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Abstract

Questions: Forest classifications are tools used in research, monitoring, and manage-
ment. In Finland, the Cajanderian forest site type classification is based on the com-
position of understorey vegetation with the assumption that it reflects in a predictable
way the site's productive value. In Russia, the Sukachevian forest classification is simi-
larly based on understorey vegetation but also accounts for tree species, soil wetness,
and paludification. Here we ask whether Cajander's and SukacheV's forest types are ef-
fectively the same in terms of species composition, site productivity, and biodiversity.
Location: Boreal forests on mineral soils in Finland and the Russian part of
Fennoscandia.

Methods: We use vegetation and soil survey data to compare the Cajanderian and
the Sukachevian systems in terms of the understorey community composition (that is
supposed to define them), soil fertility and tree productivity (that they are expected
to indicate), and biodiversity (that is of interest for conservation purposes). We create
and employ class prediction models to divide Russian and Finnish sites into Cajander's
and Sukachev's types, respectively, based on vegetation composition. We perform
cross-comparisons between the two systems by non-metric multidimensional scaling
ordination and statistical tests.

Results: Within both systems, the site types formed similar, meaningful gradients in
terms of the studied variables. Certain site types from the two systems were largely
overlapping in community composition and arranged similarly along the fertility gra-
dient and may thus be considered comparable.

Conclusions: The Cajanderian and the Sukachevian systems were both developed in
the European boreal zone but differ in terms of the exact rules by which site types
are determined. Our results show that analogous types between the systems can be
identified. These findings aid in endeavours of technology and information transfer
between Finnish and Russian forests for the purposes of basic or applied ecological

research and forest management.
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1 | INTRODUCTION

Forest site type classifications are tools used in ecological and
forestry research, forest resource monitoring, and forest man-
agement planning. Classification schemes can be built around
the properties of the tree stand, other vegetation layers, and/
or abiotic factors (Lahti, 1995; Skovsgaard and Vanclay, 2008).
Classifications are supposed to group forest sites based on dif-
ferences in tree productivity or other ecological values in a way
that conveys to a sufficient degree the information that is needed
in the relevant use cases. As forest ecosystems are dynamic and
vary in multiple ways and at various scales, forest classification
schemes are always artificial to some degree. However, they are
still considered useful and necessary in real-life forest manage-
ment contexts.

The forest site type classification used in Finland was developed
by A.K. Cajander in the early 1900s (Cajander, 1909, 1949). It is
widely used in forest inventories, management planning, and forest
monitoring. In Russia, V.N. Sukachev developed his forest classifica-
tion system around the same time as Cajander. It is used especially
in the European part of Russia (Fomin et al., 2017). Both Cajander's
and Sukachev's classification systems are vegetation-based: they
build on the premise that the occurrence of plant species and the
composition of forest understorey vegetation reflect environmental
factors. In particular, vegetation is assumed to reflect the specific
combination of all the environmental factors that prevail on the site
and contribute to site quality, and thus, vegetation is thought to be
a more informative indicator of site quality than any individual envi-
ronmental factor (e.g., soil type) (Cajander, 1949; Sukachev, 1960).

The vegetation in a boreal forest comprises the tree stand, the
shrub layer, the field layer (consisting of small tree and shrub seed-
lings, dwarf shrubs, herbs, and graminoids), and the ground layer
(consisting of bryophytes and lichens) (Nilsson and Wardle, 2005).
The focus of the Cajanderian classification is on the field and ground
layer (henceforth referred to together as the understorey), exclud-
ing the characteristics of the tree stand. The understorey vegetation
is assumed to indicate the biological value of the site regardless of
the development stage or management history of the stand: the site
type definitions account for the vegetation changes caused by suc-
cession and/or harvesting by describing not only characteristic cli-
max communities but also characteristic seral stages. In Sukachev's
classification, forest types are determined based on several factors
in addition to the understorey: the composition and structure of the
tree stand, soil moisture, and site productivity (Fomin et al., 2017).
It thus formally takes into account also temporally variable, second-
ary environmental factors (e.g., tree species, microclimate), whereas
Cajander's classification assumes that comparatively permanent,

primary environmental factors (e.g., basic properties of the soil,

macroclimate) are manifested in the vegetation even as secondary
factors change over time.

While Cajander's classification aims to predict stand productiv-
ity, Sukachev's classification is more refined in that it encompasses
a larger number of types that are more uniform than Cajander's site
types. Sukachev considered Cajander's forest site types based solely
on the understorey to indicate site value for forestry purposes, but
to be unreliable in indicating plant community composition, for
which more detailed forest types are required (Sukachev, 1960).
Excluding the dominant tree species or tree species composition
as a source of variation is a central divergence of the Cajanderian
classification from Sukachev's system (Lahti and Viisanen, 1987).
The tree species composition of the stand influences the understo-
rey vegetation mainly via canopy coverage (amount of light), litter
composition, and root-rhizosphere competition (Bicklund et al.,
2015). These influences can blur the distinction between Cajander's
site types (Lahti and Viisidnen, 1987; Tonteri et al., 1990a). While
Sukachev considered the influence of tree species to be essential,
he also considered Cajander's site types to roughly correspond
with his classification if they were divided according to tree species
(Sukachev, 1960). This would mean, conversely, that Sukachev's
types grouped by the understorey characterization would more or
less correspond to Cajander's site types. This link between the two
systems has been utilized in previous studies (Sukhanov et al., 2014;
Lukina et al., 2019b), but has not been formally tested. More detailed
information about the overlap between the two systems could facil-
itate transfer of information and forest management tools between
Finland and Russia.

Both Cajander's and Sukachev's systems are approximately one
hundred years old, and the forests that they were created to describe
have since been subjected to multiple anthropogenic pressures that
are known to modify forest vegetation (Hedwall et al., 2019). As
ecosystems undergo rapid, anthropogenic changes, it is necessary
to re-evaluate the functionality of classifications used to guide their
management. Both Cajander and Sukachev considered that ma-
ture forests assigned into the same type ought to be comparatively
uniform in species composition, environmental responses, and site
quality, and that forests of the same type ought to require similar
management under the same economic objectives and constraints
(Fomin et al., 2017). Since the inception of these classifications, for-
est management objectives have diversified beyond economic ones
to include multiple ecosystem services, resilience, and biodiversity
(Barbati et al., 2014; Moen et al., 2014; Seidl et al., 2016). Thus, it
is worthwhile to ask whether these existing, widely used classifica-
tions provide information that is useful also for the purposes of mul-
tifunctional forest management: for example, to examine how well
they indicate not only stand productivity but also other ecosystem

services and biodiversity.
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In this study, we compare the Cajanderian and the Sukachevian
classification systems in terms of: (a) understorey community com-
position; (b) soil fertility and tree productivity; and (c) biodiversity.
We hypothesize that certain types from the two systems are anal-
ogous and associated with similar value ranges for the variables de-
scribing the site. As the site types are defined based on understorey
vegetation with a focus on dominant or indicator species, sites of
the same type are expected to be comparatively similar in species
composition. The site type is also intended to indicate the produc-
tive value of the site, so sites of the same type are expected to be
of similar biological productivity. The site types were not originally
designed to indicate biodiversity values, but they have been found
to do so for some species groups such as herbs or vascular plants
(Nieppola, 1993; Simila et al., 2006). We thus expect species rich-

ness to differ less within than between site types.

