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Abstract

The paper presents soil conditions of Pulsatilla vernalis in the Polish lowland. There were determined species preferences in
relation to physical and chemical properties, grain size composition and the type of soil. It has been found that P. vernalis prefers
very poor sandy, acid, dry and permeable soils, with small water capacity. The range of habitat parameters at the lowland sites
differs, however, from the conditions at the mountain sites. Due to specific habitats of the species, new ecological indicator values
were proposed for the lowland sites of P. vernalis. The results of soil analysis presented in this paper, as well as other data related
to biology of the species, should be accounted for in the active protection plan, including the processes of reintroduction and

introduction of the species.

Keywords: pasqueflower, relict population, rare plant, distribution, soil properties, ecological indicator values, active

conservation, Poland

Introduction

Pulsatilla vernalis is a rare species in Poland [1], included in
the Polish red data book [2] and on the red data list for Poland
[3]. This species is under strict legal protection in Poland [4]. It
represents a European-temperate sub-element from the group
of Holarctic elements [5] and the Alpine-North European dis-
tribution type from the European-temperate-montane group.
The “Pulsatilla vernalis distribution type” with two occurrence
centers: mountain and lowland [6,7], was not included in the
latest classification of geographical elements of the native flora
of Poland [5]. The lowland sites were defined as connecting ele-
ments between the mountain range and the northern range [5].

P. vernalis frequently occurs in the alpine and subalpine
zone of central and northern Europe [1,8]. It is very seldom in
the lowlands — mostly in Central Europe [1,9,10], in southern
Scandinavia [11-13] and in the Russian Republic of Karelia [14],
where it is regarded as a relict of the Valdai Glaciation [15]. In
Austria [16] and Belarus [17], the species is considered extinct.

The disappearance of the species’ lowland sites observed
in the last century is also related to the theory that P. vernalis
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occurs mainly in the mountain areas, while the lowland sites
are relict ones [18]. Their presence in lowland Poland is as-
sociated with at least two independent migration routes with
the origin in the western and eastern Alps [18]. Probably the
former range of the species, with no strong occurrence center,
split into local sites represented by isolated populations. In
Poland, they are located at the eastern border of the former
range of P. vernalis [1].

The results of contemporary chorological and population
studies conducted in Poland [1], compiled with the available
data covering all previous records of the species [19], confirmed
the extinction of P. vernalis at the lowland sites. Consequently,
it has been decided to change the risk category of the species
from vulnerable [2,3] to high risk of extinction (endangered)
[20]. The main, identified threats to the pasqueflower include
intensification of forestry, small size of preserved populations
and no natural regeneration [1]. In these circumstances, it is
necessary to undertake certain measures aiming at protection
of the existing P. vernalis sites and successful reintroduction
and introduction of this species. This involves detailed iden-
tification of the species habitat conditions, mainly the soil on
which it grows.

The current description of P. vernalis habitat preferences in
the form of ecological indicator values [21,22] is inaccurate
due to duality of the species habitat conditions. In the text-
books on ecology and biology of P. vernalis, specific habitat
characteristics of montane and lowland populations were
disregarded. Also plant communities (both montane and
lowland) with the pasqueflower presence differ from each
other. Within the mountain range, the species grows in alpine
grasslands from the class of Seslerietea variae, including the
association of Festuco versicoloris-Agrostietum alpinae with
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P. vernalis as a characteristic species [23]. In the lowland
part of Poland, P. vernalis has a narrow phytocoenotic scale.
Although it is not defined as a characteristic species [23], it is
clearly associated with conifer forest communities from the
alliance Dicrano-Pinion [22]. According to Wéjtowicz [2], P
vernalis occurs in phytocoenoses similar to subcontinental
mesic pine forest Peucedano-Pinetum. However, since most of
the sites are located in the suboceanic climate zone, it would
be more accurate to associate the occurrence of this species
with the association of Leucobryo-Pinetum and its transitional
forms of subcontinental mesic pine forest. This is reflected in
the co-occurrence of differential species of Leucobryo-Pinetum
in the communities with P. vernalis, including Peucedanum
oreoselinum, Solidago virgaurea, Convallaria maialis and
Polygonatum odoratum [24]. Coniferous communities with P
vernalis in Leningrad Oblast [14,15] and at the lowland sites
in the Scandinavian Peninsula [25] have a similar structure
and species composition.

