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Abstract. Old-growth spruce and spruce-fir forests can be extremely variable in the composition and diversity
of their ground layer of vegetation, sometimes with over 10 times difference in diversity between various forests.
What is the reason for such a big difference? Here we propose a hypothesis that the ground layer of vegetation is
most strongly affected by fire history of boreal forest ecosystems. We estimated composition, structure and di-
versity of vascular plant and bryophyte species in seven forest types in old-growth forests dominated by either
Picea obovate or Picea obovate together with Abies sibirica, which were located in the plains of the Komi Republic.
All the study areas were either at elevated or hilly plains with good and moderate drainage, or in valleys of small
rivers and streams, away from wets and bogs. We analyzed Landolt’s species ecological values, coverage of vege-
tation layers and deadwoods at different stages of decay, bedrock parameters, and soil charcoals in order to ex-
plain differences in the plant species composition and diversity. We showed that there are weak but statistically
significant correlations between the coverage of deadwoods at different decay stages and vascular species com-
position and a positive correlation between the total deadwood coverage and bryophyte species diversity. Among
the studied forests, those that are dominated by boreal and nitrophilous tall herbs (located in watersheds and in
river valleys respectively), have no fire scars on stems of Pinus spp. and almost no charcoal in the soil and demon-
strate the highest species diversity. We estimated that these forests have not experienced fires for over 400 years.
In contrast, the diversity of vascular plants in the forests dominated by green mosses, dwarf shrubs, small boreal
herbs and large ferns was low; we evaluated that the last time when these forests suffered intense multiple fires
was at least 150 years ago.
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AHHoTaumA. CTapoBO3pacTHble e/10Bble U €/10BO-NIUXTOBbIE /1eca O4eHb PasHOOOPa3sHbl MO COCTaBY U CTPYKTYpe
Haro4YBEHHOrO MOKPOBA: YAC/I0 BUAOB PACTEHUI Ha 100 M” MOKET pas/nMyaThcs B 10 1 60/1€e pas. Kakosa npuiuHa
TakoM 60/1bLOoN pa3HuMLbI? Halla runoTesa COCTOUT B TOM, YTO HAaMOYBEHHbIV APYC PacTUTE/IbHOCTU Haubosee Cu/b-
HO MOABEPXKEH MOXKapaM B SKOCUCTeMax BopeasbHbIX 1ecoB. Mbl OLLeHW/IN COCTaB, CTPYKTYPY M pasHoobpasue co-
CYANCTBIX pacTeHMM 1 MOXO06pasHbIX B CEMM TUMAxX /1eca, Bblge/IeHHbIX CpeAn CTapOBO3PacCTHbIX /1€COB, rAe npe-
obnapgatoT nmbo Picea obovata, nmbo Picea obovate wn Abies sibirica, pacrosoXeHHbIX B PaBHMHHbIX paloHax
pecnyb6aunkm Komu. Bce uccregyemble neca HaxogATCA BHe 60/10T M 3aTOM/EHHBIX YHaCTKOB — Ha C/1erka NOAHATbIX
WM XO/IMUCTBIX PaBHMHAX C XOPOLLUUM W/ YMEPEHHBIM APEHAXKOM, MO0 B AO/MHAX MA/IbIX PEK U PYyybeB. JKO/10-
rmyeckme LWKa/bl /1aHg0/1bTa, MOKPbITUE Pas/IMYHbIX APYCOB PacTUTE/IbHOCTM U Ba/ieXKa Ha PasHbIX CTaguAX pas/o-
KEHUA, napameTpbl NOACTU/IAOWLNX NMOPOA, XapaKTEPUCTUKU yrneﬁ B no4eax 6bian npoaHa/n3npoBaHbl C Le/1blo
06bACHEHNUA pasHULbI B COCTaBE U pasHOODOpasuM pacTUTe/IbHOCTU. Mbl BbIABU/U cnabble, HO CTAaTUCTUHECKM 3Ha-
YUMble KOpPe/aALUU MeXay NMOKPbITUEM Ba/ieKa Pa3HOM CTENeHW Pas/ioKeHUA U BUAOBbIM COCTAaBOM COCYAMCTBIX
pacTeHUl, a TaKXKe MO/I0XKUTE/IbHYIO KOPPeIALMIO MexXAy ObLMM MOKPbITUEM Ba/lexa M pasHoobpasMem MOoxo0b6-
pasHbix B1goB. Cpeamr n3ydeHHbIX PalioHOB €/10BO-NIMXTOBbIE /leca ¢ npeobiagarowummn 6opeasibHbiMK U HUTPOdU/Ib-
HbIMU BbICOKMMM TpaBaMu (pacro/ioxKeHHble Ha BOAOpa3ae/ax U B A0/MHAX PeK COOTBETCTBEHHO) OT/IMYAOTCA Ca-
MbIMM BbICOKUMM MOKa3aTe/IAMU BUAOBOIO PasHOO6Pasna, M MMEHHO B 3TUX /1ecax He Obl/10 MOKAPHbBIX NOACYLUMH Ha
CTBO/IaX COCHbI M MPAKTUYECKM He 6bl210 yraa B no4se. o HallMM OLeHKaM, 3T /1eca He Nnogsepra/inch noxapam 6o-
/lee 400 /1eT. PazHoobpasue cocyamCTbIX pacTeHUit B 1ecax ¢ AOMUHUPOBAHUEM 3e/1eHbIX MXOB, 6opeasibHbIX KycTap-
HWUYKOB Y ME/IKOTPaBbA, @ TaKXKe KPYMHbIX MAaNOPOTHUKOB Obl/I0 HU3KMM; Mbl OLLEHW/IM, YTO NOC/IEAHMIM pas, Koraa 3Tu
/leca UCrbITbIBa/ I MHOrOKPaTHbIE NMoapHble BO34eicTBuA, bbl/, N0 KpaltHel mepe, 150 /1eT Ha3ad.

KatoueBble c/10Ba: e/10BO-MUXTOBbIE /1€Ca, BbICOKOTPABHbIE /1€Ca, COCYAMCTblE pacTeHUs, MOX00bpasHble, CyXo-
CTOM, yro/b, Noxap.

Introduction versity [16-18, 21-26]. Species-rich tall herb

spruce-fir forests have also been investigated, but

Old-growth dark coniferous forests dominated most of them are swamp or riparian forests, which
by Picea spp. (spruce) and Abies spp. (fir) have are characterized by continuous or periodic water-
been studied extensively in Europe and North logging and a varying degree Of running water
America. The main characteristics of their stand [27-31]. Despite that there are studies that describe
structure and dynamics, their relationships with tall herb forests located on watersheds with good
site parameters and regional features are well in- and moderate drainage [1144, 19, 20, 32, 33];
vestigated [1-10, etc.]. However the ground level these forests are rare and information about them is
of vegetation remains a poorly examined compo- scarce, while the structure and composition of such
nent of boreal ecosystems although more studies tall herb forests is important for forecasting and
on this topic appear [11-24]. Ground vegetation modelling of vegetation diversity under dlfferc?nt
has been mainly investigated in widespread spruce forest management and global chang§ scenarios
and spruce-fir forests dominated by dwarf shrubs, [34, 35]. Here we focus on old-growth Picea abies —
small boreal herbs and green mosses, which are Abies sibirica forests growing in well-drained are-
characterized by relatively low vascular plant di- as in the plain part of the Komi Republic, classify
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them and analyze the relationships between com-
position and diversity of the ground vegetation and
environmental parameters of the study areas.

Methods

Study areas

Seven areas, located within the plain part of the
Komi Republic in the basins of the Northern Dvina,
the Mezen and the Pechora Rivers were taken as the
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study areas (Fig. 1). The choice of the study areas
was defined by their location within the region of
the intact forest landscapes (IFL) where old-
growth Picea obovata — Abies sibirica forests
were found. The IFL were mapped on the basis of
high-resolution satellite imagery data [36, 37] and
data of field expeditions [4]. All the study areas
are hard to access and are very remote from roads
and settlements.

e W e
L N Y L ’1
*Arkhang Z

.....

Fig. 1. Map of the intact forest landscapes in the boreal European Russian region (according to Yaroshenko et al.,

2001) with localities of the study areas: 1 — the watershed between the Mezen and the Vashka Rivers; 2 — Middle

Timan Ridge, the basin of the Ukhta River; 3 - the upper reaches of the Vashka River; 4 - Southern Timan Ridge,

the upper reaches of the Vol River; 5 - the upper reaches of the Sedka and the Suran Rvers; 6 — the eastern part
of the Northern Ridge, the basin of the Vol River; 7 — the upper reaches of the Nem River

The climate of the region is temperate continental.
The average January temperature ranges from minus
15 to minus 18 °C and the average July temperature —
from 15 to 17 °C [38]. The average annual precipita-
tion varies from 680 to 730 mm. The study areas are
situated on the elevated and/or somewhat hilly plains,
180-250 m asl.