2 | METHODS

2.1 | Forest site types

In this study, we focus on the classification of forests on mineral
soils. In the study area, most mineral soils are podzols, and brown
soils are rare. The organic layer is most often mor humus, but moder
humus and, in brown soils, mull also occur.

In Cajander's system, six forest site types are arranged from
fertile to poor sites as follows: herb-rich forests (HR), herb-rich
heath forests (HRH), mesic heath forests (MH), sub-xeric heath for-
ests (SXH), xeric heath forests (XH), and barren heath forests (BH)
(Kalela, 1961). Herb-rich forests are found on brown soils and heath
forests mainly on podzol soils. Climatic variation from south to north
unavoidably creates variation in vegetation within the site types, as
do local topographic and soil conditions. Several subtypes thus exist
within each forest site type. These are commonly referred to as for-
est types (cf. forest site types). The forest site types have been de-
fined so that they describe the potential (tree) productivity of forest
sites in relation to sites of other types consistently across vegetation
zones from south to north, but the productivity of the sites of each

TABLE 1 Hypothesized
correspondence between Cajander's

Cajander's forest site type (Finland)

§ Applied Vegetation Science L

type decreases towards the north. The forest site types are often
called after their most common, primarily southern forest types with
names based on characteristic species: herb-rich forests as Oxalis-
Maianthemum type group, herb-rich heath forests as Oxalis-Myrtillus
(Vaccinium myrtillus) type group, mesic heath forests as Myrtillus type
group, sub-xeric heath forests as Vaccinium (Vaccinium vitis-idaea)
type group, xeric heath forests as Calluna type group, and barren
heath forests as Cladina type group. The characteristics of Cajander's
forest site types are described in more detail in Appendix S1.

The focus of Cajander's classification is on placing forest sites
along a single productivity gradient, whereas Sukachev's classifica-
tion specifically describes three gradients: productivity, wetness,
and paludification. Forest sites are classified first by dominant tree
species (in the study area — pine [Pinus sylvestris] or spruce [Picea
abies]), then into groups (e.g., green moss pine forest group includes
Vaccinium myrtillus pine and Vaccinium vitis-idaea pine forest types),
and finally into forest types. Sukachev's forest types for mineral soils
from the richest to the poorest conditions are Herbae spruce/pine
type (HE), Oxalis spruce/pine type (OX), Vaccinium myrtillus spruce/
pine type (VM), Vaccinium vitis-idaea spruce/pine type (VV), and
Lichen pine type (LI). A more detailed description of Sukachev's for-
est types is given in Appendix S2. We must note that Sukachev's site
types were not originally intended to be used without information on
the dominant tree species, but in order to test for their similarity with
Cajander's site types, we combined spruce and pine types (Table 1).

Specifically, we hypothesized certain site types along the pro-
ductivity gradient to correspond between the two systems (Table 1).
This correspondence is examined with an ordination analysis,

cross-tabulation, and statistical tests.

2.2 | Data collection

Vegetation, tree stand, and soil surveys were carried out on system-
atic sample plot networks in Finland in 2006 and in Russian Karelia
in 2009-2010 (Figure 1). The surveys were conducted in Finland as
part of the BioSoil Project carried out under the Forest Focus scheme
(Regulation [EC] Nr. 2152/2003; Durrant et al., 2011; Galluzzi et al.,

Sukachev's forest type (Russian Karelia)

forest site types and Sukachev's forest
types

Name

Herb-rich forest

Herb-rich heath
forest

Mesic heath
forest

Sub-xeric heath
forest

Xeric heath
forest

Abbreviation n Name Abbreviation n
HR 10 Herbae HE 4
HRH 50 Oxalis OX

MH 165 Vaccinium myrtillus VM 46
SXH 102 Vaccinium vitis-idaea \A% 23
XH 14 Lichen LI 7

Note: Types on the same row are hypothesized to be analogous between the two systems. The
column “n” shows the number of plots classified into the site type in our dataset.
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FIGURE 1 Map of the sample plot
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2019), and in Russian Karelia by the Russian Academy of Sciences
following the same principle as part of cooperation under the UN-
ECE ICP Forests programme (http://icp-forests.net/). In Finland, the
sample plots were circular and 400 m? in area. All plant and lichen
species in the plot were recorded, and the percentage cover of each
species was visually estimated on four 2-m? sampling quadrats per
plot, following the sampling of the earlier vegetation survey carried
out on the plots in 1985-1986 (Tonteri et al., 2016). Vascular plant
species observed within the sample plot but not in the sampling
quadrats were recorded as 0.01% cover. In Russia, each sample plot
consisted of four 100 m? subplots, where the cover of all plant and
lichen species was visually estimated. Species cover values were av-
eraged across the quadrats (Finland) or subplots (Russia) to produce
an estimate for the sample plot. Some taxa that were challenging to
identify to the species level were recorded at the genus level (e.g.,
the shrubs Salix spp., herbaceous Hieracium spp. and Taraxacum spp.,
and the bryophytes Brachythecium spp. and Plagiomnium spp.). Plots
were classified into site types by field observers. Mineral soils and
peatlands were separated using as criteria the existence of a peat
layer or the dominance of peatland vegetation (e.g., Sphagnum spp.).
Peatlands were excluded from the data, as our focus is mineral soils.
In both countries, most of the plots were of intermediate fertility
(mesic heath forests and sub-xeric heath forests in the Cajanderian
system; Vaccinium myrtillus type and Vaccinium vitis-idaea type in the
Sukachevian system; Table 1).

The tree stand was described in terms of tree species composi-
tion, and mean height, diameter at breast height, number of living
trees, and total basal area were assessed (Tonteri et al., 2016; Lukina

et al., 2019b). An estimate of total volume (m®/ha) was calculated

based on these measurements. The age of the stand was estimated
based on one or more core drill samples.

We selected carbon to nitrogen ratio (C:N), exchangeable cal-
cium concentration (Ca, cmol(+)/kg), and pH in the organic layer
as the soil variables to be examined as they have been found to be
good indicators of soil fertility in boreal forests (Tamminen, 1993;
Salemaa et al., 2008). Four samples of the organic layer were taken
within the sample plots but outside the vegetation sampling quad-
rats. The samples were dried, ground, and passed through a sieve.
The pH was measured in water. Total N and C were determined on
a CHN elemental analyzer (LECO Corporation, St.Joseph, MI, USA).
Exchangeable Ca (cmol(+)/kg) was determined with ICP-AES (TJA
Iris Advantage, Thermo Jarrell Ash Corporation, Franklin, MA, USA)
in 0.1 M BaCl, solution.

As data were not collected from recently harvested plots in
Russian Karelia, plots where the tree stand was younger than
25 years were excluded from the Finnish data. In the end, a total of
427 sample plots — 341 sample plots in Finland and 86 sample plots
in Russian Karelia — were included in the study (Figure 1).