The paper has the following objectives: (i) to identify the soil
conditions prevailing at the preserved, representative lowland
sites of P. vernalis in Poland, (ii) to identify the key parameters
in the process of possible reintroduction of the species, and
(iii) to refine the ecological indicator values of P. vernalis for
lowland sites.

Material and methods

A small number and small size of lowland P. vernalis popu-
lations in Poland, the anthropogenic character of habitat in
majority of localities, as well as a high rate of species extinction
[1] significantly restricted any representative soil studies. In the
end, the research was conducted at three isolated sites: in the
village of Rogowiec near Betchatow (N: 51°1641", E: 19°1722"),
Piskorzeniec near Przedbdrz (N: 51°0358", E: 20°00'14") and
Bocheniec near Maltogoszcz (N: 50°4824", E: 20°1831"). The
sites were considered to be most representative in terms of the
size of the preserved populations and nearly natural character
of coniferous forest phytocoenoses (Fig. 1a—c) in which they
occur [1]. More than 350 leaf rosettes of mostly generative
specimens were found at the site in Bocheniec over an area of
ca. 600 m?. The population in Rogowiec consists of 220 rosettes
of leaves and covers an area of ca. 500 m* In both above-
mentioned populations, the recruitment of new specimens has
been observed [24]. The stable population from Piskorzeniec
is represented by 5 five reproductive adults (leaf rosettes)
distributed over an area of 6 m*

During the fieldwork, soil profiles were exposed (the permis-
sion to perform the only one full soil profile within each locality
was obtained) and 13 samples were collected to determine
certain chemical properties and grain size composition. In
addition, 11 samples were collected with Kopecky’s cylinders
to determine physical properties (small thickness of the humus
horizon in Bocheniec and Piskorzeniec, as well as loose and
granular structure of the material made it impossible to collect
the material for the analysis).

The following parameters were determined in the course of
laboratory analysis:

(i) grain size composition according to standard Bouyoucos’
method modified by Cassagrande and Prészyniski;

(i) soil reaction pH in H,0 and 1 mol dm KCI with the
potentiometric method (the soil/solution ratio 1 : 2.5);

(#ii) carbonates content by means of Scheibler’s method;

(iv) content of exchangeable alkaline cations: Ca**, Mg,
K+, Na+ in [cmol(+) kg™'] according to Pallman’s method, with
extraction of 1 mol CH,COOCH,;

(v) physical properties: bulk (BD) and volumetric (aVD &
tVD) density, total porosity (P), actual humidity (gAH & vAH)
and capillary water capacity (gCWC & vCWC) according to
Kopecky’s method;

(vi) sorptive properties: hydrolytic acidity (Ha) and total
exchangeable bases (TEB) in [cmol(+) kg™'] according to
Kappen’s methods. Based on the results, also cations exchange
capacity (CEC) and base saturation rank (BS) were calculated.

The nomenclature and terminology of soils were accepted
after new soil taxonomy of the Polish Society of Soil Science
[26]. Values of ecological numbers proposed for lowland sites
were quoted according to the scale accepted in Poland by
Zarzycki et al. [22].

Results

As evidenced by the research, soils of P. vernalis habitats at
the sites in Rogowiec and Bocheniec are autogenic from the
order of podzols, the type of proper podzol soils (Fig. 1d,e,
Tab. 1). Two genetic horizons, ca. 50 cm deep and characteristic
of this type of soils, were distinguished in the soil profiles:
eluvial (Ees) and illuvial (Bhfe) with the process of eluviation
and illuviation of humic-ferruginous compounds. The organic
surface layer (A) has a thickness of up to 5 cm. At the site in
Piskorzeniec, deposits from the division of lithogenic soils
were identified — the order of poorly developed soils, the type
of arenosols. Their profile consists of only two horizons: ac-
cumulation (A) and parent rock (C); no other genetic horizons
are developed (Fig. 1f).

All soils within the sites of P. vernalis were extremely sandy
and each horizon was represented by the granulometric group
of loose sands with a small fraction of clay (Tab. 1).

