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Abstract

Background: Being the product of the same environment, soil and vegetation are mutually associated with each
other, but the relationships between edaphic properties and vegetation characteristics are still far from clear.
Accordingly, the specific aim of this study is to identify relationships between forest site types/forest types and the
fertility of soil organic horizons in northwestern Russia. The relationships were assessed at the level of three large
forest regions, the northern and middle taiga of the Republic of Karelia, and the Karelian Isthmus (Leningrad
region), based on 37 spruce, 66 pine, and 16 birch plots which were integrated with the International Cooperative
Programme on Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests).

Results: Soil forming rock and land-use history partly explain the differences in the fertility of soil organic horizons
between the forest ecosystems in northwestern Russia. Climatic factors are closely correlated with plant species
richness, density and the fertility of soil organic horizons. Nutrient content in the organic horizons increased from
poor to rich site types identified according to composition of understory vegetation and the occurrence of certain
indicator species, i.e. Cajander’s forest site types. The most informative parameters in explaining differences
between Cajander’s types were nitrogen, carbon to nitrogen ratio, exchangeable calcium, magnesium, potassium,
and base saturation. Extractable phosphorus, carbon to nitrogen ratio, exchangeable calcium, magnesium,
aluminum and base saturation were the most informative parameters in explaining differences between forest
types identified within the Cajander types in accordance with the tree species composition, i.e. Sukachev’s forest
types. The organic horizons of spruce and birch-dominated forests contained significantly more nutrients,
compared to those dominated by pine. These differences were explained by differences in litter quality, and the
crown shape and density of tree species, which affect the intensity of nutrient leaching.

Conclusions: The study presents new findings regarding the relationships between forest sites/types and the
fertility of soil organic horizons in northwestern Russia. Differences in organic horizon's fertility between the taiga
subzones are explained by differences in the soil forming rock, climatic conditions, land-use history and shares of
forest site types/forest types.
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Background

Being the product of the same environment, soil and
vegetation are mutually associated with each other, but
the relationships between edaphic properties and vegeta-
tion characteristics are still far from clear. Vascular
plants depend on soils for their nutrient and water
supply, but soil is also considered to be a part of the
extended phenotype of a plant (Jones et al. 1994; van
Breemen and Finzi 1998). Plants influence mineral
weathering and soil structure, while certain functional
properties of plants influence the chemical and physical
composition of litter, and thereby their decomposability.
Trees affect the spatial redistribution of precipitation,
and the fluxes of carbon and nutrients within forest eco-
systems and landscapes (Karpachevsky 1978; Hobbie
1992; Lovett 1992; Binkley and Giardina 1998; Berg
2000; Cornelissen et al. 2007).

Non-vascular cryptogams, such as bryophytes and
lichens which are widely distributed in boreal forests,
are important hosts for nitrogen-fixing bacteria. There-
fore, they act as a major nitrogen supply in soils and sig-
nificantly contribute to aboveground biomass; they also
control soil chemistry and nutrition through the accu-
mulation of recalcitrant polyphenols (Cornelissen et al.
2007). New findings emerged during the 1990’s regard-
ing the impact of different trees species on the proper-
ties of forest soils (Binkley et al. 1992; Berkvist and
Folkeson 1995). Augusto (2002) ranked the following
tree species by their ability to reduce soil acidity: (Picea
abies (L) H. Karst., Picea sitchensis (Bong.) Carriere,
Pinus sylvestris L.) > (Abies alba Mill., Pseudotsuga men-
ziesii (Mirb.) Franco) > (Betula pendula Roth, Fagus
sylvatica L., Quercus petraea (Matt.) Liebl, Quercus
robur L.) > (Acer platanoides L., Carpinus betulus L.,
Fraxinus excelsior L., Tilia cordata Mill.).

Orlova et al. (2016) found that the influence of
Norway spruce (P. abies) on the acidity of the organic
horizon in northern taiga forest soils depends on the age
of spruce trees. Young trees (30—50 years) contributed to
increasing acidity of the organic horizon in the old-
growth forests, compared to initial stages of forest soil
development, but this was not the case for the old trees
(> 100 years).

Experimental testing of the relationships between for-
est soil and vegetation, which is a basis for forest type
classifications, is needed. According to the Finnish forest
site classification (Cajander 1909, 1926, 1949) as well as
Central-European Ellenberg system (Ellenberg et al.
1991), the composition of the understory vegetation re-
flects the fertility and productivity status of the site.
Cajander’s forest site type classification is in accordance
with assumption that site productivity can be predicted
on the basis of the occurrence of understory plants,
which has been supported by experimental findings
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(Salemaa et al. 2008). Sukachev (1972) has developed
forest type classification taking into account the under-
story vegetation and tree species composition. Just like
Cajander’s classification in Finland, Sukachev’s forest
type classification is a well-established forestry tool in
Russia (Alexandrova 1969; Frey 1978).

The aim of this study was to assess the fertility of soil
organic horizons in the predominant forest types, and to
identify relationships between the forest types and the
fertility of the soil organic horizons in northwestern
Russia. Our specific hypotheses are that: (1) there are
several factors, such as climate, soil forming rocks, and
land use history, which significantly affect the fertility of
soil organic horizons and the vegetation composition in
the taiga forests of northwestern Russia, and (2) there
are significant relationships between the fertility of soil
organic horizons (i.e. content of bio-available nutrients,
carbon to nitrogen ratio), on the one hand, and Cajan-
der’s forest site types and Sykachev’s forest types, identi-
fied within the Cajander types, on the other hand, in
northwestern Russia.

Materials and methods

Study areas

The 37 Norway spruce (P. abies), 66 Scots pine (P.
sylvestris), and 16 silver birch (B. pendula) or downy
birch (Betula pubescens Ehrh.) plots were established in
the northern and middle taiga of the Republic of Karelia
(NK and MK respectively) and the Karelian Isthmus
(MKI) during the implementation of the International
Cooperative Programme on Assessment and Monitoring
of Air Pollution Effects on Forests (ICP Forests) in 2008
(Fig. 1). They represent taiga forests of the Northwest
Russia at the autonomous positions.

The Republic of Karelia is situated on the Baltic Shield,
the Karelian Isthmus at the junction of the Baltic Shield
and the Russian Plain. The predominant soil-forming
rock in the northern and middle Taiga of Karelia (NK
and MK) is till (lithified boulder clay); in the Karelian
Isthmus (MK]I) it is polymictic sandstone (Chertov 1981)
. Albic Podzols, Rentic Podzols and Albic Retisols are
widely distributed in the area.

The border between the northern and middle taiga is
close to the isotherm of 1400 degree days with an aver-
age daily temperature above 5°C. Annual precipitation
varies from 555 to 823 mm, being lower in northern
taiga. In the Karelian Isthmus precipitation is very high,
due to the influence of the sea.

Forests cover 54% of the Republic of Karelia (Volkov
2008) and about 70% of the Karelian Isthmus (Doronina
2007). In Karelia, young forests constitute more than
36% of the forested area, middle-aged (80—120 years)
33%, mature and over-mature, about 30% (Kryshen
2010). Fire is one of the main factors regulating the
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distribution, structure and composition of forests in the
study area. In the Republic of Karelia, the forests domi-
nated by pine (P. sylvestris) account for 64% of the for-
ested area, those dominated by spruce (P. abies) 24%,
birch (B. pendula, B. pubescens) 11%, and aspen (Popu-
lus tremula L.) about 1%. The northern taiga area is
dominated by Scots pine forests with dwarf shrubs,
green mosses, and lichens, while Norway spruce forests
with dwarf shrubs and green mosses are widespread in
the middle taiga (Kryshen 2010).