2.3 | Analyses

We compared the Cajanderian and the Sukachevian classification
systems in terms of the understorey community composition, soil
fertility and tree productivity, and measures of biodiversity in the
understorey. The sample plots were classified in situ during the sur-
veys by trained field biologists, in Finland into Cajander's forest site

types and in Russia into Sukachev's forest types. In the Cajanderian
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FIGURE 2 Distributions of stands by dominant tree species, stand age, and stand volume in the Finnish and Russian datasets

TABLE 2 Cross-tabulation of Cajander's site type (rows) and
Sukachev's forest type (columns)

Match
Type HE (0),4 VM 'A% LI (%)
HR 8 7 2 0 0 471
HRH 5 3 50 0 5.2
MH 0 0 194 0 99.0
SXH 0 0 74 57 8 41.0
XH 0 0 0 15 2 11.8

Match (%) 61.5 30.0 60.6 77.0 20.0 61.8

Note: The column and row labeled “Match (%)” shows the percentage
of plots classified into site types that matched according to the
hypothesized correspondence (Table 1). For example, 47.1% of herb-
rich forest plots (HR) were classified as Herbae type (HE), and 61.5% of
Herbae type plots were classified as herb-rich forest.

classification, determination of site type is based on the occurrence
and abundance of indicator species, and sometimes even physiog-
nomic characteristics of the vegetation (Lehto and Leikola, 1987,
Kuusipalo, 1996; Hotanen et al., 2008). In the Sukachevian classifica-
tion, the forest type is determined based on the structure and pro-
ductivity of the tree layer, the landform, soil, and ground conditions,
and the composition of the ground vegetation (Kryshen et al., 2003;
Kryshen'’, 2010). To perform a cross-tabulation of classifications be-
tween the two systems, we used AdaBoost class prediction models
to produce predictions of Cajander's forest site type for the Russian
plots and SukachevV's forest type for the Finnish plots based on the
vegetation data. The models were built using the function “boosting”
available in the package “adabag” for R (Alfaro et al., 2013). Model se-
lection and the final models are described in more detail in Appendix
S3. By employing class prediction models in addition to the country-

specific in situ classifications, we were able to assign types according

to both Cajander and Sukachev for both Finnish and Russian sample
plots.

We used global non-metric multidimensional scaling of plant spe-
cies abundances to position the plots along the main compositional
gradients, fitted with the function “metaMDS” in package “vegan” for R
(R Core Team, R Foundation for Statistical Computing, Vienna, Austria).
We used square-root transformation and Wisconsin double standard-
ization on the data, Bray-Curtis index as the community dissimilarity
measure, and two dimensions for the ordination. The ordination anal-
ysis was performed for the combined Finnish and Russian dataset. We
used the result to visualize the forest site types in the ordination space,
comparing the positioning of types in the two systems (using in situ
and modelled classifications together) and of pairs of hypothetically
corresponding types (using only country-specific in situ classifications).

Community dissimilarity between Cajander's and Sukachev's

types was tested with permutational multivariate ANOVA across
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pairs of site types (function “adonis” in package “vegan” for R).
Specifically, we tested each Cajander's forest site type against
all Sukachev's site types with the expectation that hypothetically
corresponding types have the smallest differences. The Bray-
Curtis index was used as the measure of community dissimilarity
and the dependent variable, and forest site type/forest type as the
explanatory variable. Effect size was measured as the coefficient
of determination (R?) calculated by the test function. In the com-
munity dissimilarity tests, we used only country-specific in situ
classifications.

Pairwise comparisons of biodiversity, soil, and tree productiv-
ity variables were performed using the non-parametric Wilcoxon-
Mann-Whitney test, given the differences in sample sizes between
the site types (Table 1). As measures of biodiversity we used total
species richness in the understorey, species richness of plant
groups (dwarf shrubs, graminoids, herbs, bryophytes, lichens), and
number of rare species (defined as species with only one or two
occurrences in the data set). Soil conditions were described as car-
bon-nitrogen (C:N) ratio, exchangeable Ca, and organic layer pH.
Tree productivity was measured as the ratio of stand age to stand
total volume. To estimate effect sizes, rank-biserial correlations

were calculated as
r=(2xWy) / (nyxny) -1

where W, is the test statistic (the sum of wins and ties for group 1), and
n, and n, are the sizes of group 1 and group 2. Rank-biserial correlation
can range from minus one to plus one so that a value of zero indicates
no effect. Group 1 was always Cajander's forest site type and group
2 Sukachev's forest type, meaning that a negative r indicates smaller
values for Cajander's than Sukachev's type, and a positive r vice versa.
The Wilcoxon-Mann-Whitney tests were performed in R. In all pair-
wise comparisons we used only country-specific in situ classifications.

3 | RESULTS
3.1 | Characteristics of the sample plots

The sample plots in Finland and in Russia were similar in terms of the
distribution of dominant tree species, stand age, and stand volume
(Figure 2). In both countries, the majority of sampled stands were
dominated by pine (Pinus sylvestris) or spruce (Picea abies), less than
100 years old, and less than 300 m® in total volume (Figure 2).

A total of 381 taxa were recorded in the studied forests. Out
of these, three occurred in nearly all (95%) of the plots: the moss
Pleurozium schreberi and the dwarf shrubs Vaccinium vitis-idaea and

Vaccinium myrtillus. A further four species occurred in more than 75%
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of the plots: the mosses Hylocomium splendens, Dicranum scoparium,

TABLE 3 Pairwise community dissimilarity

HE OX VM vV LI
HR 0.08 0.11 0.22 0.39 0.29
HRH 0.03 0.04 0.12 0.21 0.10
MH 0.04 0.06 0.03 0.06 0.05
SXH 0.09 0.14 0.13 0.04 0.07
XH 0.35 0.42 0.22 0.11 0.13

Note: Shown are the coefficients of determination (R?). Statistically
significant values (p-value < 0.05) are shown with grey background
shading.

and Dicranum polysetum, and the grass Avenella flexuosa. A total of
only 15 species occurred in more than half of the plots. By contrast, a
total of 100 taxa were observed in one plot only. There were 168 taxa
that were observed only in Finland and 25 taxa that were observed

only in Russia. The species observed only in one of the two countries

were mostly rare (observed on only one or a few plots), but among
the species observed only in Finland were also some common species
such as Anemone nemorosa, Hypericum maculatum, and Viola palustris
(each found on 19 plots in Finland). The most common species found
uniquely in Russia was Rosa acicularis (found on seven plots in Russia).
In both Finland and Russia, more fertile forest site types as well as
types with more observations had higher total species richness and
higher numbers of unique species (Appendix S4: Table S1).

3.2 | Correspondence of types between the
two systems

Classification of Finnish plots into Sukachev's forest types and
Russian plots into Cajander's forest site types led to a similar distri-
bution of types as in the original respective datasets, with the ma-
jority of sites being classified into types of intermediate fertility in
both countries (Appendix S3: Table S2 and S3). Comparing assigned
types across the two systems, the site types matched according to
the hypothesized correspondence in 61.8% of the plots (Table 2).

