

10 0 0 1 0 0 0 0 0 0 0 
11 0 0 5 0 0 0 0 0 0 0 
12 0 0 8 0 0 0 0 0 0 0 
13 0 0 15 0 0 0 0 0 0 0 
14 0 0 6 0 0 0 0 0 0 0 
15 0 0 2 0 0 0 0 0 0 0 
16 0 0 0 0 0 0 0 0 0 0 
17 0 0 2 0 0 0 0 0 0 0 
18 0 0 7 0 0 0 8 0 0 0 
19 0 0 0 0 0 0 0 0 0 0 
20 0 0 7 0 0 0 0 0 0 0 
21 0 0 4 0 0 0 0 0 0 0 
22 0 0 4 0 0 0 0 0 0 0 
23 0 0 0 3 0 0 2 0 0 0 
24 0 7 4 0 0 0 2 0 3 0 
25 0 0 0 0 0 0 0 0 0 0 
26 0 0 15 0 0 0 0 0 0 0 
27 0 0 12 0 0 0 0 0 0 0 
28 0 0 5 4 0 0 0 0 0 0 
29 0 0 14 0 0 0 0 0 0 0 
30 0 0 2 0 0 0 0 0 0 0 
31 0 0 0 0 0 0 0 0 0 0 
32 0 0 0 0 0 8 0 0 0 0 
33 0 0 0 0 0 0 0 0 0 0 
34 0 0 0 0 0 0 0 0 0 0 
35 0 0 0 0 2 0 0 0 0 0 
36 0 0 0 0 0 0 1 0 0 0 
37 0 0 0 0 0 6 0 0 0 0 
38 0 3 0 0 0 0 0 0 0 0 
39 1 0 0 0 0 6 1 0 0 0 
40 0 0 0 0 0 0 0 0 0 0 
41 4 0 0 0 0 3 0 0 0 0 
42 13 0 0 0 0 0 0 0 0 0 
43 10 0 0 0 0 0 0 0 0 0 
44 4 0 0 0 0 0 0 0 0 0 
45 2 0 0 0 0 3 0 0 0 0 
46 0 0 0 0 0 0 0 0 0 7 
47 0 0 0 0 0 11 0 2 0 9 
48 0 0 0 0 0 13 0 0 0 8 
49 0 0 0 0 0 8 0 0 0 6 
50 0 0 0 0 0 2 0 0 0 0 
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Table E.6 continued. 
Meso-
plot 

Diosorea 
japonica 

Diospyros 
kaki var. 

sylvestris 

Dryop-
teris 

erythro-
sora 

Eurya 
semi-

serraea 

Ficus 
gaspar-
riniana 

var. 
lacerattolia 

Gaulthelia 
leuocarpa 

var. 
crenulata 

Hydran-
gea 

davidii 

Hydran-
gea 

pani-
culata 

Litsea 
cubeba 

Litsea 
pun- 
gens 

1 0 0 0 0 0 0 0 0 0 0 
2 0 0 3 0 0 0 0 0 0 0 
3 0 0 1 0 0 0 0 0 0 0 
4 0 0 4 0 0 0 0 0 0 0 
5 0 0 2 0 0 0 0 0 0 0 
6 0 0 2 0 0 0 0 0 0 2 
7 0 0 2 0 0 0 0 0 0 0 
8 0 0 0 0 0 0 0 0 0 0 
9 0 0 0 0 0 0 0 0 0 1 