The Karelian Isthmus (MKI) is dominated by pine
(51% of the total forest area), while spruce and birch for-
ests are less common there (29% and 16% correspond-
ingly; Doronina 2007). Deciduous forests, mainly with T.
cordata, occur along the shores of the Gulf of Finland
and Lake Ladoga, rarely in the central part of the Isth-
mus (Fedorchuk et al. 2005).

Slash-and-burn agriculture was practiced widely in the
Karelian Isthmus until the beginning of the twentieth
century. The result was a destruction of spruce forests
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on the most fertile soils. Large-scale and severe fires
favored the regeneration of pine. The abandonment of
the slash-and-burn practice, selective logging, less fre-
quent forest fires caused an increase of the spruce forest
area by 13% during the period from 1923 to 1983
(Fedorchuk et al. 2005). At the end of World War II,
when Finland ceded the western part of the Isthmus to
the Soviet Union, the forests received a protected status
(Isachenko 2004; Muukkonen 2009; Rautiainen et al.
2016). The slash-and-burn practice had a limited spatial
distribution in the Republic of Karelia and the period of
implementation was brief (Volkov 2008).

Assessment of plant species cover

Four rectangular plots of 100 m* were assessed within
the sample plots of the International Co-operative
Programme on Assessment and Monitoring of Air Pollu-
tion Effects on Forests (ICP Forests). Within each plot,
the cover percentage of all plant and lichen species was
estimated. Four vegetation layers were identified: a tree
layer (woody plants >5 m in height), a shrub layer (only
woody, between 0.5 and 5m height), a herb layer (all
non-woody, and woody <0.5m height, including tree
seedlings), and a moss-lichen layer (terricolous bryo-
phytes and lichens). In addition, the total cover of each
layer and the area of bare soil and litter was estimated.

Cajander’s forest site types were identified according
to composition of understory vegetation and the occur-
rence of certain indicator species (Hotanen 2008). The
following acronyms for the site types were used: 1)
OMaT - Oxalis-Maianthemum, 2) OMT — Oxalis-Myr-
tillus, 3) MT — Myrtillus, 4) VT — Vaccinium vitis-
idaea, 5) CT — Calluna, 6) CIT — Cladonia.

Site type 1 presents rich herb vegetation, e.g. Aconitum
septentrionale Koelle, Convallaria wmajalis L., Oxalis
acetosella L. and green mosses belonging to the genera
Brachythecium and Mnium. Site type 2 is co-dominated
by O. acetosella and Vaccinium myrtillus L. with a sig-
nificant addition of mesophilous herb species (including
Fragaria vesca L., Maianthemum bifolium (L.)
E.W.Schmidt and Rubus saxatilis L.) and boreal green
mosses (Hylocomium splendens (Hedw.) Schimp. and
Pleurozium schreberi (Willd. ex Brid.) Mitt.). Site type 3
is dominated by V. myrtillus and several boreal moss
species. Site type 4 is characterized by abundant Vacci-
nium vitis-idaea L. and V. myrtillus. In the northern
taiga Empetrum nigrum L. is also quite common, while
herb and grass species are rare. The field layer is domi-
nated by P. schreberi, some lichen species also occur. In
the site types 5 and 6, lichens from the genus Cladonia
and P. schreberi are very abundant. Calluna vulgaris (L.)
Hull is constant in the site type.

Cajander (1909) considered the understory vegetation
to be a more sensitive indicator of environmental
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conditions and potential site productivity than the tree
layer (Kuusipalo 1985). The main focus of the Finnish
forest type classification is the assessment of the poten-
tial productivity of a site, based on the actual vegetation
cover, which is considered to reflect invariable site
factors. Descriptions of site types are mostly based on
undisturbed mature forests (Kuusipalo 1983). Sukachev
(1972) developed an alternative concept taking into
account the understory vegetation as well as the tree
species composition. Concerning the link between the
Cajander classification and his own forest typology,
Vladimir N. Sukachev wrote: “If we divide the Cajander
types according to the tree species composition, these
units will mostly match the types that we accepted”
(Sukachev 1972, p. 33). In this study Sukachev’s forest
types dominated by spruce, pine and birch were identi-
fied within the Cajander forest site types 2, 3, 4, and 6.

Soil sampling

Samples of the organic horizon were excavated using a
frame of 0.25 m x 0.25 m. At the same site, samples of the
BC/C horizons were taken from 0.5 m x 0.5 m holes. The
holes were dug in the vicinity of the four vegetation plots.
The samples were dried and milled to pass through a 2-
mm sieve. The pH was measured in water and in calcium
chloride extracts. Exchangeable potassium (K), calcium
(Ca), magnesium (Mg), aluminum (Al), iron (Fe), sodium
(Na) were determined by AAS after extraction with 0.1
mol-L~ ! BaCl,, exchangeable acidity - after extraction with
0.1 mol-L"! BaCl,. Total metal content in the C/BC hori-
zon was determined by AAS after sample decomposition
with hydrofluoric acid. Extractable compounds of phos-
phorous (P) were determined by colorimetry after extrac-
tion with aqua regia. Total nitrogen (N) and organic
carbon (C) were determined on a CHNS-O analyzer (EA
1110, Italy, CE Instruments).

Effective base saturation was calculated, based on ex-
changeable base cations and exchangeable acidity values.
The particle size distribution was determined gravimetri-
cally for the samples from the C/BC horizons. The pro-
portion of the finest particles (clay) is discussed below.

To compare the fertility of the organic horizons in for-
ests, 40 additional samples from the soil organic horizon
were taken on the plots with pine and spruce forests in
the Lapland reserve of the Murmansk region. These
samples were used to provide data on bio-available
(ammonium acetate, pH = 4.65) content of nutrients in
the organic horizons of Cajander’s Cladonia site type 6.

Stand characteristics

The following forest parameters were assessed in each
sub-plot: basal area (measured with angle gauge from
the center of the sub-plot), mean height and mean age
assessed for each age class of each tree species. These
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parameters were averaged for the whole sample plot. In
addition, breast-height diameter (DBH) was measured
for each tree within each sample plot. Based on the mea-
sured parameters, the stand density and total wood
volume were calculated for each sample plot.

Climatic variables
Plot-wise values for the sum of effective temperatures
(threshold +5°C) and precipitation for the period of
effective temperatures (> + 5 °C), and for the whole year,
were derived from available spatial models based on the
information from 36 meteorological stations of Karelia
and six meteorological stations located on the Karelian
Isthmus (USSR Climate Reference Book 1965, 1965-
1968; models by Budyko 1971; Polikarpov et al. 1986;
Zukert 2000, 2006, 2008). The de Martonne index for
humidity was calculated using the following equation:

H =P/(T +10).

where P is annual precipitation amount (mm), and T
annual mean temperature (°C).

Statistical analysis

Altogether 342 species on 119 plots on the regular grid
were used to determine the ordination pattern of vegeta-
tion. Non-metric Multidimensional Scaling (NMDS) was
performed on log-transformed species abundances
(percent of coverage) using the metaMDS function of the
vegan package of the R statistical environment (R Core
Team 2018). The Bray-Curtis distances between plots
were used for the construction of the ordination diagram.
Several sets of variables, such as climatic and forest inven-
tory data, data on soil organic horizons, were fitted as
environmental vectors into the NMDS ordination using
the function envfit in the vegan package. In addition, 999
random permutations of the variables were performed to
assess the significance of the environmental vectors. The
goodness of fit statistic was R”. In addition, we calculated
Pearson’s correlation coefficients between climatic, tree
stand, soil variables, and species cover and species num-
bers of different functional groups. The coefficients were
calculated for all areas combined.