The greatest overlap among the hypothesized site type pairs was
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FIGURE 5 Box (median value and first and third quartiles) and whiskers (variability outside quartiles) plots showing the values of the
variables describing site productivity in different site types: organic layer C:N ratio (panel a), exchangeable calcium (panel b), pH (panel c),
and the ratio of stand volume and stand age (panel d) in the different site types. The boxes are coloured according to the hypothesized
correspondence between Cajander's and SukachevV's site types. Significance levels in tests of differences between pairs of site types:

***p < 0.001; **0.001 < p < 0.01; *0.01 < p < 0.05;ns,0.05<p <1

TABLE 4 Pairwise comparisons of soil C:N ratio
HE (0)4 VM \'A% LI
HR -1.00 -0.84 -0.82 -1.00 -1.00
HRH -1.00 -0.45 -0.68 -1.00 -1.00
MH -0.34 0.22 -0.27 -0.85 -0.89
SXH 0.22 0.56 0.00 =073 -0.77
XH 0.57 0.77 0.22 -0.59 -0.43

Note: Shown are the rank-biserial correlations. The values have grey
background shading for pairs where a statistically significant difference
(p-value < 0.05) was observed.

between MH and VM: 99.0% of MH plots were classified as VM type,
and 60.6% of VM plots as MH. The smallest overlap was between
HRH and OX: only 5.2% of HRH plots were classified as OX, while
most of them (86.2%) were classified as VM. The largest variation
was within VM: while 60.6% of the plots of this type were classified
as MH, the types for the remaining 39.4% varied from HR to SXH.
The arrangement of the site types in the ordination space
followed the fertility sequence, from the least fertile xeric heath
forests to the most productive herb-rich forests (Cajanderian clas-

sification) and, analogously, from the Lichen type to the Herbae type

TABLE 5 Pairwise comparisons of exchangeable Ca
HE OoX VM \A% LI
HR -0.25 -0.40 -0.14 -0.17 -0.14
HRH 0.00 -0.17 0.35 0.46 0.52
MH -0.28 -0.40 0.11 0.34 0.41
SXH -0.56 -0.57 -0.17 0.17 0.18
XH -0.79 -0.86 -0.57 -0.31 -0.49

Note: Shown are the rank-biserial correlations. The values have grey
background shading for pairs where a statistically significant difference
(p-value < 0.05) was observed.

(Sukachevian classification) (Figure 3). Upon visual inspection, the
most distinctive difference between the systems is the positioning
of Cajander's HRH type, which fall partially over Sukachev's VM,
OX, and HE types (Figure 3). The Finnish plots showed a greater
spread in the ordination space than the Russian plots (Figure 3).
This indicates greater variation in species composition, which was
shown also by the higher number of species included in the Finnish
data (Appendix S4: Table S1); however, this is likely affected by the
higher number of sample plots in Finland. The prevalence of dom-

inant tree species followed the same fertility gradient, with birch
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TABLE 6 Pairwise comparisons of organic layer pH

HE (0),4 VM Vv LI
HR -0.55 -0.63 -0.33 -0.28 -0.26
HRH -0.59 -0.54 -0.02 0.07 -0.03
MH -0.94 -0.84 -0.57 -0.49 -0.74
SXH -0.95 -0.92 -0.75 -0.67 -0.90
XH -1.00 -0.95 -0.83 -0.75 -0.98

Note: Shown are the rank-biserial correlations. The values have grey
background shading for pairs where a statistically significant difference
(p-value < 0.05) was observed.

TABLE 7 Pairwise comparisons of tree productivity

HE OX VM vV LI
HR 0.70 0.73 0.79 0.94 1.00
HRH 0.68 0.59 0.69 0.84 0.88
MH 0.24 0.20 0.27 0.49 0.66
SXH 0.03 0.03 0.06 0.30 0.48
XH -0.29 -0.33 -0.40 -0.24 -0.06

Note: Shown are the rank-biserial correlations. The values have grey
background shading for pairs where a statistically significant difference
(p-value < 0.05) was observed.

and spruce being more common as the dominant species in the
more fertile types and pine more common in the less fertile types
(Appendix S4: Figure S1).

3.3 | Pairwise community dissimilarities

Pairs of Cajander's forest site type and Sukachev's forest type that
were hypothesized to correspond were largely overlapping in the
ordination space (Figure 4). Yet, based on the multivariate ANOVA,
community dissimilarity was statistically significant between almost
all pairs of site types (Table 3). No significant dissimilarity was found
only between HR and HE. Then again, the effect sizes for pairs hy-
pothesized to correspond were quite small (R? ranging from 0.03 to
0.13; Table 3).

3.4 | Pairwise comparisons of site productivity and
species richness

Variables describing soil fertility varied logically between the site
types along the fertility gradient: C:N ratio was lower, and exchange-
able Ca and pH of organic layer were higher in the more fertile site
types (Figure 5). C:N ratio was in general higher in the Russian plots
than the Finnish plots, and this was true also within site type pairs
hypothesized to be analogous (Figure 5a). The difference in C:N
was statistically significant between HR and HE, SXH and VV, and
MH and VM, with the first two having a high rank-biserial correla-

tion (r < -0.7; Table 4). Exchangeable Ca concentration showed the
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opposite pattern, being generally lower in Russian plots than Finnish
plots regardless of the site type (Figure 5b). However, when differ-
ences between site types hypothesized to be analogous were statis-
tically significant, they were small in effect (rank-biserial correlation
-0.25t0 0.17; Table 5). In organic layer pH, more substantial statisti-
cally significant differences were observed: rank-biserial correlation
ranging from -0.57 between MH and VM to -0.98 between XH and
LI (Table 6).

Similar to the soil variables, tree productivity, measured as the
ratio of stand age to stand volume, was higher in the more fertile site
types (Figure 5d). Tree productivity was higher in the Finnish plots
than in the Russian plots with a statistically significant difference
between HRH and OX, MH and VM, and SXH and VV. Apart from
these, the effectively largest difference was between HRH and OX
(r=0.59; Table 7).

Plots of more fertile types had higher total species richness
(Figure 6a) as well as higher richness of vascular plants and bryo-
phytes (Figure 6b,c) and more rare species (Figure é6d). Lichen spe-
cies richness was higher in less fertile site types (Figure 6d). Total
species richness and bryophyte species richness were higher with
a statistically significant difference in Sukachev's forest types than
corresponding Cajander's site types in the case of OX and HRH, and
VM and MH. In addition, vascular species richness was significantly
higher in OX than in HRH. For OX and HRH, all of these differences
were also large in effect (r = -0.80, r = -0.72, and r = -0.69 for total,
vascular, and bryophyte species richness, respectively; Tables 8-10).
Lichen species richness was significantly higher in VM and VV than
in MH and SXH, respectively, with the difference between VV and
SXH being large in effect (r = -0.65; Table 11). There were no statis-
tically significant differences in the numbers of rare species between
the hypothesized site type pairs (Figure 6e), but there were between
other pairs (Table 12).

4 | DISCUSSION

Overall, the results of this study show that there are similarities
as well as differences between the Cajanderian and Sukachevian
classifications, both in terms of the understorey community com-
position and the characteristics of the sites. Both Cajanderian and
Sukachevian classifications found major vegetational gradients in
boreal forests and ecological gradients that caused them. The re-
sults support to some extent the hypothesized correspondence of
types between the two systems.

Visual inspection of the sample plots’ location in the ordination
space when grouped by site type suggests similar arrangement for
Cajander's forest site types and Sukachev's forest types: both fol-
low a fertility gradient, as is expected based on the original design
of both classification systems. Visually, each pair of correspond-
ing types is overlapping in the ordination space. However, based
on the PERMANOVA, there were statistically significant differ-
ences in community composition between all pairs of site types,

including the corresponding types except for the most fertile ones
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FIGURE 6 Box (median value and first and third quartiles) and whiskers (variability outside quartiles) plots showing the values of
understorey diversity in different site types: total species richness (panel a), richness of vascular plant species (panel b), bryophytes (panel c),
and lichens (panel d), and number of rare species (panel e). The boxes are coloured according to the hypothesized correspondence between
Cajander's and Sukachev's site types. Significance levels in tests of differences between pairs of site types: ***p < 0.001; **0.001 < p < 0.01;

*0.01 <p<0.05;ns,005<p<1

(herb-rich forests and Herbae type). Then again, in terms of effect
size, the differences were smallest between the corresponding site
types. This suggests that if a correspondence of site types in the
two systems is sought, the hypothesized pairing is likely the most

accurate one.