All plots included into analysis are located
away from wetlands and bogs: either on water-
sheds or mild slopes with good and moderate
drainage on moraine, silty, and sandy loams, or in
valleys of small rivers and streams on alluvial sed-
iments [39]. Two study areas (numbers 1 and 2 in
Fig. 1) are attributed to the northern taiga; the other
areas are attributed to the middle taiga [40].

Data sampling

Data on vegetation and soil in old-growth Sibe-
rian spruce (Picea obovata) and Siberian fir (4bies
sibirica) forests was collected in 1998 and 1999.
Vegetation was sampled at square plots of 10 X 10 m.
GPS coordinates of all plots were recorded. The
absolute age of some individuals of Picea obovata,
Pinus sylvestris and P. sibirica was calculated
based on their tree cores. The stems of Pinus syl-
vestris and P. sibirica were examined for the pres-
ence of fire scars. Four layers of the forest vegeta-
tion were described: (1) overstorey (or tree canopy
layer); (2) shrub layer, which includes tree under-
growth and tall shrubs; (3) field layer, comprising
herbaceous species (herbs, grasses, sedges, ferns,
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etc.) and dwarf shrubs, as well as low shrubs and
tree/shrub seedlings, and (4) bottom layer, which
includes cryptogamic species. Total vegetation
cover ratio of each forest layer was visually as-
sessed; species abundance lists were composed for
the vascular plants of the first three layers. Species
abundance was assessed using the Braun-Blanquet
cover scale [41]. For the plots located in the 3rd
and 5th study areas (Fig. 1), a full list of bryo-
phytes was compiled, and the proportion of large
dead wood fragments in the ground layer was in-
ventoried in regard to their decay rate. We distin-
guished five decay stages, ranging from the fresh-
est to the most decayed: (1) hard wood, fresh bark,
knife penetrates into the wood at a depth of only a
few millimeters; (2) hard wood, most of the bark is
still present, knife penetrates into the wood at a
depth of 1-2 cm; (3) the cover is partly decayed at
the surface or in the centre, large pieces of bark are
often detached, knife penetrates into the wood at a
depth of 3-5 cm; (4) most of wood is soft, usually
without bark, knife penetrates into the wood easily
and (5) wood is very soft and crumbles if lifted.
The morphology of soil was described on the basis
of data from 49 soil profiles (2-m deep) and small
soil pits (60—70-cm deep). Soils were classified ac-
cording to the World Reference Base for Soil Re-
sources [42]; bedrock types were defined according
to the Soil Atlas [39]. Soil horizons types and thick-
ness as well as morphological features outside the
horizons were profiled. Frequency, shape, and loca-
tion of charcoal in the soil profiles were identified.

Data analysis

We used 239 phytosociological relevés to clas-
sify and describe vegetation of the studied forests.
While categorizing vegetation plots we followed
Zaugolnova and Martynenko [43] and used ‘synthet-
ic’ dominant ecological-coenotic approach described
in [44] (Table 1). Seven basic ECGs (Table 2) and
groups of boreal dwarf shrubs, small herbs and
ferns, and tall herbs and ferns within the boreal
ECG were used to classify the sample plots and to
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describe structural diversity of the field layer.
Nonmetric Multidimensional Scaling (NMDS) of
the plots was used to classify the identity of the
disputed plots to a particular forest type. NMDS
was performed on species abundance in the field
layer using metaMDS function of the vegan pack-
age [45] for the R statistic system [46] with the
Bray-Curtis distance measure and the settings rec-
ommended by McCune and Grace [47]. To inter-
pret the ordination axes, the correlation vectors
with the environmental characteristics of the plots
were built using the envfit function of the vegan
package. Landolt’s indicator species values [48]
weighted by species cover and averaged for relevés
were applied as the main environmental character-
istics of the plots. In addition to the Landolt's
scores, coverage of the main vegetation layers and
proportion of the large dead wood fragments at dif-
ferent decay stages in the ground layer (deadwood
coverage, DWC) were also used as the plots envi-
ronmental characteristics and their correlation vec-
tors with the ordination axes were also built. Pear-
son correlations of the environmental variables
with the first and second ordination axes were cal-
culated. 999 random permutations of the coverage
variables were performed to assess the significance
of the coverage vectors. The goodness of fit statis-
tic was R”. Their Landolt’s scores were analyzed to
outline environmental parameters of the forest
types. To characterize the quality and the quantity
of deadwood, the boxplots of DWC at different de-
cay stage were built for the forest types. Pearson
correlations between the numbers of species in a
plot and the values of DWC and the coverage of
vegetation layers were also calculated for the forest
types. P-values for the significance tests were ob-
tained on the base of 999 random permutations of
the data. Species diversity was estimated for each
forest type for vascular plants and for bryophyte
species separately: the mean number of species per
plot and the total number of species in the forest
types (species richness) were calculated.

Table 1

Studied forest types

Fore;t types Associations and subassociations according
Abbreviation accor.dmg to the. Description to the Braun-Blanquet approach* (from
ecological-coenotic
Zaugolnova & Martynenko, 2014)
approach
1 2 4
GM Piceeta hylocomiosa | Pure green moss spruce Empetro-Piceetum obovatae (Sambuk
forests 1932) Morozova comb. nov. 2008
DwGM Piceeta (Abieta) Dwarf shrub — green moss Linnaeo borealis-Piceetum abietis (Caj.
fruticoso- spruce and spruce-fir forests | 1921) K.-Lund 1962 subass.
hylocomiosa myrtilletosum K.-Lund 1981
BrGM Piceeta (Abieta) Small boreal herb — green Linnaeo borealis-Piceetum abietis (Caj.
parviherboso- moss spruce and spruce-fir 1921) K.-Lund 1962 and Melico nutantis-
hylocomiosa forests Piceetum abietis (Caj. 1921) K.-Lund 1981
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End of Table 1
1 2 3 4
NmBr Piceeta (Abieta) Nemoral-boreal herb spruce | Rhodobryo rosei-Piceetum abietis
nemoralo— and spruce-fir forests Korotkov 1986
borealiherbosa
LF Piceeta-Abieta Large fern Dryopteris Linnaeo borealis-Piceetum abietis (Caj.
magnofilicosum dilatata spruce-fir forests 1921) K.-Lund 1962 subass. abietetosum
sibiricae Martynenko et al. 2008
BrTH Piceeta (Abieta) Mesophilous boreal tall Aconito septentrionalis-Piceetum obovatae
magnoherbosa herbs spruce and spruce-fir Zaugolnova et al. 2009 subass. typicum
forests located on watersheds | Zaugolnova et al. 2009
and slopes
NtTH Piceeta (Abieta) Nitrophilous tall herb spruce | Aconito septentrionalis-Piceetum obovatae
nitrophilo- and spruce-fir forests located | Zaugolnova et al. 2009 subass.
magnoherbosa in the valleys of small rivers | filipenduletosum Zaugolnova et al. 2009
and streams (riparian tall
herb forests)

Note. *A detailed hierarchical floristic classification system has not been built for the European Russian forests [43,
44, 49]. Therefore here we mark associations and subassociations which are relatively close to the studied forest types.
According to the newest system for the vegetation of Europe [50], the forest types GM, DwGM ,BrGM and LF belong
to the union Piceion excelsae Pawtowski et al. 1928; the forest types BrTH and NtTH belong to the union Aconito ru-
bicundi-Abietion sibiricae Anenkhonov et Chytry 1998; both of the of the class Vaccinio-Piceetea Br.-Bl. in Br.-Bl.
et al. 1939. The forest type NmBr can be referred to the union Aconito septentrionalis-Piceion obovatae Solomeshch,
Grigoriev, Khaziakhmetov et Baisheva in Martynenko et al. 2008 of the class Asaro europaei-Abietetea sibiricae Er-
makov, Mucina et Zhitlukhina in Willner et al. 2016 or to the union Querco roboris-Tilion cordatae Solomeshch et
Laivin$ ex Bulokhov et Solomeshch in Bulokhov et Semenishchenkov 2015 of the class Carpino-Fagetea sylvaticae
Jakucs ex Passarge 1968.