10 0 0 0 0 0 0 0 0 0 0 
11 0 0 0 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 0 0 0 
13 0 0 0 0 0 0 0 0 0 15 
14 0 0 0 0 0 0 0 0 0 0 
15 0 0 0 0 0 0 0 0 0 0 
16 0 0 10 0 0 0 2 0 0 0 
17 0 0 15 0 0 0 5 0 0 0 
18 0 0 16 0 2 0 0 0 0 0 
19 0 0 0 0 0 0 4 0 0 0 
20 0 0 14 0 0 0 5 0 0 0 
21 0 0 0 0 0 0 0 0 0 0 
22 0 0 5 0 0 0 0 0 0 0 
23 6 0 0 0 0 0 0 0 0 0 
24 0 0 0 0 0 0 0 0 0 0 
25 0 0 0 0 0 0 0 0 0 0 
26 0 0 8 0 0 0 0 5 0 0 
27 0 0 10 0 0 0 2 0 0 0 
28 0 0 2 0 0 0 0 1 0 0 
29 0 0 4 0 0 0 0 1 0 0 
30 0 0 0 0 0 0 0 0 0 0 
31 0 0 0 0 0 0 0 0 0 0 
32 0 0 0 0 0 0 0 0 0 0 
33 0 0 0 0 0 0 0 0 0 0 
34 0 0 0 0 0 0 0 0 0 0 
35 0 0 0 0 0 0 0 0 0 0 
36 0 0 0 0 0 0 0 0 0 0 
37 0 0 0 0 0 0 0 0 0 0 
38 0 0 11 0 0 0 0 0 0 0 
39 0 0 0 0 0 0 0 0 0 0 
40 0 0 1 0 0 0 0 0 0 0 
41 0 0 0 0 0 0 0 0 0 0 
42 0 0 3 0 0 0 0 0 0 0 
43 0 0 0 0 0 0 0 0 0 0 
44 0 0 0 0 0 0 0 0 0 0 
45 0 0 0 1 0 0 0 0 0 0 
46 0 4 0 0 0 0 0 0 0 0 
47 0 0 0 0 0 0 0 0 0 0 
48 0 0 0 0 0 0 0 0 2 0 
49 0 0 0 0 0 0 0 0 1 0 
50 0 0 0 12 0 6 0 0 0 0 
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Table E.6 continued. 
Meso-
plot 

Liriope 
spicata 

Lophat-
herum 
gracile 

Lyonia 
ovalifolia 

Lysi-
machia 

tri-
netaloides 

Mis-
canthus 
sinensis 

Oplis-
menus 

compositus 

Parathe-
lypteris 

glandulifera 

Parathe-
lypteris 

japonicus 

Partheno-
cissus 

himalay-
ana 

1 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 7 0 
5 0 0 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 0 0 
7 0 0 0 0 3 0 0 0 1 
8 0 0 0 0 0 2 0 0 0 
9 0 0 0 0 0 0 0 0 0 

10 0 0 0 0 0 0 0 0 0 
11 0 0 0 0 0 0 0 0 0 
12 3 0 0 0 0 0 0 0 0 
13 0 0 0 0 0 0 0 0 0 
14 0 0 0 0 0 0 0 0 0 
15 0 0 0 0 0 0 0 0 0 
16 0 0 0 0 0 0 0 0 0 
17 0 0 0 0 0 0 0 0 0 
18 0 0 0 11 0 5 0 1 0 
19 0 0 0 0 0 0 0 5 0 
20 0 0 0 3 0 0 0 4 0 
21 0 0 0 0 2 0 0 0 0 
22 0 0 0 0 0 0 0 0 10 
23 0 0 0 0 0 0 0 0 0 
24 0 0 0 0 1 0 0 0 0 
25 0 0 0 0 0 0 0 0 0 
26 0 0 0 0 0 10 0 0 0 
27 0 1 0 0 0 7 0 0 0 
28 0 0 0 0 0 15 0 12 0 
29 0 0 0 0 0 0 0 0 1 
30 0 0 0 0 6 14 0 0 0 
31 0 0 0 0 16 1 0 0 0 
32 0 0 0 0 5 0 0 0 0 
33 0 0 2 0 10 0 0 0 0 
34 0 0 0 0 0 6 0 0 2 
35 0 0 0 0 0 10 0 0 0 
36 0 0 0 0 4 0 0 2 0 
37 0 0 0 0 0 0 0 0 0 
38 0 0 0 0 8 0 0 2 0 
39 0 0 0 0 0 0 0 0 0 
40 0 0 0 0 0 0 0 0 0 
41 0 0 0 0 0 0 4 0 0 
42 0 0 0 0 0 0 0 0 0 
43 0 0 0 0 1 5 0 0 0 
44 0 0 0 0 8 0 0 0 0 
45 0 0 0 0 0 0 0 0 0 
46 0 0 0 0 2 0 0 0 0 
47 0 0 0 0 11 0 0 0 0 
48 0 0 0 0 15 0 0 0 0 
49 0 0 0 0 0 0 0 0 0 
50 0 0 0 0 6 0 0 3 8 
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Table E.6 continued. 
Meso-
plot 