To identify the influence of forest types on the fertility
of the soil organic horizons, v-tests were conducted for
each soil variable following Husson et al. (2017). The v-
test evaluates a standardized deviation between the
mean of a category and the overall mean of a variable.
The test examines, whether a variable is characteristic of
a category or not. The test statistics is normally distrib-
uted under the following null hypothesis: the values of a
variable, fitted into a category, are selected at random
from all of the possible instances of the variable. This
analysis allowed us to find the soil characteristics that
are informative and relevant for the sites or the tree spe-
cies, as well as the exact values of those characteristics.
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The v-tests were calculated using the function catdes of
the FactoMineR package (Le et al. 2008).

Results

Vegetation

Non-metric Multidimensional Scaling ordination of the
vegetation data demonstrated that the plots were distrib-
uted in accordance with the fertility level along the main
compositional gradient (Fig. 2a). The second gradient
shifted from lower to higher latitudes, and separated the
forests of the NK, MK and MKI regions.

Sukachev’s forest types were identified within the
Cajander forest site types in accordance with the tree
species composition. Some differences were identified in
the total coverage of the different functional groups of
ground vegetation throughout the forests dominated by
spruce, pine and birch within the most productive
Cajander site type 2 (Fig. 2b). Birch forests had the high-
est coverage of herbs (45.5%) and the lowest coverage of
dwarf shrubs (4.9%), compared to those of pine and
spruce forests. Pine forests had higher cover of herbs
(36.0%), dwarf shrubs (18.6%), and grasses (6.9%) com-
pared to spruce forests (21.6%, 8.0%, 3.9%, respectively).
The abundance of green mosses reached maximum
values in spruce forests (25.1%). Poor light conditions
under dense spruce canopy can partly explain the rela-
tively low contribution of herbs and grasses, and high
contribution of mosses in forests dominated by spruce.
As for the Cajander site type 3 (Fig. 2c), the birch forests
had a higher cover of grass and herb species, and a lower
cover of green mosses, compared with pine and spruce
forests. Dwarf shrubs were more abundant in plots dom-
inated by pine. In spruce forests a relatively high cover
of Sphagnum girgensohnii Russow (about 19%) was
found on 6 plots in MKI and on 1 plot in MK. The plots
assigned to the Cajander site type 4 (Fig. 2d) were
mainly dominated by pine (36 plots), spruce and birch
forests were much less common (5 and 4 plots, respect-
ively). There were plots with various disturbances caused
by selective cutting and fires. The majority of pine
stands of the Cajander’s site type 4 were young. A high
abundance of C. vulgaris is characteristic for pine forests
of the Cajander site type 4 plots.

Species density (SR) increased towards the most fertile
sites in MK (Fig. 3a). The herb and grass cover, as well as
species density increased from the northern to the middle
taiga plots (MK and MKI), while the lichen and dwarf
shrub cover percentage increased in the NK plots (Fig. 3a).

Dwarf shrubs and herbs correlated most closely with
the vegetation patterns (Table 1). The tree ages in the
uneven-aged stands in NK varied from 40 to 280 years,
in MK from 40 to 160 years, and in MKI from 60 to 140
years. The stand variables (mean height, mean diameter
and volume) had a high correlation with the vegetation
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Table 1 Linear correlations (R%) with the NMDS ordination pattern
Variable R P
Climatic parameters Effective temperature sum 0612 0.001
Precipitation at the period of the effective T 0.517 0.001
Average annual temperature 0.629 0.001
Amount of precipitation per year 0458 0.001
Plant and lichens cover Lichens cover 0.298 0.001
Green moss cover 0.229 0.001
Grasses + sedges 0.208 0.001
Dwarf shrubs 0415 0.001
Herbs 0.554 0.001
C/BC horizon characteristics pH H,0 0.095 0.001
pH CaCl, 0.139 0.009
Total Ca 0.285 0.001
Total Mg 0.148 0.001
Total K 0444 0.001
Total Na 0.380 0.001
Tree stand characteristics Height 0.555 0.001
Diameter 0.335 0.001
Stand volume 0445 0.001
Organic soil horizon pH H,0 0.070 0016
pH CaCl, 011 0.002
Total N 0223 0.001
CN 0.182 0.001
Exchangeable Ca 0.163 0.001
Exchangeable Mg 0.157 0.001
Exchangeable K 0.241 0.001
Exchangeable Na 0.149 0.001
Extractable P 0218 0.001
BS® 0.156 0.001

®Here and in Tables 5, 6, 7, 8 and 9 BS means base saturation

patterns. These variables also tended to increase with in-
creasing site fertility in MKI (Table 1, Fig. 3a).

There was a distinct difference in the proportions of
site types within the three regions. In the NK region, the
Cajander site type 4 was predominant (67%), while the
site type 3 was also common (23%). The site type 5 was
uncommon in NK (8%) and occurred very rarely in MK.
Only one plot from NK was assigned to site type 6. The
MKI forests were characterized by a prevalence of site
type 3 (55%), by a relatively low share of site type 4
(14%) and by the highest proportion of site type 2 in all
the areas (29%). The MK forests occupied an intermedi-
ate position: site types 3 and 4 had similar proportions,
while the share of site type 2 increased significantly
compared to NK (16%); two plots in MK were assigned
to site type 1.

The number of vascular plant species increased con-
siderably from NK to MKI (63 and 160 species, respect-
ively), mainly due to herbs (30 and 101 species) and
grasses (9 and 29 species) (Table 2). In NK some species
of dwarf shrubs (Ledum palustre L., Vaccinium uligino-
sum L.) were abundant, while in MK these species oc-
curred mainly in wetlands. Similar features of northern
taiga forests were reported from Finland (Tonteri et al
1990; Salemaa et al. 2008). In the MK and MKI forests
some nemoral herb species were recorded (e.g. Aegopo-
dium podagraria L., C. majalis, Hepatica nobilis Mill.,
Lathyrus vernus (L.) Bernh., Paris quadrifolia L.,
Pulmonaria obscura Dumort.,, Stellaria holostea L.). In
MKI some species of broadleaved trees and shrubs (Acer
platanoides L., Quercus robur L., Corylus avellana L.,
Lonicera xylosteum L.) occurred.
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Table 2 The functional groups’ cover (1) and the number of species (2)