Table 2

Basic ecological-coenotic groups* of vascular plant species inhabiting the European Russian forests

Number | Abbreviation Title Description

1 Br Boreal Species that grow in the understorey of Picea spp. and Abies sibirica
forests on soils that may differ in trophic status, but with a mesic
moisture regime

2 Nm Nemoral Species that grow on rich soils in the understorey of forests of broadleaf
trees, such as Quercus robur, Tilia cordata, Ulmus spp., and Fraxinus
excelsior

3 Nt Nitrophilous | Species growing on moist to wet sites with rich soils; they are usually
species of flooded forests dominated by Alnus glutinosa

4 Pn Piny Species growing in the understorey of pure Pinus sylvestris forests on dry
and poor soils

5 Md Meadow-edge | Species growing on wet to dry soils of different trophic status in non-
wooded areas, such as meadows, forest edges, and clear-cut areas

6 Wt Water-marsh | Species of coastal and water-rich habitats and mesotrophic and eutrophic
bogs

7 Olg Oligotrophic | Plants of oligotrophic bogs and mires

Note. *Following the Russian botanist Nitsenko [51], we defined an ‘ecological-coenotic species group’ (ECG) as a
group of species that are similar in ecological features and in constancy of occurrence in vegetation communities of dif-
ferent types. The ecological-coenotic group concept has been often used in Russia, though variation in group specifica-
tion commonly occurs [52]. We grouped vascular plant species following Smirnova and Zaugolnova [52, 53] and fur-
ther developed by Smirnov et al. [54, 55]. The composition of these ecological-coenotic groups was first defined by
experts and then verified by discriminant analysis and decision tree techniques using Ellenberg’s indicator values [56]
and species ordination scores produced by nonmetric multidimensional scaling of several thousands of phytosociologi-
cal relevés from European Russian forests [54]. About 1000 vascular plants inhabiting forests of European Russia were
divided into these seven ECGs [55]. For the boreal forest region, we additionally distinguish groups of boreal dwarf
shrubs, small herbs and ferns and tall herbs and ferns within the boreal ECG.

The affinity of vascular plant species to forest
types was evaluated by the indicator species analy-

sis IndVal [57]: the arrays of species abundance
data were analyzed with the indval function of the
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labdsv package for the R statistics system. The
constancy of bryophyte species in different forest
types was also calculated. The list of the vascular
plants with the ECGs and the list of bryophyte spe-
cies, both encountered in the analyzed plots can be
found in Supplementary Materials (Tables S1 and
S2). The used nomenclature follows Cherepanov
[58] for vascular plants, Ignatov and Ignatova [59]
and Ignatov et al. [60] for mosses and Konstanti-
nova [61] for liverworts.

Relative frequency of the occurrence of differ-
ent forest types on different bedrocks was calculat-
ed in order to analyze the correlation of the forest
types with the bedrock variants. Soil types were
described for the forest types. Frequency, shape,
and location of charcoal pieces in the soil profiles
together with the presence of Pinus spp. in the
overstorey were used as signs for reconstruction of
forest fire history. For this, we applied the concept
of ecosystem history, which was firstly developed
by Ponomarenko [62] on the basis of the soil mor-
phological approach and then improved by
Bobrovsky [63]. The following principles are used
for the fire historical reconstruction.

1. During the forest fires, lamellar charcoal is
usually formed. Over time, charcoal pieces gradual-
ly decrease in size and become rounded as a result
of their long exposure at the soil surface, where they
are broken or grinded by mineral particles of the soil
during rainfalls [63]. As the charcoal pieces become
covered with organic litter, the transformation of
lamellar to rounded charcoal is ended. Therefore,
the presence of the rounded charcoal in the soil in-
dicates that the soil surface was exposed for a fairly
long period of time and the renewal of the vegeta-
tion after the fire was slow at the particular site. On
the contrary, the prevalence of the lamellar charcoal
in the soil indicates relatively rapid renewal of the
vegetation and relatively rapid formation of the or-
ganic litter after the fire.

2. The presence of the charcoal directly under
the litter or in the upper part of the mineral soil
means that the charcoal was only covered by the
litter and was not transferred to the deeper soil lay-
ers as it happens when trees fall with uprooting.
The most common cause of trees not being uproot-
ed is that the time elapsed since the last fire is not
long enough and the trees did not have time to fall
and to turn the soil over by their roots. It means
that the first generation of Picea obovata or Abies
sibirica trees is growing after the last fire. In the
studied region, the average life durations of the Pi-
nus sylvestris, Pinus sibirica and Picea obovata are
approximately 200, 400 and 250 years, respective-
ly [64]. Therefore, we can conclude, the presence
of Pinus sylvestris individuals in the overstorey
and the presence of charcoal under the litter mean
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that at least 150-200 years have been passed since
the last fire. In other cases the time elapsed from
the last fire is more than 200 years.

3. Small number of charcoal fragments inside
the mineral soil horizon (and only there), the ab-
sence of Pinus sylvestris, and the presence of Picea
abies deadwood at different stages of decay testi-
fies to the fact that the time elapsed since the last
fire can be estimated as no less than 400 years.

4. Generally, the frequency of the charcoal in
the soil is directly related to the frequency of the
forest fires.

Results

Vegetation and soil

Seven forest types were defined in the plain ar-
ea of the Komi Republic (Table 1). All studied for-
ests were characterized by a similar composition
and structure of their tree layer, whereas the
ground layer showed a much greater variety. The
overstorey of all forests was dominated by Picea
obovata, often together with Abies sibirica. Most
Picea obovata individuals were from 100 to 180
years old; the previous generation was 250 years
old; and the oldest Picea obovata individuals were
found occasionally, reaching an age 380 years old.
Betula pubescens also regularly occurred in the
stands. Pinus sylvestris was common in the over-
storey of Piceeta hylocomiosa. Pinus sylvestris to-
gether with Pinus sibirica also appeared in Piceeta
(Abieta) fruticoso-hylocomiosa and both were
rarely found in the other forest types. Populus
tremula occurred in all forest types, but mainly in
the southern areas, and Tilia cordata grew only in
the south (numbers 5-7 in Fig. 1). Only two tree
species (Alnus incana and Salix caprea) showed
the forest-type specificity in their distribution: in
the overstorey, both of these species were found
only in tall herb forests (BrTH and NtTH) while
Salix caprea also occurred in nemoral-boreal for-
ests (Table S1). Tree stands were usually sparse,
and their crown coverage varied from 20 to 60 %
(Fig. 2). Gaps in the canopy caused by tree falls,
coarse deadwood, and pit-and-mound topography
caused by tree falls with uprooting were abundant
in all forest types. Stems of Picea obovata individ-
uals were often broken in Piceeta hylocomiosa and
sometimes in P.(A.) fruticoso-hylocomiosa. In P.
hylocomiosa most Picea obovata individuals were
relatively low and their size did not correlate with
their age; crowns were also small and often con-
tained dead branches. The undergrowth mainly
consisted of Picea obovata and Abies sibirica in all
forest types.
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Fig. 2. Means and standard deviations of the coverage of the vegetation layers
in the studied forest types. Forest types are the same as in Table 1

Only tall herb spruce-fir forests were studied in
the valleys of small rivers and streams; therefore
all the vegetation plots sampled in these areas were
referred to the riparian tall herb forests, which
were named as the nitrophilous tall herb spruce-fir

forests. All other investigated forest types were lo-
cated on watersheds or slopes with good and mod-
erate drainage and the vegetation plots sampled
there were classified into the forest types according
to the composition of the field layer (Fig. 3).

Axis 2 (23.4 %)

Forest types

* GM
DwGM
BrGM
NmBr
LF
BrTH
NtTH

> m40%o0

Axis 1 (53.2 %)

a)

b)

Fig. 3. NMDS ordination of the vegetation plots sampled in old-growth Picea obovata (-Abies sibirica) forests
located in the study areas: a — arrows are vectors of Landolt’s ecological values with the highest Pearson
correlation: L light, F soil moisture, R reaction, and N nutrients. The axes jointly represent 76.6 % of total variation.
The percentages were calculated by the method of McCune and Grace [47]; b - convex hulls and centroids for the
forest types. Insets show significant vectors of deadwood coverage (in the bottom left corner) and layers
coverage (in the bottom right corner). CWD1, CWD4 and CWDs5 are the coverage of deadwoods at the first, fourth
and fifth stages of decay. CoverA, CoverB, CoverC and CoverD are coverage of the overstorey, the shrub, the field,
and the bottom layers, respectively. Forest types are the same as in Table 1

Ordination of 239 vegetation plots showed that
the main ecological gradients were soil nutrients,
reaction, and light: correlations with the first axis
amounted to —0.91 for soil nutrients and —0.86 for

soil reaction; correlations with the second axis
amounted to 0.82 for light availability. Along the
first NMDS axis, vegetation varied from the tall
herb and nemoral-boreal herb forest types on mod-
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(o
erately fertile and weakly neutral soils to the green
moss — dwarf shrub and pure green moss forests on
infertile and acid soils (Fig. 4). The second NMDS
axis was correlated to the greatest degree with the
light availability: boreal tall herb forests and a part of
the riparian forests were the best illuminated; pure
green moss forests were also rather light (Fig. 4). Soil

Soil nutrients
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moisture also correlated well with the first NMDS
axis: correlation amounted to —0.68, though a no-
ticeable variability in this parameter was found on-
ly in pure green moss and riparian forests, from mod-
erately moist to moist soils, whereas rank values of
the other forest types were very close (Fig. 4).