That said, the cross-tabulation of Cajander's forest site types
and Sukachev's forest types showed variable degrees of agree-
ment between the two systems. In total, 61.8% of the sample plots
were classified into Cajander's and Sukachev's types that matched

according to the hypothesized pairing. In particular, Cajander's
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TABLE 8 Pairwise comparisons of total species richness

HE OX VM vV LI
HR -0.05 -0.37 0.80 0.96 1.00
HRH -0.47 -0.80 0.52 0.89 0.95
MH -0.89 -0.96 -0.29 0.37 0.41
SXH -0.98 -1.00 -0.52 0.16 0.18
XH -1.00 -1.00 -0.83 -0.42 -0.45

Note: Shown are the rank-biserial correlations. The values have grey
background shading for pairs where a statistically significant difference
(p-value < 0.05) was observed.

TABLE 9 Pairwise comparisons of vascular plant species
richness

HE OX VM \A% LI
HR 0.25 -0.10 0.93 1.00 1.00
HRH -0.36 -0.72 0.73 0.96 1.00
MH -0.87 -0.96 -0.03 0.60 0.76
SXH -0.98 -1.00 -0.34 0.32 0.43
XH -1.00 -1.00 -0.83 -0.41 -0.46

Note: Shown are the rank-biserial correlations. The values have grey
background shading for pairs where a statistically significant difference
(p-value < 0.05) was observed.

TABLE 10 Pairwise comparisons of bryophyte species richness

HE OX VM vV LI
HR -0.63 -0.73 -0.23 0.40 0.27
HRH -0.62 -0.69 -0.22 0.37 0.24
MH -0.77 -0.82 -0.44 0.18 0.14
SXH -0.87 -0.90 -0.57 0.06 0.02
XH -0.98 -0.99 -0.76 -0.20 -0.11

Note: Shown are the rank-biserial correlations. The values have grey
background shading for pairs where a statistically significant difference
(p-value < 0.05) was observed.

TABLE 11 Pairwise comparisons of lichen species richness

HE OX VM \A% LI
HR -0.25 -0.17 -0.76 -1.00 -1.00
HRH -0.11 -0.05 -0.68 -1.00 -1.00
MH 0.18 0.19 -0.46 -0.96 -0.95
SXH 0.67 0.64 0.14 -0.65 -0.57
XH 0.98 0.95 0.60 -0.27 -0.14

Note: Shown are the rank-biserial correlations. The values have grey
background shading for pairs where a statistically significant difference
(p-value < 0.05) was observed.

herb-rich heath forests and sub-xeric heath forests tended to be
classified as Sukachev's Vaccinium myrtillus type, and Sukachev's
Lichen type as Cajander's sub-xeric heath forests. The results sug-
gest that especially Cajander's HRH type does not have a clearly

corresponding type in the Sukachevian system but is positioned
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TABLE 12 Pairwise comparisons of number of rare species

HE (0),4 VM vV LI
HR 0.23 0.15 0.65 0.72 0.66
HRH -0.27 -0.32 0.23 0.35 0.22
MH -0.61 -0.58 -0.07 0.07 -0.12
SXH -0.61 -0.58 -0.08 0.05 -0.13
XH -0.70 -0.64 -0.15 -0.02 -0.21

Note: Shown are the rank-biserial correlations. The values have grey
background shading for pairs where a statistically significant difference
(p-value < 0.05) was observed.

somewhere in between Sukachev's HE/OX and VM types. These
discrepancies likely reflect the differences between the classifica-
tion systems: the Cajanderian system pays more attention to indi-
cator species, while the Sukachevian system pays more attention
to dominant species (for example, Vaccinium myrtillus). In addition,
Sukachev's VM type may appear so extensive (largely covering
Cajander's HRH and SXH types) because it is originally intended
to be further divided by tree species. The result of a 61.8% match
is also affected by the classification process itself. The small sam-
ple sizes of the rarest site types (especially Cajander's HR and XH,
and Sukachev's HE, OX, and LI) meant a small amount of data for
training the classification models. This too may have contributed to
the extent of Sukachev's VM type as predicted for the Finnish data.
While the error rate of the models was reasonably low according
to the cross-validation procedure, their ability to classify new data
may still be limited, especially in a case such as vegetation data that
is highly affected by sampling effort. Finally, it can be challenging
to identify the types consistently even in situ. For example, compo-
sitional overlap among Cajander's site types has been found to be
high and borderline cases can be difficult to classify (Tonteri et al.,
1990a, 1990b).

Variables describing site productivity also followed the fertility
gradient. Organic layer C:N ratio, exchangeable Ca content, and pH
are measures of soil productivity: C:N ratio is lower, and exchange-
able Ca and pH are higher in more fertile sites. The order of the site
types followed this pattern. Interestingly, C:N ratio and pH were
higher in Russian than Finnish plots. This may result from several
factors (climate, frequency of forest fires, management, stand age)
that cannot be disentangled based on the dataset. Then again, tree
productivity (the ratio of stand age to volume) was higher in Finnish
than in Russian plots. These results likely reflect differences in fire
or management history (Perring et al., 2018) — for example, intensive
management of stands in Finland has promoted tree growth. The
differences between the countries in C:N ratio, soil pH, and tree pro-
ductivity displayed themselves as statistically significant, high-effect
differences between site types that were expected to be similar. Still,
even if the absolute values differ, the gradients formed by the site
types are the same. Such a result could be expected also, for exam-
ple, if plots of the same Cajanderian forest site type from northern
and southern Finland were compared, as the purpose of the system

is to organize forests by their productivity within vegetation zones
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not necessarily in absolute terms but in comparative terms (Hotanen
etal., 2008).

The observed differences among site types in terms of plant
species richness also suggest that within both classification sys-
tems, site type can be a plausible indicator of biodiversity. In both
systems, total species richness and vascular plant and bryophyte
species richness were higher in more fertile site types, and lichen
species richness was higher in less fertile site types. Previous work
in Finland has shown that forest site type is a good indicator for vas-
cular plant diversity (Simil3 et al., 2006). Salemaa et al. (2008) found
plant species composition and especially the number of herb spe-
cies to correlate well with site index (a measure of tree productivity).
In several cases, species richness was higher in Sukachev's forest
type than the corresponding Cajander's site type. For bryophytes
and lichens, the higher richness may be due to differences in the
data collection, as these species were recorded from a larger area in
Russian than Finnish sample plots. However, it is also possible that
the higher bryophyte and lichen richness in Russian plots is affected
by management history, as intensive forest management has led to
decreases in abundance and even local extinctions of these taxa in
Finnish forests (Tonteri et al., 2016; Vanha-Majamaa et al., 2017).

In summary, our results suggest that both Cajander's and
Sukachev's site type classifications logically arrange the varia-
tion within the focal forests with respect to multiple character-
istics — community composition, soil fertility, tree productivity,
and biodiversity in the understorey — and do so in a similar way.
The correspondence between certain types in the Cajanderian
and Sukachevian system, as assumed by previous work (Sukhanov
et al., 2014; Lukina et al., 2019b), appears to be true at least simi-
larly to the correspondence between Cajander's forest site types in
different vegetation zones within Finland. We must note, though,
that the unequal sample sizes between the two countries and be-
tween site types in our data require that the results are interpreted
with caution. More reliable statistical analyses would require more
equal sample sizes. The correspondence between Cajander's and
Sukachev's types in both extremes of the fertility gradient is espe-
cially uncertain.