Pinus 
massoni-

ama 

Plagio-
gyria 
euph-
lebia 

Pseudo-
syc-

losorus 
esquirolii 

Pteridium 
aquilinum 

var. 
latiuscu-

lus 

Quercus 
fabric 

Rhapis 
excelsa 

Rhodo-
dendron 

simsii 

Rubus 
buer-
geri 

Rubus 
corchori-

folius 

Schef-
flera 
dela-
vayi 

1 0 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 
3 0 0 0 6 0 0 0 0 0 0 
4 0 0 0 2 0 0 0 1 0 0 
5 0 0 0 5 0 0 0 0 0 0 
6 0 0 0 16 0 0 0 0 0 0 
7 0 0 0 12 0 0 6 0 0 0 
8 0 0 0 0 0 0 0 0 0 0 
9 0 0 0 8 0 0 0 0 0 0 

10 0 0 0 4 0 0 3 0 0 0 
11 0 0 0 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 0 0 0 
13 0 0 8 0 0 0 0 0 0 0 
14 0 0 9 0 0 0 0 0 0 0 
15 0 0 0 5 0 0 0 0 0 0 
16 0 0 0 0 0 0 0 0 0 0 
17 0 1 0 0 0 0 0 4 0 0 
18 0 4 0 0 0 0 0 3 0 0 
19 0 0 0 0 0 0 0 0 0 0 
20 0 0 0 0 0 0 0 0 0 0 
21 0 0 0 0 0 0 0 0 0 1 
22 0 0 10 0 0 0 0 0 0 0 
23 0 0 0 2 0 0 0 9 0 0 
24 0 0 0 4 0 0 0 8 0 0 
25 1 0 0 2 0 0 2 12 0 0 
26 0 0 0 0 0 0 0 0 0 0 
27 0 0 0 0 0 0 0 0 0 0 
28 0 0 0 0 0 0 0 0 0 0 
29 0 0 0 0 0 0 0 0 0 0 
30 0 0 0 10 0 0 0 0 0 0 
31 0 0 0 16 0 0 1 0 0 0 
32 0 0 0 9 0 0 10 0 0 0 
33 0 0 0 8 0 0 0 0 0 0 
34 0 0 0 0 0 0 6 0 0 0 
35 0 0 0 0 0 0 0 0 0 0 
36 0 0 0 0 1 0 0 0 12 0 
37 0 0 0 1 1 0 10 0 0 0 
38 0 0 0 0 0 0 0 0 0 0 
39 0 0 0 12 1 0 6 0 0 0 
40 0 0 0 16 0 0 7 0 0 0 
41 0 0 0 2 0 0 3 0 0 0 
42 0 0 0 0 0 0 2 0 0 6 
43 0 0 0 0 3 12 0 0 0 0 
44 0 0 0 4 0 0 8 0 0 0 
45 0 0 0 15 0 0 6 0 0 0 
46 0 0 0 7 0 0 11 0 0 0 
47 0 0 0 10 0 0 6 0 0 0 
48 0 0 0 0 0 0 0 0 0 0 
49 0 0 0 16 0 0 0 0 0 0 
50 0 0 0 4 0 0 0 0 0 0 
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Table E.6 continued. 
Meso-
plot 