Soil moisture
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Fig. 4. Ranges and mean ecological values of the forest types calculated on the basis of Landolt's ecological
species values. Forest types are the same as in Table 1

Piceeta hylocomiosa was found in all studied
areas except for the southernmost localities in the
upper reaches of the Sedka and the Suran Rivers
(the 5th study area in Fig. 1). These forests were
often found in flat areas, on plateaus and shallow
terraces; mainly on sandy loams and sometimes on
moraine loams (Table 3). Haplic and Histic Pod-
zols prevailed. The E horizon was 10-25 cm thick.
Only Picea obovata prevailed in the stands; Betula
pubescens and Pinus sylvestris often occurred,
Abies sibirica and Larix sibirica very rarely oc-
curred; Pinus sibirica was absent. Windbreak often
prevailed over tree falls with uprooting. The shrub
layer was sparse (Fig. 2) and poor in species (Table

S1). Juniperus communis and an undergrowth of
Picea obovata and Betula pubescens rarely oc-
curred. Cover of the field layer was minimal
among the studied forest types (Fig. 2).

The dwarf shrubs Vaccinium vitis-idaea, V. myr-
tillus and Empetrum nigrum sometimes dominated
in the field layer. Boreal herbaceous species were
occasionally found; species of the nemoral, nitro-
philous and meadow ECGs were practically absent
(Fig. 5). The bottom layer had the highest coverage
values among the forest types (Fig. 2), but the spe-
cies richness of mosses and liverworts was the low-
est (Table 4); the green mosses Hylocomium splen-
dens and Pleurozium schreberi prevailed.

Table 3
Relative frequency (%) of the forest type occurrence on different bedrocks
Forest types*

Bedrock type GM DwGM | BrGM NmBr LF BrTH N(TH
Sandy loams 81.2 52.9 16.1 0.0 0.0 71.4 0.0
Moraine loams 18.8 41.2 67.7 9.1 21.4 28.6 0.0
Silty loams 0.0 59 16.1 90.9 78.6 0.0 0.0
Alluvial sediments 0.0 0.0 0.0 0.0 0.0 0.0 100.0

Note. *Forest types are the same as in Table 1.
0. V. Smirnova, M. V. Bobrovsky, L. G. Khanina, V. E. Smirnov, E. M. Glukhova Page 8 from 27
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Fig. 5. Proportion of species of different ecological-coenotic groups in the forest types. Left - mean number
of species per plot and right - total number of species in the forest types. Forest types are the same as in Table 1.
Ecological-coenotic groups: TH tall boreal herbs and ferns, Br all other boreal species, Pn piny, Nm nemoral,
Nt nitrophilous, Md meadow-edge, Wt water-marsh and Olg oligotrophic plants.

Table 4
Species diversity of the studied forest types
Vascular plants Bryophyte species
Forest types Mean species Species | Number | Mean species | Species | Number
number per plot | richness | of plots | number per plot | richness | of plots
P. hylocomiosa 10.3+4.11* 36 16 6.0+1.83 27 11
P.(A.) fruticoso-hylocomiosa 20.3+6.81 94 34 5.842.67 38 13
P.(A.) parviherboso-hylocomiosa 22.9+7.27 102 31 5.942.21 28 6
P.-A. magnofilicosum 20.2+3.97 50 15 9.0+£3.21 31 10
P.(A.) nemoralo—borealiherbosa 36.4+6.42 120 44 7.9+£2.98 63 34
P.(A.) magnoherbosa 40.2+7.91 174 35 7.7+4.30 76 21
P.(A.) nitrophilo-magnoherbosa 40.1£9.12 194 64 8.2+3.77 96 52
Totally 232 239 132 147

Note. *standard deviation.

Piceeta (Abieta) fruticoso-hylocomiosa (Fig. 6)
was widely distributed over the all study areas as
well as throughout the entire boreal forest region.
These forests mainly occupied relatively well-
drained flat tops, terraces and terraced slopes; they
were equally common on sandy loams and moraine
loams and sometimes occurred on silty loams
(Table 3). Podzols, mainly Haplic Podzols, were
common (Fig. 7,a); Albeluvisols also occurred
(Fig. 7,b). The E horizon was 10-25 cm thick; the
same as it was in the pure green moss spruce for-
ests. Picea obovata dominated more frequently
than Abies sibirica in the overstorey and in the un-
dergrowth as well. Betula pubescens, Populus
tremula, Pinus sibirica and more rarely P. syl-
vestris also occurred in the overstorey. Larix
sibirica was occasionally found. Sorbus aucuparia
and Rosa acicularis often occurred in the understo-
rey. Cover of the field layer was higher compared
to that in P. hylocomiosa (Fig. 2); Vaccinium myr-
tillus prevailed; the small boreal herbaceous spe-
cies Equisetum sylvaticum, Gymnocarpium dryop-
teris, and Lycopodium annotinum sometimes co-
dominated. These species together with Trientalis
europaea, Linnaea borealis, Oxalis acetosella and
Maianthemum bifolium often appeared as well as
the oligotrophic sedge Carex globularis and the
piny dwarf shrub V. vitis-idaea. The tall herbs and

ferns Chamaenerion angustifolium, Rubus idaeus,
Cirsium heterophyllum and Dryopteris dilatata
sometimes occurred with a small abundance. Cov-
er of the bottom layer was rather high (Fig. 2);
Pleurozium schreberi and Hylocomium splendens
often prevailed; Polytrichum commune and Ptilium
crista-castrensis often co-dominated; Dicranum
polysetum was common.

Piceeta (Abieta) parviherboso-hylocomiosa
was found in all the study areas. These forests
more often occurred in the middle and lower parts
of slopes and river terraces; mainly on moraine
loams (Table 3). Podzols were common soils in
these forests. Haplic Podzols with the E horizon of
20 cm thick prevailed. Structure and composition
of the overstorey and the shrub layer were similar
to those observed in P.(A.) fruticoso-hylocomiosa,
but cover of the field layer amounted to 70-90 %.
The small boreal herbs and ferns Gymmnocarpium
dryopteris, Maianthemum bifolium, and Oxalis ac-
etosella dominated (Fig. 8). Boreal species, such as
Trientalis europaea, Linnaea borealis, Equisetum
sylvaticum, Vaccinium myrtillus, Rubus idaeus,
Dryopteris dilatata and Lycopodium annotinum of-
ten occurred with less abundance. The tall herbs
Chamaenerion angustifolium, Aconitum septentri-
onale and Cirsium heterophyllum were rarely
found. Cover of the bottom layer was rather high,

0. V. Smirnova, M. V. Bobrovsky, L. G. Khanina, V. E. Smirnov, E. M. Glukhova
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but lower than in the previous forest types; Pleu- castrensis, Dicranum polysetum, and Rhytidiadel-
rozium schreberi and Hylocomium splendens often phus triquetrus often appeared.
prevailed; Polytrichum commune, Ptilium crista-

a) b)

Fig. 7. Soil profiles (a - Podzol and b — Albeluvisol) in the Piceeta-Abieta fruticoso-hylocomiosa
in the 3rd and s5th study areas, respectively (photos by M. Bobrovsky)

Fig. 8. Piceeta parviherboso-hylocomiosa in the upper reaches of the Vashka River
(3rd study area; photo by M. Bobrovsky)

0. V. Smirnova, M. V. Bobrovsky, L. G. Khanina, V. E. Smirnov, E. M. Glukhova Page 10 from 27



‘ RUSSIAN JOURNAL
OF ECOSYSTEM ECOLOGY

Piceeta (Abieta) nemoralo-borealiherbosa was
found in the southern study areas (numbers 5-7 in
Fig. 1). These forests grew on terrains of diverse
relief, mainly on silty loams and sometimes on mo-
raine loams (Table 3). Albeluvisols with the
E horizon of 7-15 cm thick were common; Albe-
luvisols with second humus horizon were also
found. In the overstorey, Picea obovata dominated
more frequently than Abies sibirica; in the under-
growth both these species prevailed. Betula pu-
bescens and B. pendula were common in the over-
storey. Populus tremula often occurred in all the
layers and sometimes co-dominated in the oversto-
rey. Tilia cordata often occurred in the overstorey
and in the undergrowth as well. Pinus sibirica and
P. sylvestris rarely occurred in the stands. There
were large gaps in the canopy caused by tree falls;
practically all fallen large trees were in their initial
stage of the decay and there were no old dead-
woods at late stages of decay. Fallen trees were
mainly uprooted and they were located in groups
rather than singly (Fig. 9,a¢). The understorey was
rich in species; cover of the shrub layer was the
highest among the studied forest types (Fig. 2).