In terms of physical properties, they are classified as dry and
air permeable soils, with high porosity, low moisture content and
minor capillary action. Soil density at the studied sites, i.e. bulk
density (BD), actual volumetric density (aVD) and temporary
volumetric density (tVD) increased with the depth but shows
only small deviation, and the soil porosity (P) decreased within
each soil profile (Tab. 2). Low values of the total porosity indi-
cate significant permeability to water and leaching of nutrients
into deeper soil layers. Also moisture content (gAH, vAH) and
capillary water capacity (gCVC, vCVC) had very low values
at the studied sites, both in relation to the total mass and the
volume of soil (Tab. 2). Varied but low values of capillary water
capacity of all soils and especially of A horizons (Tab. 2) are a
result of small contact between soil moisture and ground water.

Values of soil pH in Rogowiec and Bocheniec in eluvial (Ees)
and illuvial (Bhfe) genetic soil horizons ranged from 4.2 to 5.2
(6.2), which means that soil reaction is strongly acid and acid
(Tab. 3). Higher values of the active acidity coefficient (pH in
H,0) were recorded in the humus horizon - they were in the
range of 5.5-6.2. Soil acidification in Piskorzeniec was even
stronger and ranged from 4.1 to 4.8 (pH in H,0).

The analyzed soils had low but heterogeneous content of
organic carbon. Its content in the humus horizon in Bocheniec
was 3.89 g kg™!, in Piskorzeniec - 2.7 g kg™', and in Rogowiec
- only 1.1 g kg™' (Tab. 3). The presence of organic carbon was
recorded also in illuvial horizons - 0.38 and 0.64 g kg™' in
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Fig. 1 Habitats and soil profiles of P. vernalis in lowland Poland. a Forest habitat on a stand in Rogowiec. b Habitat on a stand in Bocheniec.

¢ Habitat on a stand in Piskorzeniec. d Soil profile in Rogowiec. e Soil profile in Bocheniec. f Soil profile in Piskorzeniec. Horizon symbols on

soil profiles: A - topsoil; AC - mixed horizon consisting of surface soil and parent rock; Bhfe — spodic horizon with illuviation of humic and

ferruginous compounds; C - parent rock; Ees - albic horizon; O - organic matter.

Rogowiec and Bocheniec, and in the mixed horizon (A-C) at
the site of Piskorzeniec (Tab. 3).

The soil profiles were characterized by a low content of
calcium, magnesium, sodium and potassium cations (Tab. 3).
The largest resources of exchangeable cations throughout the
soil profile were determined at the site in Bocheniec, and the
lowest — in Piskorzeniec. Similarly, the biggest differences in the
content of Ca** (which showed the highest variation among the
analyzed elements), Na* and K* in the A-horizon and lower soil
horizons were recorded at the site in Bocheniec, the smallest - in
Piskorzeniec. The content of Mg?* in the surface horizon was
similar in Rogowiec and Bocheniec, and three times lower in
Piskorzeniec. Abundance of cations showed very small deviation
in all profiles (Tab. 3).

Discussion and conclusions

Differences in the soil conditions of P. vernalis at the lowland and
mountain sites

As evidenced by the analysis of P. vernalis soil environment,
there are differences in the abundance and properties of the
species habitats in lowland Poland compared to mountain
habitats. In the Tatras soils, it is hydrolytic acidity that mostly
determines the presence of acid substances in the sorption
complex [26]. The average content of alkaline cations recorded
in the mountain soils is similar to their content in the studied
soils of lowland Poland (cf. [27] and Tab. 3). A similar situa-
tion is observed with the base-cation saturation ratio of the
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Tab. 1 Grain size distribution of soils within sites of P. vernalis.