Smilax 
china 

Smilax 
glabra 

Smilax 
davidiana 

Symp-
locos 

lancifolia 

Symplocos 
stellaris 

Toxico-
dendron 

vorai-
eiflora 

Wood-
wardia 

japonica 

Vaccinium 
fragile 

Vibur-
num seti-

gerum 

1 0 0 0 0 0 0 13 0 0 
2 0 0 0 1 0 0 13 0 0 
3 0 0 1 0 0 0 15 0 0 
4 0 0 0 0 0 0 7 0 0 
5 0 0 0 0 0 0 6 0 0 
6 0 0 0 0 0 0 0 0 0 
7 0 0 0 0 0 0 0 0 0 
8 0 0 0 2 0 0 0 0 0 
9 2 0 0 0 0 0 6 0 0 

10 0 0 8 0 0 0 2 0 0 
11 0 0 0 0 0 0 0 0 0 
12 0 0 1 0 0 0 4 0 0 
13 0 0 0 0 0 0 0 0 0 
14 0 0 1 0 0 0 4 0 0 
15 0 0 0 0 0 0 0 0 0 
16 0 0 0 0 0 0 0 0 0 
17 0 0 0 0 0 0 2 0 0 
18 0 0 0 0 0 0 0 0 0 
19 0 0 0 1 0 0 0 0 0 
20 0 0 0 2 0 0 0 0 0 
21 0 1 0 0 0 0 0 0 1 
22 0 0 0 0 0 0 15 1 0 
23 0 0 0 0 0 0 0 0 3 
24 0 0 0 9 0 0 0 0 0 
25 0 0 0 5 0 0 0 0 0 
26 0 0 0 0 0 0 0 0 0 
27 0 0 0 0 0 0 0 0 0 
28 0 0 0 0 0 0 0 0 0 
29 0 0 0 0 0 0 0 0 0 
30 0 0 6 0 0 0 9 0 2 
31 0 0 10 0 0 0 0 0 0 
32 0 0 0 0 0 0 0 0 0 
33 0 0 0 0 0 0 0 0 0 
34 0 0 2 15 0 0 0 0 0 
35 0 0 0 6 6 0 10 0 0 
36 0 0 2 0 0 0 0 0 0 
37 0 0 0 6 0 0 0 0 0 
38 0 0 3 1 0 1 0 0 2 
39 0 3 1 9 0 0 1 0 0 
40 0 0 2 9 0 0 5 0 0 
41 0 0 0 1 0 0 15 0 1 
42 0 0 4 13 2 0 0 0 0 
43 0 0 0 1 0 0 0 0 2 
44 0 0 3 1 0 0 14 0 0 
45 0 0 1 5 0 0 0 0 0 
46 0 0 0 9 0 0 0 0 0 
47 0 0 0 1 0 0 0 0 0 
48 0 0 0 0 0 0 0 0 0 
49 0 0 0 5 0 0 0 0 0 
50 0 0 0 4 0 0 12 0 0 
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Table E.7: Subplot frequency of bryophyte species in the 50 mesoplots (T. Økland et al., 
unpublished data). 
Meso-
plot 

Brother-
ella 

fauriei 

Brother-
ella 

henonii 

Brother-
ella 

nictans 

Dicrano-
dontium 

denudatum 

Dicranum 
japoni-

cum 

Ditrichum 
pallidum 

Ectropot-
hecium 

zollingeri 

Fis-
sidens 

areolatus 

Hypnum 
pluma-
eforme 

1 0 0 0 0 0 0 0 0 0 
2 0 7 0 4 0 0 0 0 0 
3 0 0 0 0 0 0 0 0 0 
4 0 2 0 0 0 0 0 0 0 
5 0 0 0 3 0 0 0 0 0 
6 0 0 0 0 0 0 0 0 0 
7 0 4 0 0 0 0 0 0 0 
8 0 0 0 0 0 0 0 0 0 
9 0 3 0 0 0 0 0 0 0 