AT 2
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Sorbus aucuparia and Rosa acicularis prevailed,
Lonicera xylosteum, Padus avium and Ribes his-
pidulum were common; R. rubrum, R. nigrum and
Daphne mezereum occurred. Cover of the field
layer was 80—100 %. Boreal and nemoral species
of the middle and small size dominated in the
ground layer and defined the aspect of these forests
(Fig. 5). Tall herbs also occurred in small patches,
but they did not form a separate layer (Fig. 9,b).
Gymnocarpium dryopteris, Aegopodium podagrar-
ia, Equisetum sylvaticum, Calamagrostis arundi-
nacea, Pulmonaria obscura, Diplazium sibiricum,
Aconitum  septentrionale, Dryopteris dilatata,
Rubus idaeus, etc. often prevailed. The nemoral
herbs and grasses Stellaria holostea, Paris quadri-
folia, Milium effusum and Melica nutans also often
occurred. Cover of the bottom layer was no more
than 10-20 %, but bryophyte species richness was
high (Table 4). Pleurozium schreberi, Hylocomium
splendens and Rhytidiadelphus triquetrus dominat-
ed. Sanionia uncinata and Dicranum scoparium
were common. Plagiomnium medium, D. polyse-
tum, Ptilium crista-castrensis, Brachythecium
starkei, etc. occurred.

Fig. 9. Piceeto-Abieta nemoralo-borealiherbosa in the upper reaches of the Suran River (the 5th study area):
a - group treefall; b — Atragene sibirica (photos by M. Bobrovsky)

Piceeta-Abieta magnofilicosum were found in
several small areas in the Southern Timan Ridge
and in the upper reaches of the Sedka and the Su-
ran Rivers (Nos 4 and 5 in Fig. 1) on silty and,
sometimes, moraine loams. Albeluvisols with the
E horizon of 10-20 cm thick prevailed there.
Strongly eroded soils on drained sites were com-
mon in these forests. Picea obovata prevailed and
Abies sibirica often co-dominated; Betula pu-
bescens usually appeared; Pinus sibirica and
P. sylvestris rarely occurred. The shrub layer was

poor. The large fern Dryopteris dilatata prevailed
the field layer, covering up to 80-100 % of a plot
(Fig. 10). Small boreal herbs, ferns and tall herbs
(such as Rubus idaeus and Cinna latifolia) often
occurred with a small abundance; species of other
ECGs are very rare (Fig. 5). Mosses did not cover
much of the soil but mainly occupied deadwoods at
different stages of decay; Pleurozium schreberi
dominated; Hylocomium splendens, Dicranum
fuscescens and Brachythecium reflexum often ap-
peared.
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Fig. 10. Piceeto-Abieta magnofilicosum with Dryopteris dilatata in the 5th study area (photo by M. Boborvsky)

Piceeta (Abieta) boreo-magnoherbosa (Fig. 11)
was found in all the study areas except the upper
reaches of the Sedka and Suran rivers (number 5 in
Fig. 1). The areas covered by these forests varied
greatly in a size: from hundredths of a hectare to
tens of hectares. These forests were located on wa-
tersheds and on slopes, on sandy loams and less of-
ten on moraine loams (Table 3). The feature of the
soils was their well-expressed mosaic structure,
which was formed as a result of numerous tree
falls with uprooting. Soils of various types oc-
curred there: combinations of Haplic and Entic

Podzols prevailed in the upper reaches of the
Vashka River and on the Middle Timan Ridge;
Histosols and Gleysols occurred in depressions.
The thickness of the litter layer in Podzols was
5-10 cm; the E horizon was about 10 cm thick; the
Ah or H horizons in peaty soils were up to 50 cm
thick. Haplic Albeluvisols prevailed in the south of
the region; soils with buried moder or mull humus
horizons often occurred. The Albic horizon was
15-25 cm thick. Dystric Cambisols and Histosols
also occurred.

Fig. 11. Piceeto-Abieta magnoherbosa with Athyrium filix-femina, Calamagrostis arundinacea, Chamaenerion angusti-
folium, Filipendula ulmaria, Rubus idaeus, etc. in the plain part of the Komi Republic (photo by N. Alatyrtseva)

There were a lot of gaps in the canopy caused
by tree falls and a lot of deadwoods at different

stages of decay; the fallen trees were mainly up-
rooted. Picea obovata dominated in the overstorey
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with an admixture of Betula pubescens. Abies
sibirica also occurred. Pinus sibirica could be oc-
casionally found. Undergrowth of Picea obovata
prevailed. Betula pubescens, Abies sibirica, Sorbus
aucuparia, Alnus incana and Salix caprea often
occurred in the understorey. Cover of the shrub
layer was small, but its diversity was high. Rosa
acicularis, Juniperus communis, Spiraea media
and Daphne mezereum were common. Species of
the genus Lonicera (L. altaica, L. pallasii and
L. xylosteum) and Ribes (R. hispidulum, R. rubrum
and R. nigrum) also occurred. In the ground layer,
patches of different composition with the domi-
nance of plants from different ECGs were distin-
guished (Fig. 5). The tall herbs Aconitum septen-
trionale, Cirsium oleraceum, Filipendula ulmaria
and Diplazium sibiricum dominated in the upper
herbaceous sublayer; the tall herbs Chamaenerion
angustifolium, Geranium sylvaticum, Geum rivale,
Calamagrostis canescens, Cirsium heterophyllum,
Atragene sibirica, Angelica sylvestris, Delphinium
elatum and others were common. The tall herbs de-
fined the aspect of these forests; they grew on
patches between tree crown projections in the up-
per herbaceous sublayer. Nemoral species such as
Lathyrus vernus, Milium effusum and Paris quadri-
folia often grew in the second herbaceous sublayer;
the small boreal herbs and ferns Gymmnocarpium
dryopteris, Rubus saxatilis and Trientalis europaea
grew under them and often dominated; Oxalis ace-
tosella, Maianthemum bifolium, Equisetum sylvati-
cum, etc. also occurred with a high frequency in
the lower sublayer of the field layer. Dwarf shrubs
such as Vaccinium myrtillus, V. vitis-idaea and
Linnaea borealis often occurred together with bo-
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real mosses and sometimes bushy lichens on the
deadwood and at the base of large standing trees.
Nitrophilous species such as Chrysosplenium al-
ternifolium and Stellaria nemorum grew together
with the water-marsh species Calamagrostis ca-
nescens, Equisetum palustre and Veronica longifo-
lia in the pits formed after tree falls with uproot-
ing; meadow species such as Vicia sepium and
Ranunculus propinquus could be found on the
mounds formed by tree falls and the oligotrophic
species Viola epipsila, Carex globularis, Rubus
chamaemorus, etc. often occurred in the water-
logged depressions also formed after tree falls.
In the bottom layer a high diversity of mosses was
remarkable. Pleurozium schreberi, Hylocomium
splendens, Rhytidiadelphus triquetrus and Sphag-
num warnstorfii often occurred and sometimes
prevailed.

Piceeta (Abieta) nitrophilo-magnoherbosa
(Fig. 12) occurred in the valleys of rivers and
streams in all the study areas. Generally, riverine
floodplains with linear fluvial levees and hollows
are common in the plain part of the Komi Repub-
lic, and nitrophilous tall herb spruce and spruce-fir
forests often occupy well-drained areas, while for-
ests dominated by sphagnum mosses or water-
marsh hygrophilous plants occupy adjacent poorly
drained areas. The width of the studied riparian
spruce-fir forests was usually tens of meters but
sometimes reached hundreds of meters. Dystric
Fluvisols (Fig. 13,a) with a very thick soil profile
prevailed; different Histosols and Gleysols
(Fig. 13,b) also occurred frequently on alluvial
sediments.