Soil Layer  Sampling Fraction content (%)

Profile horizon thickness depth 2.0-1.0 1.0-0.5 0.5-0.25 0.25-0.1 0.1-0.05  0.05-0.02 0.02-0.006 0.006-0.002 <0.002
2 A 0-5 0-5 6 18 42 25 4 2 1 1 1
g Ees 5-20 10-15 8 11 45 30 3 1 0 1 1
o0
QO: Bhfe 20-55 35-40 1 12 48 35 2 1 0 0 1

C 55-110 75-80 4 22 47 27 0 0 0 0 0
o A 0-5 0-5 6 16 30 31 12 3 0 1 1
'Qé Ees 5-30 10-15 2 7 26 46 15 2 0 1 1
% 23-88 2 6 28 48 13 1 0 0 2
S
/M Bhfe 30-50 35-40 1 5 30 52 1 0 1 1
C 50-105 70-75 3 8 34 45 7 0 1 1 1
.g A 0-2 0-2 4 23 35 24 7 3 2 1 1
QE) AC 2-20 10-15 5 13 35 33 7 3 1 1 2
% C 20-100 25-30 5 19 36 27 6 3 2 1 1
. 70-75 5 12 32 42 4 2 1 1 1
Tab. 2 Physical properties of soils within sites of P. vernalis.
Physical properties
Profile Soil Horizon BD aVD tvD P gAH VvAH gCVvC vCVC
3 A 2.57 1.29 1.36 49.71 5.29 6.84 8.43 10.91
% Ees 2.71 1.38 1.40 48.99 1.60 2.21 18.51 25.58
oo
C% Bhfe 2.62 1.41 1.46 46.24 3.33 4.70 23.95 33.80
C 2.55 1.60 1.66 37.13 3.69 591 16.96 27.15
o A 2.41 sample was not collected
'E Ees 2.54 1.14 1.18 55.27 3.51 3.99 13.48 15.31
% 2.88 1.36 1.39 52.64 1.88 2.56 14.82 20.19
S
= Bhfe 2.61 1.50 1.52 42.68 1.53 2.29 14.52 21.75
C 2.68 1.58 1.65 40.97 4.48 7.09 21.72 34.36
g A 2.49 sample was not collected
qé AC 2.65 1.32 1.36 50.29 3.39 4.46 522 6.88
% C 2.60 1.30 1.35 49.89 3.31 4.32 25.19 32.86
. 2.62 1.68 1.77 35.82 523 8.78 17.91 30.08
Mean 2.61 1.41 1.46 46.33 3.39 4.83 16.43 23.53
SD 0.11 0.16 0.17 6.35 1.31 2.13 6.10 9.43

aVD - actual volumetric density (g cm™); BD - bulk density (g cm™); gAH - gravimetric actual humidity (%); gCWC - gravimetric capillary

water capacity (%); P - total porosity (%); SD - standard deviation; tVD - temporary volumetric density (g cm~); vAH - volumetric actual

humidity (%); vCWC - volumetric capillary water capacity (%).

adsorption complex. These soils differ, however, in physical
properties (cf. [27] and Tab. 2). The content of soil skeleton
is inherently high in the mountain soils, and therefore their
sorption capacity and pH are lower, which result from strong
acidification caused by large amounts of plant litter.

A relatively high content of exchangeable cations recorded
in Bocheniec is probably associated with the deposition of dust
released by cement plants (Lafarge Cement Polska) situated 2 km
away from the study site [28]. Higher content of cations Ca?*,

Mg?* and Na* recorded at the site in Rogowiec in the humus
horizon compared to lower soil horizons may be related to emis-
sion and deposition of dust from the Belchatéw Power Station.
Relatively high saturation with alkaline cations may result from
the presence of a combustion waste landfill site located 1 km
west of the site [29]. At the time of dormancy, with no vegetation
cover on the landfill surface, secondary dust emission occurs
through deflation. Although the amounts of dust are small,
due to depletion of sandy soil at this site, the “contamination”
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of the surface with combustion dust may induce the growth of
P, vernalis. This thesis is supported by the results of Laitinen’s
experimental research [25], which revealed that ash admixture
in forest soil devoid of moss cover and humus significantly
enhances the germination and survival rates of P. vernalis
seedlings. The obtained results indicate that the increased soil
trophism in soil surface horizons is favorable to this species.
However, the anthropogenic contamination reaching the soil
together with precipitation causes the eutrophication of impov-
erished pine forest habitats. This results in the development of
grass (e.g. Deschampsia flexuosa), which begins to dominate
replacing oligotrophic and less competitive plant species [30].