Cajander’s Number Dwarf shrubs Herbs Grasses & sedges Green mosses Sphagnum mosses Lichens
site type of plots 1 5 : 5 1 5 : 5 1 5 : 5
Karelia, northern taiga
3 9 476° 4.6 5.1 79 1.8 30 574 8.2 6.0 1.6 0.2 1.6
52° 06 22 16 03 04 72 038 32 05 0.1 04
4 26 50.3 5.1 1.2 34 1.0 14 477 6.2 1.6 0.7 1.3 38
4.1 0.2 04 0.5 04 0.2 45 04 0.7 0.2 2.8 04
5 3 434 6.7 2.1 20 0.7 1.0 335 6.7 1.2 23 396 67
79 15 1.8 0.6 04 06 7.1 12 10.7 12 6.5 0.9
Karelia, middle taiga
1 2 838 15 573 30.5 73 6.0 288 145 0 0 0 10
8.2 05 8.2 25 4.5 1.0 2.2 35 0 0 0 1.0
2 6 6.0 2.2 409 285 56 6.7 21.5 153 134 22 0 0
1.6 0.2 12.3 26 1.6 08 6.9 19 8.7 1.1 0 0
3 16 236 23 8.1 149 6.1 45 439 109 6.0 15 0 11
2.2 0.1 1.6 1.5 1.6 04 53 0.7 2.2 04 0 03
4 13 34.7 43 1.7 5.0 25 23 63.9 9.1 238 13 74 52
37 05 04 0.7 08 03 72 0.7 1.7 03 35 10
Karelian Isthmus, middle taiga
2 12 14.2 20 283 237 51 6.8 102 89 9.1 13 0 0
27 00 49 30 1.7 06 4.0 06 4.2 05 0 0
3 23 21.7 29 9.5 109 7.5 5.1 29.5 7.2 185 1.1 0 04
28 02 23 14 16 05 5.1 04 6.8 0.2 0 0.2
4 6 16.0 45 43 47 04 2.5 730 53 0 0 06 23
4.7 0.6 22 1.6 04 1.1 11.2 0.6 0 0 0.2 0.5

Here and in Tables 3 and 4: ® - mean, ® - standard error

The MK forests were rich with green mosses (52
species) and lichens (23 species), while the MKI forests
were poor in cryptogam species: only 7 species of
lichens and 5 species of liverworts were found. The
number of vascular plants decreased from rich to poor
sites, and a similar trend was found for green mosses
(Table 2). In general, the middle taiga plots maintained
a higher number of vascular plants than the north taiga
plots, while the north-taiga sub-xeric and xeric sites
(the Cajander site types 5 and 6) had species-rich lichen
communities.

Climatic conditions

The average annual temperature in the north taiga of
the Republic of Karelia is close to 0°C. The Karelian
Isthmus and the southern part of Karelia are character-
ized by a warm and moist climate: the sum of tempera-
tures during the growing period is up to 2000 degrees or
more, the average annual temperature can reach 4°C.
The total amount of annual precipitation varies from
north to south. In north Karelia it reaches up to 450—
500 mm per year, in south Karelia it is much higher:

600-700 mm per year. In the Karelian Isthmus the
amount of precipitation reaches 700—800 mm due to the
influence of the sea .

Of the climatic parameters, the sum of effective tem-
peratures, the average annual temperature and the pre-
cipitation for the period of effective temperatures had
the highest correlation with the vegetation patterns (Fig.
3b, Table 1). The sum of effective temperatures ranged
from 1372 to 2082 degree days with the lower values in
NK and higher values in MKI. The total annual precipi-
tation varied from 555 to 823 mm with the lower values
in NK. The de Martonne index ranged from 44 to 67,
but the variation did not reveal a clear pattern which is
typical for this simple ratio.

Soil forming rock and organic horizons

Total content of chemical elements and proportion of fine
particles in soil forming rock

Among the three regions, distinct differences were found
in the total content of Ca, Mg, K and Na in the lower-
most soil horizon C/BC (Table 3). In the BC horizons
the total content of K was significantly (p < 0.001) higher
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Table 3 BC horizon characteristics
Region Site type Proportion pH Total content (gkg™")
gjan o Zggzrzﬂc'es CaCl, HO C N G Mg K Na Al Fe
Karelia, northern taiga 3 1.49*% 49 53 3.2 0.1 17.0 80 93 14.0 38 17
0.13* 0.1 0.2 0.8 0.0 1.0 1.0 0.5 1.0 3 2
4 157 50 57 45 0.1 17.0 6.0 87 14.0 42 18
0.14 0.1 0.1 1.1 0 1.0 0 03 0 1 1
5 157 45 55 10.1 0.1 15.0 16.0 120 11.0 45 31
0.02 0.6 03 2.3 0 40 11.0 25 50 8 21
6 nd 52 6.0 04 0.1 14.0 6.0 115 16.0 34 12
Karelia, middle taiga 1 2.74 4.6 4.8 35 0.1 15.0 17.0 9.7 11.0 38 25
1.70 0.2 09 1.6 0.1 1.0 7.0 04 0 1 4
2 1.06 44 5.1 8.7 0.1 120 9.0 9.8 11.0 36 21
0.13 0.2 03 16 0 1.0 1.0 05 1.0 1 5
3 1.30 4.6 54 74 0.1 12.0 9.0 10.8 120 38 17
0.24 0.1 0.1 1.6 0 1.0 1.0 04 1.0 1 2
4 0.78 4.8 56 76 0.1 120 70 104 14.0 35 16
0.21 0.1 0.2 1.8 0 1.0 1.0 04 1.0 1 3
5 0.37 5.1 58 1.0 0.1 120 30 11.0 15.0 32 "
Karelian Isthmus, middle taiga 2 0.82 5.0 53 29 0 11.0 6.0 132 9.0 36 22
0.19 0.1 0.1 0.6 0 30 1.0 0.7 1.0 3 [§
3 137 5.1 54 56 0 9.0 50 15.0 9.0 39 16
040 0.1 0.1 1.7 0 0.0 1.0 0.6 0 1 1
4 0.29 54 56 1.7 0 9.0 30 158 10.0 39 14
0.08 0.2 0.1 0.6 0 1.0 1.0 12 1.0 3 4
5 nd 55 56 20 0 9.0 30 203 14.0 39 12

* - mean, ** - standard error

while the total content of Na was lower (p<0.01) in
MKI compared to the other two regions, whereas the Ca
content was significantly (p <0.001) higher in NK. The
acidity of the BC horizons in NK was significantly (p = 0.03)
lower compared to that of MK. An analysis of the data
from the three regions demonstrated a higher (p<0.05)
proportion of fine particles in the C/BC horizons of NK
compared to those in MK and MKI. Total Ca, K, and Na in
the C/BC horizons had the highest correlation with the
vegetation patterns, reflecting regional differences.

Organic horizons

According to Cajander, the soil organic horizons develop
in close interaction with the vegetation of boreal forests.
The following parameters of the fertility of the organic
horizons correlated with the vegetation patterns most
closely: total N, C/N ratio, extractable P, exchangeable
Ca, K, Mg and base saturation (Fig. 3c, Table 4). The
content of total N and exchangeable K increased to-
wards the MKI forests, and extractable P and exchange-
able Mg content increased towards the MK forests,

while exchangeable Ca content increased towards both
the MK and MKI plots. The C/N ratio increased towards
the NK forests.

Table 5 demonstrates differences in fertility between
the organic horizons of different Cajander site types in
all three regions. The organic horizon of the site type 4
was more acidic with lower content of total N and base
cations, and was characterized by higher C/N ratios and
lower base saturation compared to site types 3 and 2,
while site type 2 was more nutrient rich in the organic
horizons with lower acidity compared to other site types.