Fig. 12. Piceeto-Abieta nitrophilo-magnoherbosa in the Suran River (the 5 study area)
at the beginning of summer (photo by M. Bobrovsky)
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Fig. 13. Soil profiles (a — Dystric Fluvisol and b - Gleysol) in the Piceeta-Abieta nitrophilo-magnoherbosa
in the 3rd and 5th study areas, respectively (photos by M. Bobrovsky)

Gaps in the canopy caused by treefalls often
occurred; deadwoods at different decay stages and
uprooted fallen trees were common. Picea obovata
dominated in the overstorey with an admixture of
Betula pubescens; Abies sibirica occurred in a half
of the plots. Alnus incana often occurred in the un-
derstorey, where Picea obovata prevailed and Sor-
bus aucuparia, Salix caprea, Padus avium and
Abies sibirica also occurred. The shrub layer was
not dense, but relatively rich in species: not only
boreal shrubs, such as Rosa acicularis, Lonicera
altaica and L. pallasii, but also nitrophilous spe-
cies, such as Ribes nigrum, R. hispidulum,
R. rubrum and nemoral Spiraea media and Daphne
mezereum, often occurred. The field layer was the
richest in species (Table 4) and the cover was high
(Fig. 2). The nitrophilous tall herb Filipendula ul-
maria often dominated and defined the aspect of
these forests. Common tall herbs, such as Aconi-
tum septentrionale, Diplazium sibiricum and Rubus
idaeus were also abundant. Nitrophilous and boreal
tall herbs, such as Cacalia hastata, Urtica dioica,
Atragene sibiica, Veratrum lobelianum, Chamae-
nerion angustifolium, Geranium sylvaticum, etc.

frequently occurred. The small boreal herbs and
ferns Oxalis acetosella, Trientalis europaea, Ma-
ianthemum bifolium, Gymnocarpium dryopteris,
Equisetum sylvaticum and E. pratense occurred
very frequently with a high abundance. Nemoral
species, such as Aegopodium podagraria, Adoxa
moschatellina, Milium effusum, Paris quadrifolia,
Stellaria holostea, etc. and light-demand meadow
species, such as Vicia sepium, Ranunculus pro-
pinquus, Fragaria vesca, Lathyrus pratensis, Ar-
temisia vulgaris, etc. were also found in the flood-
plains. Cover of the bottom layer was low (Fig. 2),
but the number of species was high: Pleurozium
schreberi, Sanionia uncinata, Rhytidiadelphus tri-
quetrus, Hylocomium splendens, Rhodobryum
roseum and Plagiomnium ellipticum prevailed.

Thus, the studied forest types showed the high
variation in the field layer of vegetation. It was con-
firmed by the results of the ordination analysis and
by the results of the indicator species (IndVal) anal-
ysis as well: from 232 vascular plant species, which
were totally found, 119 (51.3 %) showed significant
affinities to certain forest types (Table 5).
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Table 5
Vascular plants species with significant (indicator species analysis) affinity
to forest types sorted by decreasing indicator value
ECG* Species Indicator value ( %) P
1 2 3 4
Piceeta hylocomiosa
Pn Vaccinium vitis-idaea 38.2 0.001
Br Avenella flexuosa 30.8 0.001
Pn Festuca ovina 13.4 0.006
Olg Empetrum nigrum 11.6 0.006
Pn Pinus sylvestris 10.1 0.023
Br Melampyrum sylvaticum 9.5 0.041
Piceeta (Abieta) fruticoso-hylocomiosa
Br Vaccinium myrtillus 30.6 0.001
Olg Carex globularis 22.4 0.001
Br Listera cordata 18.8 0.001
Br Melampyrum pratense 14.8 0.006
Pn Diphasiastrum complanatum 12.1 0.009
Piceeta (Abieta) parviherboso-hylocomiosa
Br Gymnocarpium dryopteris 28.5 0.001
Br Linnaea borealis 24.2 0.001
Br Oxalis acetosella 21.4 0.001
Br Lycopodium annotinum 21.1 0.002
Br Maianthemum bifolium 21.0 0.005
Br Trientalis europaea 20.6 0.003
Br Abies sibirica 19.0 0.011
Br Sorbus aucuparia 18.2 0.013
Piceeta-Abieta magnofilicosum
TH Dryopteris dilatata 52.6 0.001
Br Phegopteris connectilis 40.6 0.001
TH Cinna latifolia 37.5 0.001
TH Rubus idaeus 29.7 0.001
Br Circaea alpina 23.7 0.001
Br Equisetum sylvaticum 21.4 0.001
TH Diplazium sibiricum 16.2 0.01
Piceeta (Abieta) nemoralo—borealiherbosa

Nm Pulmonaria obscura 69.4 0.001
Nm Aegopodium podagraria 52.2 0.001
Br Calamagrostis arundinacea 44.0 0.001
Nm Stellaria holostea 39.7 0.001
Nt Aconitum septentrionale 31.3 0.001
Nm Ajuga reptans 29.5 0.001
Nm Paris quadrifolia 27.3 0.001
Md Fragaria vesca 26.7 0.002
Md Galium mollugo 25.6 0.001
Br Rubus saxatilis 25.1 0.001
Br Viola selkirkii 24.4 0.001
Nm Tilia cordata 23.9 0.001
Nt Athyrium filix-femina 22.2 0.001
Nm Melica nutans 22.0 0.003
Br Lonicera caerulea 214 0.001
Nm Asarum europaeum 18.1 0.001
Nm Milium effusum 18.0 0.011
Nm Populus tremula 16.1 0.003
Nm Carex digitata 15.2 0.003
Nt Ribes hispidulum 12.8 0.024
TH Actaea erythrocarpa 9.4 0.027
Nt Galium aparine 6.8 0.034
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Continuation of table 5

1 | 2 | 3 | 4
Piceeta (Abieta) magnoherbosa
Br Orthilia secunda 34.1 0.001
Nt Geum rivale 33.7 0.001
Md Galium boreale 324 0.001
Wt Bistorta major 29.7 0.001
Wt Equisetum palustre 29.2 0.001
Pn Juniperus communis 28.1 0.001
Nm Spiraea media 26.2 0.001
TH Saussurea alpina 24.5 0.001
Wt Calamagrostis canescens 24.4 0.001
Nm Lathyrus vernus 23.4 0.001
TH Geranium sylvaticum 22.4 0.002
Nt Cirsium oleraceum 22.1 0.002
Md Vicia sepium 22.1 0.001
Nt Cirsium heterophyllum 20.8 0.003
TH Chamaenerion angustifolium 20.3 0.006
Br Rosa acicularis 20.0 0.006
Md Ranunculus propinquus 19.5 0.003
Br Solidago virgaurea 18.3 0.003
TH Trollius europaeus 17.9 0.003
Nt Crepis paludosa 15.7 0.013
TH Delphinium elatum 15.6 0.001
Br Moneses uniflora 14.3 0.012
Br Carex vaginata 14.1 0.015
Nm Daphne mezereum 14.0 0.005
Olg Rubus chamaemorus 13.2 0.011
Wt Carex cespitosa 12.9 0.008
Md Thalictrum minus 12.9 0.008
Nt Ribes rubrum 11.9 0.016
Wt Equisetum scirpoides 11.7 0.008
Br Rhizomatopteris sudetica 11.4 0.006
Olg Epilobium palustre 9.0 0.007
Piceeta (Abieta) nitrophilo-magnoherbosa
TH Cacalia hastata 42.5 0.001
Nt Filipendula ulmaria 41.5 0.001
Wt Valeriana officinalis 34.5 0.001
Nm Elymus caninus 30.8 0.001
Nt Urtica dioica 30.3 0.001
Nt Thalictrum aquilegifolium 29.3 0.001
Nt Stellaria nemorum 25.1 0.001
TH Senecio nemorensis 23.7 0.002
TH Atragene sibirica 23.1 0.001
Nt Veratrum lobelianum 19.6 0.004
Br Lonicera altaica 19.1 0.001
Nt Ribes nigrum 18.6 0.001
Wt Veronica longifolia 17.8 0.004
Olg Viola epipsila 17.4 0.012
Nm Adoxa moschatellina 17.3 0.004
Wt Thalictrum flavum 17.2 0.003
Nt Galium palustre 17.1 0.002
Nt Alnus incana 16.5 0.004
Br Equisetum pratense 16.5 0.025
Nt Ranunculus repens 15.6 0.009
Nt Chrysosplenium alternifolium 14.6 0.011
Olg Comarum palustre 12.9 0.007
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End of table 5
1 2 3 4

Wt Caltha palustris 12.7 0.011
Wt Thalictrum lucidum 12.5 0.004
Nt Padus avium 12.0 0.018
Nm Brachypodium pinnatum 11.2 0.01

Wt Carex vesicaria 11.2 0.014
Md Artemisia vulgaris 10.9 0.017
Nt Scirpus sylvaticus 10.9 0.007
Wt Galium uliginosum 10.4 0.016
Nt Matteuccia struthiopteris 10.2 0.015
Nm Poa nemoralis 10.2 0.026
Wt Carex nigra 9.4 0.023
Br Pyrola media 9.4 0.019
Md Vicia cracca 9.2 0.034
Wt Phalaroides arundinacea 9.0 0.035
Wt Scutellaria galericulata 8.7 0.027
Nt Cardamine amara 8.3 0.047
Nt Salix fragilis 8.2 0.021
Md Kadenia dubia 7.2 0.045

Note. *ECG (ecological-coenotic groups): TH boreal tall herbs and ferns, Br all other boreal plants, Pn piny, Nm
nemoral, Nt nitrophilous, Md meadow-edge, Wt water-marsh and Olg oligotrophic plants.