The dust deposited in Rogowiec and Bocheniec probably
also contributes to neutralization of acid reaction of surface soil
horizons, and hence the lower values of the acidity coeflicient
recorded in humus horizons of these soils compared with the
site in Piskorzeniec (Tab. 3). Also the results obtained by Kow-
alkowski and Swiercz [31] confirmed the impact of limestone
processing plants on changes in the soil acidity.

Verification of the ecological indicator values

As evidenced by the results of soil analysis, it is necessary
to verify the ecological indicator values currently assigned to
P, vernalis [22]. Similarly to previously introduced Ellenberg’s
indicator values [32], the edaphic indicators applied in Poland,
and presented by Zarzycki et al. [33], are widely accepted and
used to assess the habitat conditions. P. vernalis is, however, a
species with a narrow phytosociological and ecological ampli-
tude, growing in habitat conditions that differ in lowlands and
mountains. Thus, it is necessary to distinguish between indicator
values for mountain and lowland populations. In mountain
areas, the species has been found on granite rocks with rela-
tively steep slopes, at an altitude of 1670-2360 m a.s.l., where
it grows in very shallow and poorly developed soils formed
from granodiorites. These are moist soils (lithosols) with acid
reaction [27,34-36]. As evidenced by this study, lowland sites of
P, vernalis are distinguished by different soil-habitat conditions.

Tab. 3 Soil chemical properties within sites of P. vernalis.

Based on the analysis of soil moisture content parameters
at the lowland sites (very low values of moisture content and
slightly higher capillary water capacity, both in relation to
the total mass and the volume of soil; Tab. 2), it is proposed
that the soil moisture indicator value of W = 3 [22] should be
replaced for P, vernalis by W = 2. Also the species composition
of phytocoenoses, and in particular the presence of terricolous
lichens recorded in the communities with P. vernalis [24] weighs
in favour of the lower coeflicient value.

Mechanical composition of the soil at the lowland sites of
P, ernalis (sandy soils, containing only a small amount of finer
fractions with very homogenous density conditions; Tab. 1 and
Tab. 2) weighs in favor of the granulometric index (D) at the
level of 3, instead of the previous D =3 — 1.

The value of the soil acidity index (R) for the lowland condi-
tions, where P. vernalis grows on strongly acid and acid soils
—4 < pH <5 (Tab. 3), should also be refined and changed to 1.

Soils of P. vernalis habitats are impoverished in terms of or-
ganic matter content (Tab. 3), which corresponds to the H index
value of 1 compared to the previous value of 2 (representative
of mineral-humus soils) [22].

The accepted range for temperature (1), i.e. 1-4 is also too
broad. The value of T = 1 should be accepted for mountain
populations and T = 4 for lowland populations growing in
moderately warm climate conditions (to date, P. vernalis has
not been found at sites represented by the temperature indicator
value of 2 or 3 [24].

Indicator values for light (L = 4), continentality (K = 2) and
fertility (trophic status; Tr = 2) [22] should remain the same.

Recommendations on the active protection of P. vernalis in the lowland

The reduction in the number and the size of P. vernalis
populations is currently the most serious threat to the species
preservation at the lowland sites [1]. Protection of the species
involves certain measures aiming at both supplying the existing
populations with specimens coming from the ex situ culture
based on the seeds collected from plants, as well as from the