Our results also illustrate that within both systems there is over-
lap between the site types in terms of species composition and soil
properties. In Finland, the Cajanderian classification has not gone
without criticism from the beginning (Keltikangas, 1959; Oksanen,
1990). For example, it has been criticized for underestimating the
impact of tree species (Kuusipalo, 1985) and for the overlap be-
tween the site types (Lahti and Viisdnen, 1987). In Russia, sev-
eral classifications more or less similar to Sukachev's have been
developed (Rysin, 1975). In addition to fundamental criticisms of
Cajander's and Sukachev's vegetation classification approach, the
applicability of the systems in modern forests has been questioned.
The original descriptions of Cajander's and Sukachev's forest types
were based on the understorey species composition of mature,
unmanaged forests. However, those have become rare in Finland
(Kuuluvainen and Gauthier, 2018) as well as in Karelia and adjacent

territories (Shorohova et al., 2019). Cajander eventually defined his

classification to include variation caused by stand succession as
well as management, and it has indeed been shown that the suc-
cessional stage and the disturbance history of the stand influence
the composition of the understorey (Fedorchuk et al., 2005; Uotila
et al., 2005; Uotila and Kouki, 2005; Genikova et al., 2012, 2019).
In addition, forest management practices other than harvesting
(e.g., fertilization; Strengbom and Nordin, 2008; Genikova and
Kharitonov, 2018) and other anthropogenic environmental changes
(Hedwall et al., 2019) can influence the understorey vegetation.
These factors may explain some of the overlap between site types
observed also in our study. Accounting for the tree species compo-
sition of the stand (as originally intended by Sukachev) may group
forest sites into types with more distinct understorey community
compositions than the classifications used in this study. Besides
vegetation, tree species also influence soil properties (Tamminen,
2000; Lukina et al., 2019a). That said, the expected patterns of
community composition, soil fertility, tree productivity, and biodi-
versity were still found.

In this study, we examined two traditional boreal forest classifi-
cation systems that are still widely used in Finland and Russia. Forest
classifications are, however, still actively developed. With the wide-
spread use of concentrated clear-cutting in the second half of the
20th century, classification of secondary forests became a problem,
which is solved in dynamic classifications. Simultaneously with the
Sukachevian and Cajanderian systems, a dynamic (genetic) classi-
fication of the forests of the Far East in Russia was developed by
lvashkevich (1916), developed later by Kolesnikov (1974) and other
forest researchers. A dynamic typology that reflects the current
state of the forests of Eastern Fennoscandia is also being developed
(Kryshen’, 2010). Its essence lies in associations for each stage of
succession that have been identified based on the types of forests’
growing conditions as identified by Sukachey, indicating the dynamic
series for forests on mineral soils (Kryshen et al., 2018).

International nature conservation, monitoring, and management
efforts have created needs for harmonized vegetation classifications
of varying specificity. For example, in Europe a shared system of
vegetation classification has been developed as part of the EUNIS
habitat classification (Davies et al., 2004). Another example is the
EuroVegChecklist, which is based specifically on floristic composi-
tion unlike the broader EUNIS (Mucina et al., 2016). Shared needs
for knowledge transfer exist also within the European boreal zone,
and the results of our study suggest that it may be possible to use
existing forest classification systems somewhat interchangeably to
facilitate these endeavours. Whether the correspondence between
the site types is good enough will depend on the exact purpose.
Detailed, site-specific understanding is likely required in any case
for responsible and effective forest management choices: “Sound
planning in forestry is site-specific but arranged generally accord-
ing to the forest site types” (Paal et al., 2010). New demands placed
on forests have given rise also to new demands for the information
provided by forest classifications. Recently emerged paradigms of
forest ecology and natural resource management, such as ecosys-

tem management and resilience thinking, emphasize the complexity,
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dynamism, and unpredictability of ecosystems (Messier et al., 2015).
Traditional forest classifications combined with ecosystem-level
understanding and site-specific knowledge may serve as a basis for

modern, multifunctional forest management.

ACKNOWLEDGEMENTS

We are grateful to Parvez Rana for preparing the map of sample plot
locations and to Anni Jaskova for comments on the manuscript. We
acknowledge Natalia Lukina for her role in initiating the data collec-
tion in Russia, and the field and laboratory staff involved in the data

collection in Finland and Russia.

AUTHOR CONTRIBUTIONS

PM, MS and AK conceived of the research idea; AK, ET, NG, SM,
HI, TT, and MS led the data collection and data management; TP
performed the statistical analyses with contributions from JO and
MS; TP wrote the paper with contributions from J-PH, AK, and NG;
all authors discussed the results and commented on the manuscript.

DATA AVAILABILITY STATEMENT

The data used in this study are stored in the internal databases of the
Natural Resources Institute Finland (Luke), and the Center for Forest
Ecology and Productivity and Karelian Research Centre, Russian

Academy of Sciences. The authors will provide all data upon request.

ORCID

Tdhti Pohjanmies https://orcid.org/0000-0003-3827-4683

REFERENCES

Alfaro, E., Gamez, M. and Garcia, N. (2013) adabag: An R package for clas-
sification with boosting and bagging. Journal of Statistical Software,
54, 1-35. https://doi.org/10.18637/jss.v054.i02

Backlund, S., Jonsson, M., Strengbom, J. and Thor, G. (2015)
Composition of functional groups of ground vegetation differ
between planted stands of non-native Pinus contorta and native
Pinus sylvestris and Picea abies in northern Sweden. Silva Fennica,
49, 1-10.

Barbati, A., Marchetti, M., Chirici, G. and Corona, P. (2014) European
Forest Types and Forest Europe SFM indicators: tools for moni-
toring progress on forest biodiversity conservation. Forest Ecology
and Management, 321, 145-157. https://doi.org/10.1016/j.
foreco.2013.07.004

Cajander, A.K. (1949) Forest types and their significance. Acta Forestalia
Fennica, 56, 1-71.

Cajander, A.K. (1909) About forest types (German). Acta Forestalia
Fennica, 1, 1-176.

Davies, C.E., Moss, D. and Hill, M.O. (2004) EUNIS Habitat Classification
Revised 2004. Available at: https://www.eea.europa.eu/data-
and-maps/data/eunis-habitat-classification/documentation/eu-
nis-2004-report.pdf. [Accessed 7 July 2020].

Durrant, T., San-Miguel-Ayanz, J., Schulte, E. and Suarez Meyer, A.
(2011) Evaluation of BioSoil Demonstration Project: Forest Biodiversity.
Luxembourg, Luxembourg: Publications Office of the European Union.

Fedorchuk, V.N., Neshatayev, V.Y. and Kuznetsova, M.L. (2005) Forest
Ecosystems of the North-Western Regions of Russia: Typology, Dynamics,
Forest Management Features. (English summary). St. Petersburg: Saint-
Petersburg Forestry Research Institute.

g Applied Vegetation Science Jﬁ

Fomin, V.V., Zalesov, S.V.,, Popov, A.S. and Mikhailovich, A.P. (2017)
Historical avenues of research in Russian forest typology: ecolog-
ical, phytocoenotic, genetic, and dynamic classifications. Canadian
Journal of Forest Research, 47, 849-860. https://doi.org/10.1139/
cjfr-2017-0011

Galluzzi, M., Giannetti, F., Puletti, N., Canullo, R., Rocchini, D., Bastrup-
Birk, A. et al. (2019) A plot-level exploratory analysis of European
forest based on the results from the BioSoil Forest Biodiversity proj-
ect. European Journal of Forest Research, 138, 831-845. https://doi.
org/10.1007/s10342-019-01205-2

Genikova, N.V., Gnatiuk, E.P. and Kryshen’, A.M. (2019) Coenoflora of bil-
berry spruce forests in Eastern Fennoscandia (Russian). Botanicheskij
zhurnal, 104, 699-716.