Comparisons between the subzones/areas taking into
account Cajander’s site types have demonstrated signifi-
cant differences in the content of exchangeable K and
total N, which were higher in the organic horizons of
site types 3 and 4 in MKI compared to those of NK and
MK (p =0.001-0.0001). There were significant (p < 0.05)
differences in the C/N ratio in the organic horizons of
site type 3 between NK and MK (33 against 26 respect-
ively). The exchangeable Na content was significantly
higher in the organic horizons of site type 3 and 4 of NK
compared to those of MK and MKI (p=0.001-0.04).
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Table 4 Characteristics of the fertility of soil organic horizons in subzones/areas

Cajander’s pH Total (g-kg”) /N Exchangeable (cmol(+)-kg™ " BS Extractable
site types CaCl, MO C N r[tio  Lidiy  Ca Mg K Na A 0 (ng'kg, )
Karelia, northern taiga
3 34% 44 419 1.8 37 43 123 29 24 0.1 0.7 80 860
0.1%* 0.1 15 0.8 3 03 1.1 0.5 0.1 0 0.2 2 44
4 34 43 405 9.3 46 46 10.8 24 2.2 0.2 0.9 76 803
0.1 0.1 13 04 2 03 08 0.2 0.1 0 0.2 2 31
5 34 43 403 84 50 37 79 18 1.8 02 0.7 75 730
0.1 0.1 40 1.3 10 03 1.0 05 0.7 0.1 0.2 3 129
6 30 4.1 415 53 78 7.1 4.8 1.6 16 0.2 1.9 53 588
Karelia, middle taiga
1 39 50 268 1.2 25 23 144 35 19 0.1 0.8 89 773
0.1 03 39 30 3 05 4.5 05 06 0.0 06 5 200
2 39 48 434 15.1 30 34 213 56 27 0.1 04 88 942
0.2 0.2 48 1.6 3 0.7 34 1.8 04 0 0.1 4 93
3 37 47 336 10.8 37 3.7 15.8 38 23 0.1 0.7 83 820
02 02 29 038 8 05 20 05 0.1 0 02 3 33
4 33 45 351 9.0 42 4.7 104 25 1.7 0.1 1.5 72 671
02 02 30 0.7 5 0.7 19 05 02 0 04 5 41
5 30 4.1 495 94 53 54 75 1.1 13 0.1 1.1 65 682
Karelian Isthmus, middle taiga
2 35 44 399 129 33 46 14.3 25 33 0.1 12 81 720
0.1 0.1 26 12 3 0.7 1.1 03 02 0 03 3 51
3 36 45 372 12.2 32 42 135 24 3.1 0.1 1.5 82 686
0.1 0.1 18 0.6 2 04 0.7 0.2 0.1 0 03 2 29
4 33 4.2 416 11.2 38 5.1 11.5 1.8 3.1 0.1 1.8 76 612
0.1 0.1 14 0.8 3 0.6 1.1 0 0.2 0 04 3 25
5 34 43 454 13.6 33 3.1 12.2 1.5 2.1 0.1 0.6 84 514

* - mean, ** - standard error

The highest content of exchangeable Mg was found in
the organic horizons of site types 2 and 3 of MK com-
pared to those of MKI and NK (p = 0.02—0.04).

A grouping of forests by 3 dominant tree species (pine,
birch and spruce) in the three regions without taking into
account the ground vegetation, reveals that the organic
horizons of pine forests are characterized by the lowest
fertility, i.e. the lowest pH value, the lowest total N con-
tent, the lowest content of extractable P and base cations,
as well as the lowest base saturation, but the highest con-
tent of total C and exchangeable Al (Table 6). The highest
nutrient content, the highest pH level and a low content
of total C and exchangeable Al in the organic horizons
were found in the birch forests. Spruce forests occupied
an intermediate position. The soil organic horizons of the
pine forests were characterized by the highest C/N ratio
(45), while in spruce and birch forests this ratio was
significantly lower (30 and 27, respectively).

Table 7 demonstrates the differences in acidity and fertil-
ity between the organic horizons based on Sukachev’s forest
types (within the Cajander system). The organic horizons
of pine forests within the Cajander site type 3 have the low-
est fertility level, that is, the lowest pH, content and stock
of total N, content of extractable P and exchangeable Ca
and Mg, as well as base saturation, but total C and
exchangeable Al were highest. Birch forests had the
highest nutrient content and a high pH, and the lowest
content of total C and exchangeable Al in the organic
horizons, while spruce forests occupied an intermediate
position. The organic horizons of pine forests were also
characterized by the highest C/N ratio of 44, while in
spruce and birch forests this ratio decreased to 30 and
27, respectively.

The organic horizons of pine, spruce and birch forests
identified within Cajander’s site type 2 showed, similar
to site type 3, differences in the acidity and fertility
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Table 5 Characteristics of the fertility of soil organic horizons in Cajander’s forest site types

Parameters v-test Mean in category Standard deviation Overall  Overall  p-value
in category mean  standard
a deviation
OMT MT ) OMT MT VT OMT MT VT OMT MT VT
(n=18) (n=48) (n=45 (n=18) (n=48) (n=45) (nh=18) (n=48) (n=45) (n=18) (n=48) (n=45)
pH CaCl, 1.59 1.79 -272 367 3.60 3.35 0.52 0.54 037 3.51 048 0.113 0.073 0.006
pH H,O 0.55 1.57 -182 452 4.55 4.36 0.50 0.53 041 4.46 048 0.583 0116 0.069
Total C (gkg™") 132 -160 059 41 369 391 98.6 93.2 79.9 385 89 0.188 0109  0.558
Total N (gkg™") 376 1.88 -400 137 1.7 94 3.95 297 231 11.0 327 0 0060 0
N -2 -2 3 32 34 44 10 19 13 38 16 0.062 0.037 0.005
Exchangeable  —0.28 -1.18 172 419 4.06 468 212 1.78 1.86 431 1.86 0.781 0237 0086
acidity®
Ex%hangeable 3.02 1.83 -3.21 16.6 14.1 10.8 6.38 539 4.71 129 5.66 0.003 0.067 0.001
Ca
Exchangeable  2.02 1.03 -197 352 2.95 2.34 2.88 1.61 1.24 2.74 1.75 0.043 0.301 0.049
I\/\gb
Eéchangeable 341 255 -366 308 2.72 2.16 0.88 0.64 0.63 2.50 0.78 0.001 0.011 0
K
Exck)hangeable -0.78 -218 233 0.11 0.10 0.13 0.04 0.05 0.12 0.06 0432 0029 0020
Na
Exghangeable -0.55 -007 070 0.95 1.07 1.16 0.82 1.20 1.06 1.08 1.05 0586 0946 0482
Al
Exchangeable  1.06 0.80 -138 108 1.00 0.86 0.58 0.58 049 0.95 0.54 0287 0422 0169
Mn®
BS (%) 1.84 2.22 -317 834 81.7 74.6 9.5 9.2 126 789 114 0.066 0026  0.002
Extractable P 1.08 040 -073 7% 763 739 217 153 164 754 170 0282 0623 0468
(mgkg™)

2OMT - Oxalis-Myrtillus, MT — Myrtillus, VT - Vaccinium vitis-idaea; b_ cmol(+)-kg™

characteristics (Table 7). Site type 4 was mainly dominated
by Scots pine, and results of v-tests demonstrated that the
organic horizons of the pine forests were poor in nutrients
as in the site types 2 and 3.

The more detailed soil sampling within Cajander’s
site type 6 (Cladonia) in the Lapland reserve (Mur-
mansk region) demonstrated that if one considers
micro-zones below the crowns, the organic horizons
contained significantly more bio-available nutrients in
forests dominated by spruce compared to those domi-
nated by pine (Fig. 4). There were significant differ-
ences in the content of soil nutrients below and
between the crowns in forests dominated by spruce.
The nutrient content in the soil organic horizons of the
two micro-zones a) close to tree trunks and b) below
the crowns of spruce trees, was significantly higher
than the nutrient content in the soil organic horizons
between the crowns.