Soil pH Corg Exchangeable cations (mg kg™) Sorptive features [cmol(+) kg']
Profile horizon inH,O inKCl  (mgkg™) Ca* Mg* Na* K* Ha TEB CEC BS
3 A 6.20 5.60 1.10 3.20 0.19 0.08 0.06 4.75 3.90 8.65 45.09
% Ees 4.40 4.40 - 0.20 0.02 0.02 0.03 2.50 0.60 3.10 19.35
én Bhfe 5.00 4.40 0.38 0.10 <0.02 0.02 0.03 4.63 0.90 5.53 16.29
C 5.20 4.60 - <0.1 <0.02 0.02 0.02 1.75 0.40 2.15 18.60
o A 5.50 5.10 3.89 7.80 0.19 0.20 0.14 11.25 11.70 22.95 50.98
'g Ees 6.20 4.60 - 1.50 0.04 0.05 0.05 4.50 1.70 6.20 27.42
% 5.20 4.20 - 0.40 <0.02 0.02 0.03 4.38 0.50 4.88 10.26
2 Bhfe 5.00 4.20 0.64 0.20 <0.02 0.02 0.02 3.75 0.10 3.85 2.60
C 4.80 4.50 - <0.1 <0.02 0.02 0.02 2.50 0.50 3.00 16.67
.g A 4.10 3.20 2.70 0.50 0.06 0.04 0.09 19.75 0.50 20.25 2.47
E AC 4.80 4.30 0.43 <0.01 <0.02 0.02 0.03 5.50 0.30 5.80 5.17
% C 4.70 4.10 - <0.01 <0.02 0.03 0.05 6.38 0.70 7.08 9.89
. 4.70 4.40 - <0.01 <0.02 0.02 0.03 3.00 0.20 3.20 6.25
Mean for A horizons 527 4.63 2.56 3.83 0.15 0.11 0.10 11.92 5.37 17.28 32.85
SD for A horizons 1.07 1.27 1.40 3.69 0.08 0.08 0.04 7.52 5.74 7.60 26.47
Mean for deeper horizons 5.00 4.37 0.48 0.48 0.03 0.02 0.03 3.89 0.59 4.48 13.25
SD for deeper horizons 0.49 0.17 0.14 0.58 0.01 0.01 0.01 1.46 0.46 1.64 7.71

BS - base saturation rank; CEC - cation exchange capacity; Ha - hydrolytic acidity; SD - standard deviation; TEB - total exchangeable bases.
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species introduction at new sites. Such measures have already
been undertaken in the State Forests of the Forest Division of
Kaliska (Tuchola Forest), where local populations of P. vernalis
are replenished by plants obtained from seeds [37].

The results of soil analysis presented in this paper should be
accounted for in the planning and efficient implementation of
P, vernalis active protection in lowland Poland. When select-
ing potential sites for reintroduction and introduction of the
pasqueflower, one should take into account the fact that the
species prefers poor sandy soils, almost free of finer (clayey)
material, developed from the deposits of glacial or glaciofluvial
origin. They should be podzolic soils with a small content of
humus, and acid or strongly acid reaction throughout the
profile, and at the same time dry with moderate porosity and
small capillary water capacity.

Furthermore, because of the low competitiveness of P. ver-
nalis towards other plant species, active protection measures
should be applied at the existing sites that would reduce the
development of competitive species. The availability of micro-
habitats with no moss and lichen cover is yet another factor
required for regeneration of P. vernalis populations in natural
conditions [24,25].

The presence of arbuscular mycorrhizal fungi is conducive to
vegetation of P. vernalis in oligotrophic coniferous forest habitats.
The fungi increase the resistance of plants to abiotic and biotic
stress [38], and enable the species to colonize new sites [39]. The
examination of 7-month-old juvenile seedlings of P. vernalis (in
potted culture) obtained from seeds coming from the site in
Rogowiec revealed a very high degree of root colonization by
arbuscular fungi [24]. The absolute abundance of arbuscules was
90% and the mycorrhizal frequency - as much as 98% of cortex
cells. Seeds obtained from natural sites are therefore already
“equipped” with a proper set of mycorrhizal fungi. At the time
of fruiting, however, plants should have access to exposed sandy
soils enriched with a small amount of organic matter. During
germination and the growth of P. vernalis seedlings, a temporary
increase in the soil moisture is also recommended [24].

In the primeval forest landscape, the best conditions for the
growth of P, vernalis are probably in the open pine forests [40],
in places of local, natural disturbances (i.e. windthrow sites,
burnt areas). Nowadays, anthropogenic disturbance resulting
in thinning of the forest canopy (patch felling, shelterwood cut-
ting) or exposed soil (mechanical destruction of the vegetation
cover during silvicultural treatments) is a factor conducive to
the preservation of sites within the forest plant communities.
However, because of the risk of destroying the P. vernalis
population, it is necessary to monitor all the forestry work
carried out within a site. Effective species protection requires
additional legal stipulations. It is proposed that similarly to
Pulsatilla patens protected in Poland within the framework of
NATURA 2000 [41], P. vernalis should be included on the list
of species that require a protection zone around a site.

Guidelines and suggestions included in this paper should
significantly improve the effectiveness of Pulsatilla vernalis
protection in the lowland areas of Poland.
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