Totally 232 vascular plants (including 14 trees,
16 shrubs and 202 herbaceous species) and
132 bryophyte species (including 113 mosses and
19 liverworts) were found in 239 and 147 vegeta-
tion plots, respectively (Table 4; it should be re-
minded that full lists of bryophytes were composed
only for plots located in the study areas 3 and 5 in
the Fig. 1). Diversity of vascular plant species was
the highest in the boreal and the nitrophilous tall
herb spruce-fir forests and in the nemoral-boreal
spruce-fir forests as well (Table 4). For bryophyte
species, the mean number of species per plot was
close to each other in different forest types, but
species richness was the highest in the tall herb
spruce-fir forests. As shown by the IndVal analysis
(Table 5), the each forest type that was poor in
species diversity had from 5 to 8 affiliated species
and the each “rich” forest type had from 22 to 40
affiliated species; this indicates that the richest for-
est types contributed significantly to the overall
plant species diversity. Note that only among spe-
cies affiliated to the boreal tall herb forests were
the species of the all ECGs. On the whole, along to
increase of species diversity of the forest types, the
average ecological-coenotic structure of vascular
plants in a plot was changing by the following way
(Fig. 5, left): (i) proportion of tall herbs and ferns
increased, (ii) proportion of the other boreal plants
decreased and (iii) plants of different ECGs began
to attend constantly in a plot. Along to increase of
species richness, structure of vascular plants was
changing by the following (Fig. 5, right): (i) pro-
portion of tall herbs and ferns remained almost

constant and (ii) proportion of the other boreal
plants was constantly reduced by the increasing
proportion of species of the other ECGs.

Environmental parameters

Aiming to estimate effects of environmental pa-
rameters on species composition and diversity, we
analyzed the coverage of vegetation layers and the
coverage of deadwoods in regard to their correla-
tions with the ordination axes and with a number
of species in plots.

We found significant correlations between the
ordination axes and the coverage of different vege-
tation layers (Fig. 3,b; Table 6). Correlation values
calculated for the field and the bottom layers were
higher than the values calculated for the tree and
shrub layers. There were also significant correla-
tions (at the 0.001 permutation threshold) between
the number of vascular plant species in a plot and
the coverage of the field layer (» = 0.49), the cov-
erage of the tree and the bottom layers (» = —0.19
and —0.35, respectively). In contrast, no significant
correlations between the number of bryophytes in a
plot and the coverages of any vegetation layer were
found. These results indicate that vascular plant
species composition and diversity depends on the
coverage of the main vegetation layers, and espe-
cially on the coverage of the field layer. In turn,
diversity of bryophyte species depends neither on
their coverage nor on coverage of other vegetation
layers.
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Table 6

Pearson correlations of the environmental variables with the first and second NMDS axes

and the statistics (R?) to assess the statistical significance

Variable* Axis 1 Axis 2 R’ p Cr)
CoverA 0.156 -0.333 0.135 0.001
CoverB —0.004 —0.202 0.041 0.014
CoverC —0.65 —0.06 0.426 0.001
CoverD 0.625 0.279 0.469 0.001
DWC totally -0.027 0.162 0.028 0.123
DWCI -0.163 -0.203 0.062 0.011
DWC2 —0.015 —0.096 0.009 0.488
DWC3 —0.052 -0.028 0.003 0.779
DWC4 0.147 0.349 0.134 0.001
DWC5 0.001 0.304 0.094 0.001

Note. CoverA, CoverB, CoverC and CoverD are coverages of the overstorey, the shrub, the field, and the bottom
layers of vegetation, respectively. DWC totally is the total coverage of deadwoods at different decay stages. DWC from

1 to 5 are the coverages of deadwoods from the first to the fifth stages of their decay, respectively.
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for the studied forest types. The forest types are the same as in Table 1
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We tested another environmental variable as a
potential driver of species composition and diversi-
ty was the coverage of deadwoods at different
stages of their decay. On average, deadwoods cov-
ered 31.2420.7 % of the ground in plots. Correla-
tion of the ordination axes with the total DWC was
weak and insignificant, whereas weak, but signifi-
cant for the coverage of deadwoods at the first,
fourth, and fifth stages of their decay (Fig. 3,b;
Table 6). DWC at different decay stages varied in
different forest types (Fig. 14). In pure green
moose forests, the highest coverage values were
observed for the deadwoods at the 3rd and 4th de-
cay stages. In nemoral-boreal herb forests, dead-
woods at the 1st decay stage prevailed and dead-
woods at the 4th and 5th decay stages were absent.
Deadwoods at the 4th and 5th stages had the high-
est coverage values in the boreal and nitrophilous
tall herb forests. The coverages of deadwoods at
the 2nd and 3rd decay stages were close in differ-
ent forest types. There were no significant correla-
tions between the diversity of vascular plants and
the values of DWC at different decay stages, but
there was a significant correlation between the
number of bryophytes in a plot and values of the
total deadwood coverage (» = 0.20). Thus, the
composition of the field layer had the weak corre-
lations with the coverage of deadwoods at the 1st,
4th and 5th stages of their decay, and a diversity of

Vol. 3 (4),2018

bryophyte species had a positive correlation with
the total deadwood coverage.

Fire signs

In addition to environmental factors, fire history
might have a strong impact on plant species com-
position and diversity in boreal forests. We ana-
lyzed the signs of past fires in vegetation and soils
of each studied forest type.

Piceeta hylocomiosa, P.(A.) fruticoso-hylo-
comiosa and P.(A.) parviherboso-hylocomiosa
were very similar to each other in terms of fire
signs in the vegetation and characteristics of char-
coal in soils. Stems of Pinus spp. individuals usual-
ly had fires scars. Analysis of tree fire cores
showed that these trees were affected by fires 150—
340 years ago. Agglomerations of charcoal pieces
were found in all soil profiles: lamellar and round-
ed charcoal fragments occurred at the border of the
litter and mineral soil horizons; lamellar charcoal
also occurred inside the mineral soil, in the materi-
al of old pits caused by treefalls with uprooting
(Table 7). In pure green moss and dwarf shrub —
green moss forests, lamellar charcoal often oc-
curred as a layer or several layers under the litter.
All these signs indicate that fire regime of these
forests was very severe: there were several large
fires in the past and at least 150 years passed since
the last fire.

Table 7
Charcoal in the soil profile in the studied old-growth Picea obovata (Abies sibirica) forests
Forest types
Piceeta hylocomiosa,
P.(A.) fruticoso- PoA P.(A.) P.(A.) P.(A.)
hylocomiosa Cere nemoralo- magno- nitrophilo-
and P.(A.) parviherboso- magno-filicosum boreali-herbosa herbosa magnoherbosa
hylocomiosa
Charcoal Agglomerations or layers Single Single Single Single or
frequency | (up to 7 layers) or agglomerations agglomerations
(up to 4 layers)
Charcoal Lamellar, rounded Rounded Lamellar Lamellar Lamellar
form
Charcoal On the border of the litter | On the border In the mineral In the In the mineral
location and the mineral soil of the litter and soil horizon mineral soil | soil horizon
and in the mineral soil in the mineral soil horizon
horizon horizon

In small areas, which were occupied by P.-A.
magnofilicosum, we found only a few individuals
of Pinus spp.; all they were with fire scars. Char-
coal in the soil was common, and most of charcoal
pieces were rounded and small (less than 2 mm in
diameter). They occurred singly or in clusters, usu-
ally at the litter/mineral soil border or in the upper
part of the mineral soil horizon. We assume intense
fires in the past and slow recovery of vegetation af-
ter fires in areas currently occupied by the large

fern spruce-fir forests. The time elapsed since the
last fire is, according to our estimate, 150—400
years. Unfortunately, it is practically impossible to
reveal the traces of fires of a more distant past in
large fern spruce-fir forests, since most of the soils
there are eroded, and no buried coal can be found.
In P.(A.) nemoralo-borealiherbosa, Pinus
sibirica and P. sylvestris rarely occurred and they
did not have fire scars on their stems. Solitary la-
mellar charcoal pieces were common in the miner-
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al soil horizon. We concluded that more than 400
years passed since the last fire in areas occupied by
this forest type now. However, deadwoods at the
4th and 5th stages of their decay were completely
absent in those forests and, on the contrary, there
was a lot of deadwoods at the 1st decay stage. This
indicates some external impact on these forests in
the past, possibly cuttings which occurred in the
region in 18th and 19th centuries [4].