Thus, there were significant differences in the fertility
of soil organic horizons between Sukachev’s forest types
dominated by different tree species within the same
Cajander forest site types. The forests, dominated by
spruce and birch are characterized by more fertile or-
ganic horizons than those dominated by pine within the
same Cajander site type. Therefore, along with the

ground vegetation, taking into account the predomin-
ance of tree species is of great importance for the assess-
ment of relationships between the fertility of soil organic
horizons and the vegetation.

Correlations between the total content of elements in soil
forming rock and their exchangeable forms in the organic
horizons

When analyzing data from all three areas together, there
was no close correlation found between the total content of
Ca in the BC horizons, on the one hand, and exchangeable
Ca content in the organic horizons, on the other hand.
Positive close correlations were found between the total
content of Mg and K in the BC horizons and content of
their exchangeable forms in the organic horizons (r = 0.400
and 0.331 respectively). The variation in exchangeable Mg
and K in the organic horizons could be partly explained by
their total content in the soil forming rock, but this was not
possible for exchangeable Ca.

Discussion

Effects of soil forming rock and land use history on site
fertility

Compared to other areas, a comparable or even higher
content of exchangeable Ca in the organic horizons of
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Table 6 Characteristics of the fertility of soil organic horizons in pine, spruce and birch forests
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Parameters v-test Mean in category Standard deviation in Overall  Overall  p-value
category mean  standard
- - - - ’ ) deviation ;

pine spruce  birch pine spruce  birch pine spruce  birch pine spruce  birch

(n=66) (n=37) (h=16) (h=66) (n=37) (n=16) (n=66) (N=37) (h=16) (n=66) (n=37) (h=16)
pH CaCl, —448 118 493 333 3.58 4.06 036 043 0.56 3.51 048 0 0237 0
pH H,O -383 060 477 431 450 499 037 044 0.58 446 048 0 0.548 0
Iotal Clgkg™ 322 -133 -288 409 369 325 72 89 119 385 89.22 0001  0.183 0.004
)
Total N (g-kg’w) 449 373 148 9.8 126 121 276 3.20 346 11.0 327 0 0 0.140
N 5 -3 -3 45 30 27 18 8 9 38 16 0 0 0.003
Exchangeable  4.25 —2.00 —-349 49 3.80 2.79 1.80 1.58 149 431 1.86 0 0.046 0
acidity®
Exchangeable —-496 274 3.52 106 150 175 3.98 549 7.3 129 5.66 0 0.006 0
Ca®
Exchangeable —451 087 539 2.09 295 495 1.03 1.36 281 274 1.75 0 0.385 0
Mg?
Exchangeable —-172  0.77 146 239 258 276 078 0.71 0.90 250 0.78 0085 0439 0.145
Ka
Exchangeable 245 -1.01 -220 0.3 0.11 0.09 0.06 0.06 0.05 0.12 0.06 0014 0313 0.028
Na®
Exchangeable  3.13 -1.37 —2.70 135 0.88 041 124 0.66 033 1.08 1.05 0.002 0171 0.007
Al
Exchangeable  -3.07 1.94 1.85 0.81 1.09 1.18 048 056 059 0.95 0.54 0.002 0.053 0.065
Mn?
BS (%) =521 2.69 3.94 74.0 830 894 11.0 9.0 64 789 114 0 0.007 0
Extractable P —-388 258 216 700 814 840 127 184 215 754 170 0 0.010 0.031
(mgkg™")
2cmol(+)-kg™

MKI where total content of Ca in BC horizons was sig-
nificantly lower than in NK and MK, could be explained
by the land-use history (Muukkonen et al. 2009; Rautiai-
nen et al. 2016). Slash-and-burn and amelioration prac-
tices in previous times probably contributed significantly
to the current soil nutrient status, resulting in the unex-
pected high exchangeable Ca content in the organic ho-
rizons in MKI. Previous land-use practices focusing on
soil fertility improvement in the Karelian Isthmus thus
resulted in higher exchangeable Ca in the organic hori-
zons. This effect, together with more favorable climatic
conditions, may explain the higher stand productivity in
MKI compared to NK and MK.

Climatic factors and vegetation

The influence of climatic factors on the soil organic
horizon fertility could be mediated by vegetation, i.e. by
the predominance of certain species within the forest
site types and by the proportion of site types within the
regions. These proportions could be explained by differ-
ences in the climatic conditions as well as by the reac-
tions of forests developing under different climatic
conditions under previous land-use practice and human
disturbances, including fire and timber harvesting.

Close correlations between plant species richness and
cover and climatic factors were found in different plant
functional groups (Tables 8, 9). The herb and grass spe-
cies richness and cover correlated positively with
temperature and total precipitation. Negative correla-
tions with these climate variables were found for lichens
and dwarf shrubs.

Close correlations were also found between the species
richness and plant cover of functional species groups
and the parameters related to stand productivity. These
correlations increased in MKI, where the sum of effect-
ive temperatures and precipitation were highest. The
number of herb and grass species correlated positively,
and species number of dwarf shrubs and lichens corre-
lated negatively, with tree height and stand volume.
Thus, the influence of climatic factors on vegetation in
the study areas is evident.

The same climatic factors were closely related to the
fertility characteristics of the organic horizon, such as
content of exchangeable K (p <0.005), exchangeable Ca
(p<0.01) and total N (p <0.01) as well as C to N ratio
(p <0.008). These variables, in turn, were closely associ-
ated with richness and cover of plant species and func-
tional groups (Tables 8, 9). This result can be explained
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Table 7 Characteristics of the fertility of soil organic horizons in Sukachev's forest types within the Cajander’s forest site types 2—4

Parameters v-test Mean in category Standard deviation in Overall  Overall p-value
category mean  standard
- . - - ; ; deviation )
pine spruce  birch pine spruce  birch pine spruce  birch pine spruce  birch
(n=66) (h= (n=16) (h=66) (n= (n=16) (h=66) (n= (n=16) (n=66) (h= (n=16)
37) 37) 37) 37)

2-OMT (pine n=7, spruce n=7, birch n=4)
pH CaCl, -162 016 1.71 342 370 408 0.57 040 044 367 0.52 0105 0872 0087
pH H,O -089 =075 193 4.38 440 496 0.61 0.24 0.50 452 0.50 0372 0452 0.054
Total C (gkg™ ) 054 0.54 043 427 427 430 107 107 37.13 411 99 0.590 0.590 0.667
Total N (gkg™") 188 1.88 0.82 159 159 15.1 2.00 2.00 4.70 1366 395 0060 0060 0410
C/N 2 -2 0 37 27 30 Ihl 6 8 32 10 0.054 0.102 0.730
Exchangeable 147 -083 075 514 3.66 347 283 131 1.60 419 212 0.141 0405 0453
acidity®
Exchangeable  —241 0.77 192 12.0 18.1 222 133 597 7.64 16.6 6.38 0.016 0443 0.054
Ca®
Exchangeable —-167 —-067 274 2.06 293 7.09 044 1.66 4.26 3.52 2.88 0.095 0.503 0.006
Mg?

Exchangeable K* 047 -093 054 320 283 329 1.05 0.86 0.68 3.08 0.88 0641 0355 0591
Exchangeable  —0.15 1.01 -1.00 011 0.12 0.09 0.03 0.04 0.05 0.11 0.04 0.879 0314 0317
Na®
Exchangeable  2.10 045 194 147 0.84 0.23 1.05 033 0.07 095 0.82 0.036 0.652 0.053
Al
Exchangeable  —2.71 060 248 0.60 1.18 1.73 030 046 041 1.08 0.58 0007 0549 0013
Mn?