Genikova, N.V., Gnatiuk, E.P. and Kryshen’, A.M. (2012) The analysis of
forest coenoflora on sandy automorphic soils in Karelia (Russian).
Botanicheskij zhurnal, 97, 1424-1435.

Genikova, N.V. and Kharitonov, V.A. (2018) The aftereffects of long-
term mineral fertilization on the species composition and the ground
cover structure of pine crops on sandy soils (Russian). Lesnoi Zhurnal,
1,18-28.

Hedwall, P.-O., Gustafsson, L., Brunet, J., Lindbladh, M., Axelsson, A.-L.
and Strengbom, J. (2019) Half a century of multiple anthropogenic
stressors has altered northern forest understory plant communi-
ties. Ecological Applications, 29, e01874. https://doi.org/10.1002/
eap.1874

Hotanen, J., Nousiainen, H., Makipaa, R., Reinikainen, A. and Tonteri,
T. (2008) Forest Types - Guide to Site Type Classification (Finnish).
Helsinki, Finland: Finnish Forest Research Institute.

Ivashkevich, B.A. (1916) An outline of the forests of Eastern Mountain
Manchuria (Russian). Izvestija Lesnogo instituta, 30, 103-232.

Kalela, A. (1961) Forest vegetation zones in Finland and their climatic
parallel types (German). Archivum Societatis zoologicae-botanicae
Fennicae ‘Vanamo’, 16, 65-83.

Keltikangas, V. (1959) About Finnish Pleurozium moss types and their
position in Cajander’s classification system (Finnish). Acta Forestalia
Fennica, 69, 269. https://doi.org/10.14214/aff.7490

Kolesnikov, B.P. (1974) Genetic stage in forest typology and its tasks
(Russian). Lesovedenie, 2, 3-20.

Kryshen'’, A.M. (2010) Types of forest habitats over automorphic soils in
Karelia (Russian). Botanicheskij zhurnal, 95, 281-297.

Kryshen, A.M., Genikova, N.V., Gnatjuk, E.P.,, Presnuhin, J.V. and
Tkachenko, J.N. (2018) Reforestation series of pine forest commu-
nities in eastern Fennoscandia on sandy automorphic soils (Russian).
Botanicheskij zhurnal, 103, 5-35.

Kryshen, A.M.,Fedorets, N.G., Presnukhin, Y.V.and Sinkevich,S.M.(2003)
Methods of Classification and Description of Forest Phytocenoses and
Soils. Educational and Methodological Guide for Students, Postgraduates
of Forest and Biological Specialties (in Russian). Petrozavodsk, Russia:
Karelian Research Centre RAS.

Kuuluvainen, T. and Gauthier, S. (2018) Young and old forest in the bo-
real: critical stages of ecosystem dynamics and management under
global change. Forest Ecosystems, 5, 26. https://doi.org/10.1186/
s40663-018-0142-2

Kuusipalo, J. (1985) An ecological study of upland forest site classifica-
tion in southern Finland. Acta Forestalia Fennica, 192, 1-77.

Kuusipalo, J. (1996) Finland’s Forest Types (Finnish). Helsinki, Finland:
Kirjayhtyma.

Lahti, T. (1995) Understorey vegetation as an indicator of forests site po-
tential in southern Finland. Acta Forestalia Fennica, 246, 1-68.

Lahti, T. and Véisdnen, R.A. (1987) Ecological gradients of boreal forests
in South Finland: an ordination test of Cajander’s forest site type the-
ory. Vegetatio, 68, 145-156.

Lehto, J. and Leikola, M. (1987) Practical Forest Types (Finnish). Helsinki,
Finland: Kirjayhtyma.


https://orcid.org/0000-0003-3827-4683
https://orcid.org/0000-0003-3827-4683
https://doi.org/10.18637/jss.v054.i02
https://doi.org/10.1016/j.foreco.2013.07.004
https://doi.org/10.1016/j.foreco.2013.07.004
https://www.eea.europa.eu/data-and-maps/data/eunis-habitat-classification/documentation/eunis-2004-report.pdf
https://www.eea.europa.eu/data-and-maps/data/eunis-habitat-classification/documentation/eunis-2004-report.pdf
https://www.eea.europa.eu/data-and-maps/data/eunis-habitat-classification/documentation/eunis-2004-report.pdf
https://doi.org/10.1139/cjfr-2017-0011
https://doi.org/10.1139/cjfr-2017-0011
https://doi.org/10.1007/s10342-019-01205-2
https://doi.org/10.1007/s10342-019-01205-2
https://doi.org/10.1002/eap.1874
https://doi.org/10.1002/eap.1874
https://doi.org/10.14214/aff.7490
https://doi.org/10.1186/s40663-018-0142-2
https://doi.org/10.1186/s40663-018-0142-2

-

POHJANMIES ET AL.

14 . . .

ul Applied Vegetation Science &

Lukina, N.V., Orlova, M.A., Bakhmet, O.N., Tikhonova, E.V., Tebenkova,
D.N., Kasakova, A.l. et al. (2019a) The Influence of vegetation on the
forest soil properties in the Republic of Karelia. Eurasian Soil Science,
52,793-807. https://doi.org/10.1134/51064229319050077

Lukina, N.V,, Tikhonova, E.V., Danilova, M.A., Bakhmet, O.N., Kryshen,
A.M., Tebenkova, D.N. et al. (2019b) Associations between forest
vegetation and the fertility of soil organic horizons in northwest-
ern Russia. Forest Ecosystems, 6, 1-19. https://doi.org/10.1186/
s40663-019-0190-2

Messier, C., Puettmann, K., Chazdon, R., Andersson, K.P., Angers, V.A.,
Brotons, L. et al. (2015) From management to stewardship: view-
ing forests as complex adaptive systems in an uncertain world.
Conservation Letters, 8,368-377. https://doi.org/10.1111/conl. 12156

Moen, J,, Rist, L., Bishop, K., Chapin, F.S., Ellison, D., Kuuluvainen, T. et al.
(2014) Eye on the Taiga: removing global policy impediments to safe-
guard the boreal forest. Conservation Letters, 7, 408-418. https://doi.
org/10.1111/conl.12098

Mucina, L., Bultmann, H., DierRen, K., Theurillat, J.P., Raus, T., Carni, A.
et al. (2016) Vegetation of Europe: hierarchical floristic classification
system of vascular plant, bryophyte, lichen, and algal communi-
ties. Applied Vegetation Science, 19, 3-264. https://doi.org/10.1111/
avsc.12257

Nieppola, J. (1993) Understorey plants as indicators of site productivity
in Pinus sylvestris L. stands. Scandinavian Journal of Forest Research, 8,
49-65. https://doi.org/10.1080/02827589309382754

Nilsson, M.C. and Wardle, D.A. (2005) Understory vegetation as a forest
ecosystem driver: evidence from the northern Swedish boreal for-
est. Frontiers in Ecology and the Environment, 3, 421-428. https://doi.
org/10.1890/1540-9295(2005)003[0421:UVAAFE]2.0.CO;2

Oksanen, J. (1990) Vegetation science in Finland. Journal of Vegetation
Science, 1, 277-282.