10 0 1 0 0 0 0 0 0 5 
11 0 0 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 0 0 
13 0 0 0 0 0 0 0 0 0 
14 0 0 0 0 0 0 0 0 0 
15 0 0 0 0 0 0 0 0 0 
16 0 1 0 0 0 0 0 7 0 
17 0 8 5 5 0 0 0 0 0 
18 0 9 0 0 0 0 0 0 0 
19 0 2 0 0 0 0 0 0 0 
20 0 2 0 0 0 0 0 0 0 
21 0 0 0 0 0 0 0 0 0 
22 0 0 0 0 0 0 0 0 0 
23 0 0 0 0 1 0 0 0 0 
24 0 3 0 0 0 0 0 0 0 
25 0 3 0 0 0 0 0 0 0 
26 0 0 0 0 0 0 0 0 0 
27 0 0 0 0 4 0 0 0 0 
28 0 1 0 0 0 0 0 0 2 
29 0 0 0 0 0 0 0 0 0 
30 0 0 0 0 0 0 9 0 0 
31 0 6 0 0 4 0 0 0 3 
32 0 15 0 0 0 0 0 0 0 
33 0 4 0 0 0 0 0 0 0 
34 0 3 0 0 0 0 0 0 4 
35 0 6 0 0 0 0 0 0 0 
36 0 9 0 0 0 0 0 0 0 
37 0 0 0 0 0 0 0 0 0 
38 0 0 0 0 0 0 0 0 0 
39 0 5 0 0 0 0 0 0 0 
40 0 6 0 0 0 0 0 0 0 
41 0 4 0 0 16 0 0 0 1 
42 0 9 0 0 7 2 0 0 6 
43 0 0 0 0 5 0 0 0 0 
44 0 8 0 0 11 0 1 0 1 
45 0 2 0 0 0 0 0 0 0 
46 0 11 0 0 0 0 0 0 14 
47 0 1 0 0 0 0 0 0 0 
48 1 0 0 0 5 0 0 0 5 
49 4 6 0 0 7 0 2 0 9 
50 8 0 0 0 0 0 0 0 0 
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Table E.7 continued. 
Meso-
plot 

Leuco-
bryum 
chloro-

phyllosum 

Taxi-
phyllum 
subar-
cuatum 

Bazzania 
semio-
paca 

Cephalo-
ziella 

micro-
phylla 

Cepha-
lozia 

maco- 
untii 

Calypo-
geia 

arguta 

Calypogeia 
muel-
lerana  
agg. 

Lopho-
colea 
minor 

Pellia 
epip-
hylla 

Semato-
phyllum 
caespi-
tosum 

1 0 1 0 0 0 0 0 0 0 0 
2 2 9 0 0 0 7 0 0 0 0 
3 0 6 0 0 2 5 0 0 0 0 
4 0 2 0 0 0 0 0 0 0 0 
5 1 10 0 0 5 11 0 0 1 0 
6 0 0 0 0 0 0 0 0 0 0 
7 2 1 0 0 0 0 0 0 0 0 
8 0 0 0 0 0 0 0 0 0 0 
9 0 0 0 0 0 3 0 0 0 0 