BS (%) -195 068 148 77.8 854 89.8 106 771 5.64 834 9.54 0052 0494 0139
Extractable P 269 072 2.31 616 842 1022 108 140 238 794 217 0.007 0470 0.021
(mgkg™)

3-MT (pine n=17, spruce n= 23, birch n=8)
pH CaCl, -2.14 =023  3.06 3.38 3.58 414 038 0.44 0.74 3.60 054 0.032 0818 0.002
pH H,0 -196 -020 279 434 453 5.02 031 049 0.72 455 053 0050 0839 0005
Total C (g~kgf1) 237 -066 216 412 360 303 755 84.5 115 369 932 0.018 0510 0.031
Total N (g-kg’w) —1.68 1.84 -0.31 10.7 125 114 3.36 2.78 211 11.7 297 0.093 0.066 0.753
C/N 3 -2 -1 44 30 27 27 8 10 34 19 0007 0094 0219
Exchangeable 244 -082 204 492 384 287 1.79 1.63 146 4.06 1.78 0015 0414 0041
acidity
Exchangeable  —2.15 073 178 18 14.7 17.2 313 5.09 8.14 14.1 539 0.031 0465 0.074
Ca
Exchangeable  —-276 053 283 207 3.08 444 092 142 218 295 1.61 0006 0596  0.005
Mg
Exchangeable K —-054 027 033 265 275 2.79 0.61 0.55 093 272 0.64 0592 0.789 0.742
Exchangeable  0.78 0.11 -1.15 011 0.11 0.09 0.04 0.05 0.04 0.10 0.05 0436 0910 0250
Na

Exchangeable Al 233 -127 =130 162 0.84 0.56 1.70 073 042 1.07 1.20 0020 0205 0195
Exchangeable —135 1.18 0.15 0.85 1.10 1.03 0.57 0.58 057 1.00 0.58 0177 0238 0879
Mn
BS (%) -283 1.4 211 76.5 833 88.0 9.11 8.07 7.69 81.7 923 0005 0254 0035
Extractable P 204 150 0.61 702 798 794 99 183 127 763 153 0.041 0.134 0541
(mgkg™)

4-VT (pine n =36, spruce n=>5, birch n=4)
pH CaCl, -194 021 296 3.30 332 3.88 032 0.49 017 335 037 0.052 0.835 0.003

pH H,0O -201 =019 304 4.30 4.33 4.97 036 042 044 4.36 041 0044 0848  0.002
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Table 7 Characteristics of the fertility of soil organic horizons in Sukachev's forest types within the Cajander’s forest site types 2—4

(Continued)
Parameters v-test Mean in category Standard deviation in Overall  Overall p-value
category mean  standard
- - - - - ) deviation T -
pine spruce birch  pine spruce birch  pine spruce  birch pine spruce  birch
(h=66) (n= (n=16) (n=66) (n= (n=16) (n=66) (= (n=16) (n=66) (n= (n=16)
37) 37) 37) 37)

Total C (g~kg’]) 2.87 -064 =333 408 369 263 63 48 132 391 79.9 0.004 0.524  0.001
Total Ngkg™) -066 -008 102 9.31 9.35 106 223 244 320 943 231 0510 0934 0309
N 3 -0.5 -3 46 41 24 12 7 7 44 13 0009 0626  0.002
Exchangeable 245 -035 =305 503 440 1.94 1.66 1.92 143 4.68 1.86 0.014 0.725 0.002
acidity
Exchangeable  —1.61 0.92 1.25 10.2 12.6 13.6 4.62 6.33 1.54 10.8 471 0.108 0360 0213
Ca
Exchangeable —-156 -027 249 2.19 2.19 383 1.21 0.65 1.33 2.34 1.24 0.119 0.785 0.013
Mg
Exchangeable K 1.09 -146 008 222 1.77 219 063 043 0.85 216 0.63 0276 0145 0938
Exchangeable  0.88 0.22 -148 014 0.14 0.09 0.06 0.08 0.08 0.13 0.06 0.381 0.825 0.140
Na
Exchangeable 1.21 0.02 =172 1.26 1.17 0.29 112 0.76 0.07 1.16 1.06 0.228 0986  0.086
Al
Exchangeable 031 004 039 0.85 0.87 0.96 049 061 053 0.86 049 0757 0968  0.69%
Mn
BS (%) -225 035 278 724 76.5 91.5 11.8 135 4.89 746 126 0025 0729  0.005
Extractable P -148 178 0.12 721 864 749 132 253 275 739 164 0.138 0075 0905
(mgkg™)

2cmol(+)-kg™

by the influence of climatic factors and vegetation on
soil organic horizon fertility.

Relationships between soil fertility and forest types
Relationships between the vegetation pattern and the
fertility of the soil organic horizon were identified at the
regional level. The predominance of Cajander’s site type
4 in NK is associated with a lower nutrient content and
higher C/N ratio in the organic horizons compared to
those in MK, where the proportion of site type 3 is
higher, and compared to those in MKI where the pro-
portion of site types 2 and 3 is higher.

At the level of Cajander’s site types, the relationships
between vegetation formation and organic horizon fertil-
ity were also evident. In all three areas the nutrient con-
tent in the organic horizon increased from poor sites
dominated by evergreen dwarf-shrubs and lichens to
rich sites dominated by blueberry and herbs/grasses.
The most informative soil parameters were N, C/N ratio,
exchangeable Ca, Mg, K, base saturation, which confirms
the Finnish case study by Salemaa et al. (2008).

At the level of Sukachev’s forest types the effects
of predominant tree species were identified within
Cajander’s site types 2, 3, and 4. The organic hori-
zons dominated by spruce and birch were more

nutrient rich and less acidic compared to those dom-
inated by pine.

The differences in the fertility of soil organic horizons
could be explained by differences in the amount of pre-
cipitation penetrating through the canopy formed by dif-
ferent tree species. Augusto et al. (2015) found that the
presence of evergreen Gymnosperm tree species gener-
ally induces a lower rate of precipitation input into the
soil than the deciduous Angiosperm trees species, result-
ing in drier soil conditions and lower water discharge in
the Gymnosperm communities. Christiansen et al.
(2010) have shown that the mean annual percolation
below the root zone of Norway spruce trees was signifi-
cantly lower compared to that of deciduous trees.

The amount of precipitation below the crowns of
Scots pine trees, especially the amount of water flowing
down along the trunks, was considerably higher com-
pared to that in Norway spruce forests of the northern
taiga (Lukina et al. 2019). This effect can be explained
by differences in the crown structure of different con-
iferous tree species. In the northern taiga, the crowns of
old pine trees are open and short, whereas the crowns of
old spruce trees are long and dense. Low amounts of
precipitation penetrating through a dense and low can-
opy can prevent nutrient loss from the soil organic hori-
zons in spruce forests.
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Higher nutrient contents in the organic horizons of
spruce forests can also be explained by a high content of
some nutrients in senescent spruce needles. An example
is Ca. Norway spruce is known to accumulate Ca in per-
ennial needles. The Ca content in 12—13 year old needles
of old spruce trees may reach 13—-15g-kg™ ' in the north-
ern taiga of the Murmansk region (Lukina and Nikonov
1998; Nikonov et al., 20044, b). Ca is a non-mobile elem-
ent, and it’s concentration increases with needle age.
Similar results were reported for manganese in forests at
the northern tree line, an immobile element that is
incapable of relocation within the trees (Lukina and
Nikonov 1998; Nikonov et al., 20044, b).