P.(A.) magnoherbosa and P.(A.) nitrophilo-
magnoherbosa occupied a relatively large area in
the study region, but only a few individuals of Pi-
nus spp. were found there. All these individuals
had no fire scars. In the boreal tall-herb forests that
grow on watersheds, charcoal in the soil occurred
much rarer compared to all other forest types: only
single lamellar pieces were found in the mineral
soil horizon. In riparian spruce-fir forests, in addi-
tion to single pieces of charcoal, thin multiple (up
to four) layers of charcoal in old pits were also pre-
sent. The pits were formed at different moments
of forest history, as a result of windfalls on thick
alluvial soils. This charcoal material may have
originated from rare crown fires in the adjacent
watersheds, from where it was transported. A re-
markably large area of these forests was covered
by deadwoods at the last stages of their decay, in-
dicating the absence of recent fires. Based on the
fire signs in vegetation and soils, we estimate that
the last fire occurred in these forests more than
400 years.

Discussion

The old-growth forests dominated by Picea ob-
ovata and P. obovata with Abies sibirica located
on well-drained areas in the plain part of the Komi
Republic demonstrate a great variability in species
composition and diversity of plants in the ground
layer of vegetation. Especially large variability was
found in the species composition of vascular plants
growing in the field layer: more than a half of these
species showed a significant affinity to specific
forest types. The diversity of vascular plants re-
vealed strong forest-type specificity, while compo-
sition and diversity of bryophyte species seemed to
be less specific in regard to the forest types.

Our goal was to assess what environmental pa-
rameters affect plant species composition and di-
versity in the studied old-growth spruce-fir forests.
According to Landolt’s values, the main environ-
mental gradients along which the forest vegetation
varied were soil nutrients, soil reaction and light
availability (Figs. 3 and 4). Soil nutrients and reac-
tion are undoubtedly the main drivers of vegetation
composition and diversity in the boreal region [65—
67]. However, there is a strong feedback between
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soil properties and vegetation: the litter of tall
herbs is rich in nutrients and has large values of the
annual biomass [20, 68—70], thus increasing fertili-
ty of soil and improving the soil structure [63, 66,
67, 71]. Therefore, it is likely that the soil proper-
ties have changed drastically during successional
development of the founded forest ecosystem and
were controlled by the type of vegetation, which
would explain the good correlation we observe.

In contrast to the soil characteristics, bedrock
type is a variable independent of vegetation and
therefore it could be considered as a driver of spe-
cies composition and diversity. However, only ri-
parian forests located on alluvial sediments and
nemoral-boreal herb forests located in the south of
the region, where silty loams prevail, showed the
conjunction of the forest type and the type of bed-
rock (Table 3). All the other forest types occurred
on bedrocks of various types and showed no corre-
lations between the bedrock type and the plant spe-
cies composition/diversity.

Light availability is a very important environ-
mental factor, and dark coniferous forests have
well-illuminated spots owing to gap mosaic in the
forest canopy or mesorelief heterogeneity, which is
often evident in floodplains. In such cases, high il-
lumination directly affects the species composition
and plant diversity of forest communities. Howev-
er, in the studied forests both the richest tall herb
forests and the poorest green moss forests occupied
plots with similar light values (Fig. 4). Our calcula-
tions also showed that the nemoral-boreal herb for-
ests, which were rich in species, were illuminated
rather poorly. Therefore, though important, light
availability cannot be considered as a universal
factor affected the composition and diversity of the
studied forest types.

A high biodiversity of riparian forests can es-
sentially arise from a high variability of microsites
that they grow upon. The patchy nature of the mi-
crosites can be caused by rivers and streams that
provide opportunities for coexistence of species
with different ecological properties [12, 13, 28, 30,
33]. Another important factor that increases diver-
sity of microsites in old-growth forests is the pit-
and-mound topography caused by treefalls with
uprooting [4, 11, 19, 20, 68]. Earlier, this factor
was shown to affect the species diversity and plant
biomass of the old-growth boreal tall-herb forests
located in the mountain part of the Komi Republic
[68, 69, 72]. In the present work, we did not test
direct relationships between elements of pit-and-
mound topography and plant species diversity and
composition. However, we checked the relation-
ships between these plant species variables and
coverage of deadwoods. Our results showed that
there are weak but statistically significant (i) a pos-
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itive correlation between the total DWC and bryo-
phyte species diversity and (ii) correlations be-
tween DWC at different decay stages and vascular
species composition. The results of IndVal analysis
also indirectly confirmed our assumption about the
importance of microsite structure of community in
the maintenance of species diversity. According to
the IndVal analysis, species from one to three
ECGs showed a significant affinity to the poorest
forest types, whereas species affiliated to the spe-
cies-rich forest types were the species of five and
even eight ECGs (Table 5). Species of different
ECGs grow at different patches (microsites) there-
fore the diverse ecological-coenotic structure of
vegetation testifies the high microsite diversity of
the communities.

Analysis of correlations between the coverage
of vegetation layers and species composi-
tion/diversity showed that characteristics of vascu-
lar plants depended on the coverage of the main
layers of vegetation. The dependences, albeit sta-
tistically significant, were very low: only the cover
of the field layer was quite well correlated (posi-
tively) with the vascular plant diversity. This indi-
cates that an increase of the field layer coverage
was not simply due to increasing abundance of one
or several species, but was also accompanied by a
rise in number of species in a plot. An interesting
fact is also that the diversity of bryophyte species
did not correlate with the area they covered, or
with the area covered by the vegetation of any oth-
er layer. This result needs to be checked by addi-
tional studies and in the other forests and regions.

On the whole, we concluded that the analyzed
environmental variables showed too weak correla-
tions with the species composition and plant diver-
sity to be the main factor that controls their varia-
bility. However, there is one more factor that
broadly separates the “poor” and “rich” communi-
ties, and it is their past fire regimes. The plant
communities that had the largest differences in
their species composition and diversity also mostly
varies in the frequency of fires on their territory
and in the estimated time elapsed since the last fire.

The forests that were dominated by green
mosses, dwarf shrubs and small boreal herbs were
formed after multiple fires, with the estimated
times since the last fires of 150 years or more. This
is consistent with previous studies on modern dark
coniferous forests in North-Eastern Fennoscandia
that indicate that the majority of these forests expe-
rienced recent fires. For example, Uotila et al. [73]
showed that, according to historical records, 89 %
of 79 boreal forest sites dominated by Picea abies
and Vaccinium myrtillus experienced fires in the
19™ or 20™ century. In contrast, the time since the
last fire in species-rich tall-herb and nemoral-
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boreal forests is estimated to exceed 400 years.
These forests seem to be better preserved from (or
had a better recovery after) fires in comparison
with other forest types. Thus, in future studies on
plant composition and diversity of old-growth co-
niferous forests, their fire history has to be taken
into account and studied in detail (e.g. with char-
coal radiocarbon dating), as it has strong effects on
these characteristics.

Conclusions

In this work, we have distinguished seven types
of old-growth Picea obovata and Picea obo-
vata/Abies sibirica forests located in the plain area
of the Komi Republic. These forest types vary in
composition of their ground vegetation and diversi-
ty of vascular plant and bryophyte species. We ex-
plain the variability between these forests by dif-
ferences in their fire history. The ground layer of
species-poor dark coniferous forests is dominated
by green mosses, dwarf shrubs, small boreal herbs
and large ferns. All these forests were formed after
multiple fires, and we estimated the last time when
they experienced intense fires as 150—400 years
ago. The richest spruce-fir forests are tall-herb for-
ests growing either in valleys of rivers and streams
or on watersheds and small hills/slopes. These spe-
cies-rich forests also experienced fires, but much
earlier than the forests dominated by green mosses,
dwarf shrubs, small boreal herbs and large ferns;
we estimated the time since the last fire in these
forests to be more than 400 years. The detailed
study of regional and local history of those fires is
a matter of the future. We believe species-rich dark
coniferous forests are very valuable: their study
will contribute to our understanding of the theory
of forest biodiversity conservation and will help us
to define conditions for the nature-based forest
management.
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