10 0 0 0 0 0 0 0 0 0 0 
11 0 0 0 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 0 0 0 
13 0 0 0 0 0 0 0 0 0 0 
14 0 0 0 0 0 0 0 0 0 0 
15 0 0 0 0 0 0 0 0 0 0 
16 0 12 4 0 10 4 4 0 0 6 
17 4 13 4 0 5 6 0 0 0 0 
18 4 9 4 0 0 5 3 0 0 0 
19 0 9 0 0 1 4 4 0 2 0 
20 0 1 0 0 0 3 0 0 0 0 
21 0 0 0 0 0 0 0 0 0 0 
22 0 0 0 0 0 0 0 0 0 0 
23 0 6 0 0 0 5 0 0 0 0 
24 8 0 0 0 0 0 0 0 0 0 
25 0 3 0 0 0 0 0 0 0 0 
26 0 15 0 0 0 3 0 0 7 0 
27 0 16 0 0 0 5 2 0 0 0 
28 3 15 0 0 0 7 0 0 0 0 
29 2 13 0 0 0 14 0 0 0 0 
30 0 0 0 0 0 0 0 0 0 0 
31 0 0 0 0 0 0 0 0 0 0 
32 0 0 0 0 0 0 0 0 0 0 
33 0 0 0 0 0 0 0 0 0 0 
34 0 0 0 0 0 0 0 0 0 0 
35 0 0 0 0 0 0 0 0 0 0 
36 1 2 0 0 0 0 0 0 0 0 
37 0 0 0 0 0 0 0 0 0 0 
38 0 0 0 0 0 0 0 0 0 0 
39 0 8 0 0 0 0 0 0 0 0 
40 0 1 0 0 0 0 0 0 0 0 
41 4 1 0 0 0 0 0 0 0 0 
42 2 4 0 0 0 0 0 0 0 0 
43 0 5 0 0 0 0 0 0 0 0 
44 0 0 0 0 0 0 0 0 0 0 
45 0 0 0 0 0 0 0 0 0 0 
46 3 3 0 1 0 0 0 2 0 0 
47 0 2 0 0 0 0 0 0 0 0 
48 0 1 0 0 0 0 0 1 0 0 
49 0 3 0 0 0 0 0 0 0 0 
50 0 0 0 0 0 0 0 0 0 0 
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Table E.8: Plot scores from the ordination of vegetation data. 
Mesoplot DCA 1 DCA 2 LNMDS 1 LNMDS 2 

1 2.63 3.33 1.60 2.05 
2 2.25 1.67 2.07 1.05 
3 2.39 2.21 1.94 1.52 
4 2.01 2.01 1.56 1.36 
5 1.76 1.53 1.55 1.12 
6 3.11 2.00 3.11 2.47 
7 3.65 1.54 3.22 1.59 
8 2.55 1.54 1.60 2.84 
9 2.81 2.23 2.39 1.81 

10 3.75 1.75 3.05 1.88 
11 0.85 2.56 0.04 1.96 
12 1.58 2.88 0.81 1.76 
13 0.00 2.70 0.03 1.51 
14 0.99 3.38 0.87 1.86 
15 2.97 2.21 2.32 2.69 
16 1.17 0.47 1.48 0.16 
17 1.70 0.75 1.70 0.52 
18 1.73 0.66 1.59 0.46 
19 1.53 0.87 1.72 0.32 
20 1.48 1.27 1.26 0.71 
21 2.34 1.82 0.89 2.37 
22 1.77 3.48 1.08 1.74 
23 2.22 0.07 2.25 0.08 
24 2.79 0.33 2.79 0.85 
25 2.94 0.00 3.49 0.87 
26 1.40 1.73 1.00 0.69 
27 1.66 1.42 1.19 0.56 
28 1.98 1.47 1.49 0.70 
29 1.41 1.50 1.12 0.74 
30 3.13 2.47 2.36 1.99 
31 3.91 1.93 3.39 1.84 
32 4.17 1.46 3.63 1.67 
33 4.05 2.06 3.48 2.12 
34 3.58 1.14 3.49 1.15 
35 2.86 2.16 2.29 1.44 
36 3.14 0.99 3.36 0.53 
37 4.54 1.04 4.14 1.26 
38 2.81 1.49 2.75 0.09 
39 3.61 1.16 3.21 1.33 
40 3.58 1.50 3.06 1.61 
41 3.35 1.85 2.64 1.36 
42 3.29 0.83 3.09 0.81 
43 2.95 0.96 3.07 0.00 
44 3.58 1.94 2.87 1.62 
45 3.99 1.49 3.41 1.71 
46 4.14 1.08 3.61 1.24 
47 4.71 1.91 3.75 1.71 
48 4.93 2.08 4.50 0.98 
49 4.16 1.76 3.54 1.48 
50 3.43 3.27 2.39 2.18 
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Table E.9: Kendall’s nonparametric correlation coefficients τ for correlation of 53 explanatory 
variables in the 50 mesoplots and DCA and LNMDS plot scores, and their significance 
probabilities. Correlations significant at level P<0.01 in bold face, at level P<0.05 in italic 
face. Variable designations are in accordance with table 5.1. 