Paal, J., Elle, R. and Koster, T. (2010) Vegetation-environment relationship
in Estonian hepatica site type forests in the light of A. K. Cajander’s
forest site type approach. Baltic Forestry, 16, 194-208.

Perring, M.P., Bernhardt-Rémermann, M., Baeten, L., Midolo, G.,
Blondeel, H., Depauw, L. et al. (2018) Global environmental change
effects on plant community composition trajectories depend upon
management legacies. Global Change Biology, 24, 1722-1740. https://
doi.org/10.1111/gcb.14030

Rysin, L.P. (1975) Pine Forests of the European Part of the USSR (Russian).
Moscow: Nauka.

Salemaa, M., Derome, J. and Ngjd, P. (2008) Response of boreal forest
vegetation to the fertility status of the organic layer along a climatic
gradient. Boreal Environment Research, 13, 48-66.

Seidl, R., Spies, T.A., Peterson, D.L., Stephens, S.L. and Hicke, J.A. (2016)
Searching for resilience: addressing the impacts of changing dis-
turbance regimes on forest ecosystem services. Journal of Applied
Ecology, 53, 120-129. https://doi.org/10.1111/1365-2664.12511

Shorohova, E., Sinkevich, S., Kryshen, A. and Vanha-Majamaa, |. (2019)
Variable retention forestry in European boreal forests in Russia.
Ecological Processes, 8, 11. https://doi.org/10.1186/s13717-019-0183-7

Simild, M., Kouki, J., M6énkkdnen, M., Sippola, A.-L. and Huhta, E. (2006)
Co-variation and indicators of species diversity: can richness of
forest-dwelling species be predicted in northern boreal forests?
Ecological Indicators, 6, 686-700. https://doi.org/10.1016/j.ecoli
nd.2005.08.028

Skovsgaard, J.P. and Vanclay, J.K. (2008) Forest site productivity: a review
of the evolution of dendrometric concepts for even-aged stands.
Forestry, 81, 13-31. https://doi.org/10.1093/forestry/cpm041

Strengbom, J. and Nordin, A. (2008) Commercial forest fertilization
causes long-term residual effects in ground vegetation of boreal

forests. Forest Ecology and Management, 256, 2175-2181. https://
doi.org/10.1016/j.foreco.2008.08.009

Sukacheyv, V.N. (1960) Guide to the study of forest types (Finnish). Silva
Fennica,(99), 185.

Sukhanov, Y., Lukashevich, V., Sokolov, A. and Pekkoev, A. (2014)
Application of forest management decision support program MOTTI
in conditions of the Republic of Karelia (Russia). Advanced Materials
Research, 962-965, 663-667. https://doi.org/10.4028/www.scien
tific.net/AMR.962-965.663

Tamminen, P. (2000) Soil factors. In: Malkénen, E. (Ed.) Forest Condition
in a Changing Environment - The Finnish Case. Netherlands: Springer,
pp. 72-86.

Tamminen, P. (1993) Estimation of site index for Scots pine and Norway
spruce stands in South Finland using site properties (Finnish). Folia
Forestalia, 819, 1-26.

Tonteri, T., Hotanen, J.-P. and Kuusipalo, J. (1990a) The Finnish forest site
type approach: ordination and classification studies of mesic forest
sites in southern Finland. Vegetatio, 87, 85-98.

Tonteri, T., Mikkola, K. and Lahti, T. (1990b) Compositional gradients
in the forest vegetation of Finland. Journal of Vegetation Science, 1,
691-698. https://doi.org/10.2307/3235577

Tonteri, T., Salemaa, M., Rautio, P., Hallikainen, V., Korpela, L. and Meril3,
P. (2016) Forest management regulates temporal change in the cover
of boreal plant species. Forest Ecology and Management, 381, 115-
124. https://doi.org/10.1016/j.foreco.2016.09.015

Uotila, A., Hotanen, J.-P. and Kouki, J. (2005) Succession of understory
vegetation in managed and seminatural Scots pine forests in eastern
Finland and Russian Karelia. Canadian Journal of Forest Research, 35,
1422-1441. https://doi.org/10.1139/x05-063

Uotila, A. and Kouki, J. (2005) Understorey vegetation in spruce-dom-
inated forests in eastern Finland and Russian Karelia: successional
patterns after anthropogenic and natural disturbances. Forest
Ecology and Management, 215, 113-137. https://doi.org/10.1016/j.
foreco.2005.05.008

Vanha-Majamaa, |., Shorohova, E., Kushnevskaya, H. and Jalonen, J.
(2017) Resilience of understory vegetation after variable reten-
tion felling in boreal Norway spruce forests - a ten-year perspec-
tive. Forest Ecology and Management, 393, 12-28. https://doi.
org/10.1016/j.foreco.2017.02.040

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

Appendix S1. Description of Cajander's forest site types
Appendix S2. Description of Sukachev's forest types
Appendix S3. Site type classification models

Appendix S4. Supplementary results

How to cite this article: Pohjanmies T, Genikova N, Hotanen
J-P, et al. Site types revisited: Comparison of traditional
Russian and Finnish classification systems for European
boreal forests. Appl Veg Sci. 2020;00:1-14. https://doi.
org/10.1111/avsc.12525



https://doi.org/10.1134/S1064229319050077
https://doi.org/10.1186/s40663-019-0190-2
https://doi.org/10.1186/s40663-019-0190-2
https://doi.org/10.1111/conl.12156
https://doi.org/10.1111/conl.12098
https://doi.org/10.1111/conl.12098
https://doi.org/10.1111/avsc.12257
https://doi.org/10.1111/avsc.12257
https://doi.org/10.1080/02827589309382754
https://doi.org/10.1890/1540-9295(2005)003%5B0421:UVAAFE%5D2.0.CO;2
https://doi.org/10.1890/1540-9295(2005)003%5B0421:UVAAFE%5D2.0.CO;2
https://doi.org/10.1111/gcb.14030
https://doi.org/10.1111/gcb.14030
https://doi.org/10.1111/1365-2664.12511
https://doi.org/10.1186/s13717-019-0183-7
https://doi.org/10.1016/j.ecolind.2005.08.028
https://doi.org/10.1016/j.ecolind.2005.08.028
https://doi.org/10.1093/forestry/cpm041
https://doi.org/10.1016/j.foreco.2008.08.009
https://doi.org/10.1016/j.foreco.2008.08.009
https://doi.org/10.4028/www.scientific.net/AMR.962-965.663
https://doi.org/10.4028/www.scientific.net/AMR.962-965.663
https://doi.org/10.2307/3235577
https://doi.org/10.1016/j.foreco.2016.09.015
https://doi.org/10.1139/x05-063
https://doi.org/10.1016/j.foreco.2005.05.008
https://doi.org/10.1016/j.foreco.2005.05.008
https://doi.org/10.1016/j.foreco.2017.02.040
https://doi.org/10.1016/j.foreco.2017.02.040
https://doi.org/10.1111/avsc.12525
https://doi.org/10.1111/avsc.12525

	Pohjanmies et al 2020.pdf
	avsc.12525