There were significant differences in the content of bio-
available nutrients in the organic horizons between the

micro-zones in spruce forests within Cajander’s site
type 6 in the Lapland reserve of the Murmansk region
(Fig. 4). The reason for the higher nutrient content
could be the particular crown shape of spruce trees,
and the high Ca content in senescent spruce needles, as
explained before. The results were different in pine
forests, as expected.

The higher nutrient content in the organic horizons in
birch forests compared to those of pine and spruce for-
ests can be explained by a high quality birch litter. In
the humus layer of a replicated 35-year-old birch-spruce
field experiment on Vaccinium myrtillus site type in
middle-eastern Finland the pH was higher under birch
than under spruce, and the C/N ratio was lower under
birch than under spruce (Smolander et al. 2005).
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Table 8 Correlation coefficients between climatic variables, tree stand characteristics, the fertility of soil organic horizons, and the

number of plant species of different functional groups

Parameters Lichens Green Grasses & Dwarf Herbs Lichens Green Grasses & Dwarf Herbs
moss  sedges shrubs moss  sedges shrubs
R p
Climate
Sum of effective temperatures -042 018 053 -053 039 0 005 0 0 0
Precipitation amount at the period of effective -038 003 041 -045 026 O 073 0 0 0
temperatures
Amount of precipitation per year -037 010 037 -045 023 O 030 O 0 0.01
Average annual temperature -045 018 056 -051 041 O 006 0 0 0
Forest inventory parameters (all areas)
Stand volume -051 013 044 -054 042 0 017 0 0 0
Height -0.61 026 059 -065 054 O 0 0 0 0
Diameter -0.51 017 051 -046 044 O 006 0 0 0
AO Horizon
pH H,O -010 029 025 -011 023 028 0 0.01 0.22 0.01
pH CaCl, -016 032 031 -0.16 031 009 0 0 0.09 0
Total N -034 018 040 -036 035 0 005 0 0 0
C/N 0.24 -022 -033 0.31 -032 001 002 0 0 0
Exchangeable Ca -025 033 036 -028 037 001 0 0 0 0
Exchangeable Mg -0.12 033 027 -0.14 030 0.18 0 0 0.12 0
Exchangeable K -0.41 -0.04 037 -030 028 O 064 O 0 0
BS -023 022 035 -022 036 001 002 0 002 0

The number and cover of plant species of certain
functional types and the organic horizon fertility were
interrelated. Close positive correlations were found
between the herb and grass species density and total N,
exchangeable Ca, Mg, K in the organic horizons. In con-
trast, the correlations between the nutrient content and
the density of dwarf shrub and lichen species were nega-
tive. Negative correlations were found between the dens-
ity of herb and grass species and the C/N ratios in the
organic horizons. In contrast, the correlations between
the C/N ratios and the density of dwarf shrub and lichen
species were positive.

These close correlations demonstrated that herbs and
grasses can promote the development of upper soil hori-
zons of higher fertility better than dwarf shrubs, lichens
and mosses which can be explained by the chemical
composition of the litter of different functional types. A
high amount of phenolics in tissues of plants of the
family Ericaceae decreases the N concentration, which
impedes litter decomposition (Li et al. 2007). Black
crowberry also contains large quantities of polyphenolic
compounds (Wardle et al. 2003). Mosses are character-
ized by a low content of nutrients and water-soluble
extractives (Hilli 2013), while lichens also have a very
low nutrient content (Cornelissen 2007).

Thus, the litter quality, the chemical composition of
the residues of the predominant plant species is of great
importance for assessing and predicting the relationships
between soil and plants. The crown structure of the pre-
dominant tree species, together with their litter quality,
is affecting the intensity of nutrient leaching and nutri-
ent accumulation in the soil.

Conclusions

Based on an extensive set of field observations, several
key relationships between different forest site types/for-
est types, and the fertility of the organic soil horizons,
were identified in three of taiga forest regions of north-
western Russia: the northern taiga and middle taiga of
the Republic of Karelia, and the Karelian Isthmus. To as-
sess these relationships, the influence of other important
soil-forming factors was identified at the regional level,
such as soil forming rock, the effect of the land use his-
tory and different climatic conditions. The content of
exchangeable Mg and K in the organic horizons was re-
lated to the total content of these elements in the soil
forming rock. The different results for Ca are explained
by the specific land-use history in the Karelian Isthmus.
Significant differences in the fertility of the soil organic
horizons between the three regions are also explained by



Lukina et al. Forest Ecosystems (2019) 6:34

Page 17 of 19

Table 9 Correlation coefficients between the climate, tree stand characteristics, the fertility of soil organic horizons and density of

different plant functional groups

Parameters Lichens Green Grasses & Dwarf Herbs Lichens Green Grasses & Dwarf Herbs
moss  sedges shrubs moss  sedges shrubs
R p
Climatic characteristics
Sum of effective temperatures -038 -0.14 031 -062 032 0 014 0 0 0
Precipitation amount for the period of effective -035 —-0.12 025 -054 024 O 019 001 0 0.01
temperatures
Amount of precipitation per year -035 013 025 -053 024 O 016 001 0 0.01
Average annual temperature -038 -0.18 033 -062 033 O 005 O 0 0
Forest inventory parameters
Stand volume -033 016 027 -042 041 0 008 0 0 0
Height -045 -021 031 -048 047 O 003 0 0 0
Diameter -034 009 028 -031 036 O 032 0 0 0
AO Horizon
pH H,O -004 022 024 -022 018 066 002 001 0.02 0.06
pH CaCl, -007 =028 027 -024 024 046 0 0 0.01 0.01
Total N -030 -018 0.16 -037 030 O 005 008 0 0
C/N 0.26 014 -0.18 0.30 -023 0 0.14  0.05 0 0.01
Exchangeable Ca -020 —-022 021 -034 024 003 002 002 0 0.01
Exchangeable Mg -010 -023 011 -024 023 028 001 025 0.01 0.01
Exchangeable K -030 -029 026 -030 020 O 0 0 0 0.03
BS -018 —-025 030 -028 024 005 001 0 0 0.01

the vegetation patterns. The influence of the particular
climatic conditions on the plant species composition can
partly explain the differences in the organic horizon fer-
tility between the three regions. As expected, the nutri-
ent content in the organic horizons increased from poor
to rich Cajander’s forest site types. The most informative
parameters were N, C/N ratio, exchangeable Ca, Mg, K,
and base saturation. The density of particular plant spe-
cies communities and the fertility characteristics of the
organic horizons were interrelated. Close positive corre-
lations were found between the density of herbs and
grasses and the nutrient content. For dwarf shrubs, li-
chens and mosses these correlations were negative. This
result was explained by differences in the chemical com-
position of the litter of plants belonging to different
functional groups. Significant differences in the fertility
of the soil organic horizons were also found between
Sukachev’s forest types dominated by different tree spe-
cies identified within Cajander’s site types Oxalis-Myrtil-
lus, Mpyrtillus, Vaccinium vitis-idaea, Cladonia. The
organic horizons of the same Cajander site types domi-
nated by birch and spruce contained significantly more
nutrients, compared to those dominated by pine. The
influence of tree species was due to litter quality and
differences in the crown structure of tree species
affecting nutrient leaching. This study identified close

relationships between forest site types/forest types and
the fertility of soil organic horizons in the taiga subzones
of northwestern Russia.

Abbreviation
ICP Forests: International Co-operative Programme on Assessment and Moni-
toring of Air Pollution Effects on Forests
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