DCA 1 DCA 2 LNMDS 1 LNMDS 2 Explanatory variables 
τ P τ P τ P τ P 

Species 0.080 0.428 -0.388 0.000 0.135 0.180 -0.442 0.000 
Bryophytes -0.014 0.892 -0.390 0.000 0.075 0.470 -0.496 0.000 Biotic 

variables 
Vascular plants 0.210 0.042 -0.233 0.024 0.181 0.079 -0.216 0.036 
Inclination 0.066 0.512 -0.036 0.718 0.127 0.204 -0.053 0.596 
Max inclination -0.132 0.183 0.038 0.700 -0.084 0.393 0.023 0.815 
Aspect unfavourability 0.511 0.000 -0.030 0.757 0.464 0.000 0.130 0.183 
Heat index 0.104 0.288 -0.062 0.525 0.161 0.101 0.130 0.186 
Terrain roughness -0.157 0.122 -0.025 0.806 -0.121 0.234 -0.044 0.667 
Sum convexity 1 m2 0.283 0.005 -0.044 0.667 0.283 0.005 0.137 0.179 
Abs convexity 1 m2 0.131 0.195 -0.122 0.226 0.121 0.232 -0.066 0.512 
Sum convexity 9 m2 -0.146 0.154 0.120 0.237 -0.126 0.218 0.200 0.050 

Topography 

Abs convexity 9 m2 -0.213 0.042 0.191 0.069 -0.259 0.013 0.166 0.114 
Basal area deciduous -0.322 0.002 -0.196 0.061 -0.255 0.015 -0.356 0.001 Tree 

influence Basal area coniferous 0.222 0.028 0.127 0.207 0.142 0.158 0.261 0.010 
Moisture 5 cm -0.273 0.005 -0.100 0.307 -0.267 0.006 -0.136 0.165 
Moisture 10 cm -0.193 0.048 -0.042 0.670 -0.182 0.062 -0.045 0.645 
Litter depth 0.229 0.026 0.343 0.001 0.105 0.310 0.450 0.000 
O horizon 0.340 0.001 0.136 0.172 0.306 0.002 0.234 0.018 

Soil 
physical 
variables 

A horizon 0.272 0.006 0.118 0.231 0.255 0.010 0.146 0.138 
LOI -0.208 0.033 -0.046 0.639 -0.155 0.112 0.095 0.332 
pHH2O -0.018 0.854 -0.286 0.004 0.024 0.808 -0.263 0.008 
pHCaCl2 -0.057 0.563 -0.329 0.001 0.010 0.920 -0.397 0.000 
HS 0.172 0.078 0.260 0.008 0.085 0.384 0.354 0.000 
AlS 0.038 0.700 0.122 0.213 -0.038 0.694 -0.009 0.927 
FeS 0.270 0.006 0.249 0.011 0.151 0.122 0.288 0.003 
MnS -0.440 0.000 -0.180 0.066 -0.349 0.000 -0.208 0.034 
CaS -0.064 0.514 -0.202 0.039 0.050 0.610 -0.087 0.371 
MgS -0.135 0.167 -0.080 0.412 -0.093 0.340 -0.026 0.789 
KS -0.185 0.059 -0.181 0.064 -0.099 0.311 -0.137 0.162 
NaS -0.002 0.980 -0.200 0.044 0.040 0.687 -0.175 0.078 
CECE -0.198 0.043 -0.073 0.457 -0.112 0.252 0.042 0.670 
BS -0.075 0.442 -0.223 0.022 0.038 0.694 -0.102 0.296 
Total C -0.199 0.041 -0.081 0.408 -0.146 0.134 0.043 0.658 
Total N -0.205 0.036 -0.196 0.046 -0.117 0.232 -0.038 0.694 
Total NLOI -0.094 0.336 -0.288 0.003 -0.043 0.664 -0.226 0.210 
SO4

2- -0.044 0.651 0.143 0.143 -0.070 0.477 0.219 0.025 

Soil 
chemistry 
A horizon 

SO4
2-

LOI 0.087 0.375 0.107 0.273 0.042 0.670 0.071 0.467 
LOI 0.008 0.933 0.068 0.487 -0.033 0.732 0.006 0.953 
pHH2O 0.076 0.441 -0.326 0.001 0.164 0.096 -0.348 0.000 
pHCaCl2 0.103 0.295 -0.297 0.002 0.141 0.150 -0.297 0.002 
HS 0.115 0.238 0.165 0.091 0.083 0.394 0.087 0.375 
AlS 0.205 0.036 -0.044 0.651 0.154 0.116 0.083 0.394 
FeS 0.409 0.000 0.229 0.019 0.292 0.003 0.317 0.001 
MnS -0.474 0.000 -0.134 0.175 -0.386 0.000 -0.181 0.065 
CaS -0.214 0.028 0.011 0.913 -0.149 0.126 -0.058 0.553 
MgS -0.326 0.001 -0.096 0.328 -0.279 0.004 -0.207 0.034 
KS -0.337 0.001 -0.041 0.676 -0.301 0.002 -0.110 0.262 
NaS 0.031 0.757 -0.036 0.712 0.008 0.933 -0.066 0.503 
CECE -0.150 0.124 0.223 0.022 -0.174 0.075 0.279 0.004 
BS -0.255 0.009 0.012 0.900 -0.197 0.044 -0.082 0.398 
Total C 0.061 0.530 0.082 0.403 -0.005 0.960 0.026 0.789 
Total N 0.077 0.436 -0.022 0.828 0.023 0.815 -0.055 0.580 

Soil 
chemistry 
B1 horizon 

SO4
2- 0.190 0.052 0.027 0.782 0.140 0.152 -0.019 0.847 
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Table E.10: Kendall’s nonparametric correlation coefficients τ for correlation of 16 
explanatory variables in the 20 intensive mesoplots and DCA and LNMDS plot scores, and 
their significance probabilities. Correlations significant at level P<0.01 in bold face, at level 
P<0.05 in italic face. Variable designations are in accordance with table 5.1. 

DCA 1 DCA 2 LNMDS 1 LNMDS 2 Explanatory variables τ P τ P τ P τ P 
LOI 0.011 0.948 -0.116 0.475 0.000 1.000 0.011 0.948 
pHH2O 0.366 0.027 -0.172 0.296 0.376 0.022 0.000 1.000 
pHCaCl2 0.394 0.016 0.223 0.172 0.383 0.019 0.255 0.119 
HS 0.016 0.922 -0.111 0.495 0.005 0.974 -0.206 0.206 
AlS 0.021 0.897 -0.042 0.795 0.032 0.846 0.126 0.436 
FeS 0.254 0.119 0.011 0.948 0.307 0.060 0.032 0.845 
MnS -0.521 0.001 -0.021 0.897 -0.489 0.003 -0.298 0.069 
CaS -0.042 0.795 0.042 0.795 -0.032 0.846 -0.105 0.516 
MgS -0.085 0.603 0.212 0.194 -0.085 0.603 -0.085 0.603 
KS -0.111 0.495 -0.058 0.721 -0.079 0.626 -0.206 0.206 
NaS 0.332 0.041 0.121 0.455 0.364 0.025 0.100 0.537 
CECE -0.375 0.021 -0.142 0.381 -0.375 0.021 -0.164 0.314 
BS -0.084 0.604 0.063 0.697 -0.074 0.650 -0.126 0.436 
Total C 0.212 0.194 -0.032 0.845 0.243 0.135 0.180 0.269 
Total N -0.040 0.816 -0.073 0.666 -0.006 0.974 0.051 0.765 

Soil 
chemistry 
B2 horizon 

SO4
2- 0.195 0.230 0.100 0.537 0.185 0.256 0.100 0.537 

 


