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Abstract. The aim of the paper is to define a relationship between the diversity in structural features of the Carex digitata population
and the dynamics of natural and disturbed anthropogenically oak-hornbeam communities in the cycle of 29-year research (1987-2015)
conducted on permanent plots in the Knyszynska Forest. The results of the research indicate that the population dynamics corresponds
significantly to the community dynamics, whereas the existing interrelations are a response of Carex digitata population to dynamic
vegetation changes undergoing in natural habitats (fluctuation) and under the influence of anthropogenic disturbances (degeneration
as a result of pinetization followed by regeneration). This is reflected in a different spatial organization, age structure, size diversity
of individual plants, as well as in various mechanisms regulating the number of individual plants in a population. Models of population
dynamics in the light of dynamics of the natural and disturbed forest communities can be explained from the viewpoint of equilibrium
and non-equilibrium in the nature. It has been proved that in stable communities, where variations in vegetation have a character
of little fluctuations and indicate a state of a relevant equilibrium in the nature, the population of Carex digitata also reaches a phase
of relevant equilibrium. In such a phase the size of the sedge population is small and changes in the number of individuals in the
29-year cycle slightly fluctuate. A different variation in the population features has been reported in the anthropogenically disturbed
community. Processes of degeneration and regeneration are accompanied by rapid dynamic vegetation changes (a state of non-equi-
librium) and rapid changes in structural features of the Carex digitata population. The sedge reaction to the dynamic variations in the
communities can be explained by a different life strategy which differentiates morphological and developmental features of individu-
als and thus determines variation of properties of the population.

Key words: Carex digitata, demography, dynamic equilibrium/non-equilibrium of vegetation, long-term study, natural and disturbed
communities, plant population.

1. Introduction

Dynamics of phytocoenosis, basic units of vegetation,
is a manifestation of the dynamics of populations (its
components) and changes in the structure and functions
of a given population described in a given place and time.
At such assumptions, the dynamics of phytocoenosis is es-
timated by behaviour of populations of the species forming
a given phytocoenosis (Jongejans & Kroon, 2005; Arora

et al., 20006; Kalliovirta et al., 2006; Roder & Kiehl, 2006;
Euskirchen et al., 2014; Wullschleger et al., 2014; Song
et al., 2015). Significance of the treatment of the hierar-
chical ecological systems on equal footing with vegetation
transformations has been indicated in numerous publica-
tions assuming either individual level (the reductionistic
approach) or the level of phytocoenoses (holistic approach)
(Lavorel & Garnier, 2002; Shugart, 2003; Garnier et al.,
2004; Strong, 2004; Strandberg et al., 2005; Wramneby
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et al., 2008; Corina et al., 2012; Montgomery & Frelich,
2015). The population research has been considered a core
issue for recognition of dynamic processes and rules gov-
erning transformations and development of phytocoenoses
(Young & Clarke, 2000; Beissinger & McCullough, 2002;
Bartha et al., 2003; Laska, 2004; Miyadokoro et al., 2004;
Plaza et al., 2012; Gibson et al., 2013). Results of earlier
studies have proved that changes in the structure and pro-
cesses of populations of selected plant species to a large
extent can be used as a measure of a degree of deforma-
tions of forest communities under the influence of different
disturbing factors (Daly et al., 2000; Lochle, 2000; Laska,
2001; Briggs et al., 2002; Kuuluvainen, 2002; Onaindiaa
et al., 2004; Johnson & Miyanishi, 2007; Lagergren et al.,
2012). The influence of anthropogenic disturbances on
vegetation communities is significant as it affects a possi-
bility of formation and development of a new cenopopula-
tion of a different life strategy (Westoby et al., 2002; Moles
& Westoby, 2006; Adler et al., 2014; Salguero-Gémez
et al., 2016). Changes in the life strategy and modifications
in species development in disturbed communities can be an
indicator of the level of their disturbance and the ongoing
transformations (Laska, 2012). Therefore, vegetation dy-
namics and plant populations have become increasingly of-
ten subjects to modelling various interrelations in complex
systems (Caswell, 2001; Costanza & Voinov, 2001; Moor-
croft et al., 2001; Sykes et al., 2001; Dambacher et al.,
2003; Sitch et al., 2003; Hickler et al., 2004; Wehrli et al.,
2005; White, 2009; Crone et al., 2011; Lima et al., 2011;
Dyakov, 2015). Then, certain laws of dynamics of one spe-
cies can be treated as models of population functioning
in a given ecological system and applied to species with
a similar life strategy (Grime, 2001; Iriondo et al., 2003;
Geritz & Gyllenberg, 2005; Grimm & Railsback, 2005;
Parviainen et al., 2008, 2009; Yee & Mitchell, 2009; Ovas-
kainen & Meerson, 2010; Bornhofen et al., 2011).
Vegetation dynamics is a result of direct dynamic-de-
velopmental changes in specific communities and popula-
tions of plants. As integral components of the specific bio-
cenoses and ecosystems they are subjects to their evolution
laws and rules of functioning (Diaz & Cabido, 2001; Lo-
reau et al., 2001, 2002a; Smith et al., 2001; Eviner & Chap-
in, 2003; Daufresne & Hedin, 2005; Prentice et al., 2006;
Fussmann et al., 2007; Zhang et al., 2008; Olabarria et al.,
2011; Laughlin et al., 2012; King et al., 2013). The above
statement is a main research aim of the 29-year field ob-
servations (1987-2015) conducted in natural and disturbed
oak-hornbeam anthropogenic communities on the territory
of the Knyszynska Forest. The present paper is an attempt
to demonstrate the most significant individual and popula-
tion interrelations of Carex digitata against a background
of the ongoing vegetation transformations. The aim of the
demographic analysis is not only to establish the structure
and dynamics of the Carex digitata population but mainly

to find interrelations between the population dynamics and
the dynamics of plant communities in natural and anthro-
pologically disturbed conditions. In the present paper mod-
els of community dynamics and plant populations have
been determined through vegetation transformations on the
level of phytocoenosis and through changing features and
properties of the sedge population examined. In this way
it has been established how a single population responds
to changes in the whole system, to which extent it triggers
changes itself, what is the mechanism of the changes and
expected further course of variations.

2. Study site

The dynamics of vegetation and populations of Carex digi-
tata was studied in natural and disturbed oak-hornbeam
communities (7ilio cordatae-Carpinetum betuli Tracz.
1962) on the territory of the Knyszynska Forest. This
is a woodland area of about 1267 km?, located in the NE
Poland between lat. 52°55” and 53°42° N, and long. 22°52°
and 23°54” E. According to the Kondracki’s physico-geo-
graphical classification of Poland (2013), it belong to the
Podlasie-White Russian Plateau and the eastern part of the
North-Podlasie Lowland. In the geobotanic division of Po-
land it belongs to the Northern Division (Szafer, 1972).
Knyszynska Forest is an old glacial landscape rich in land
form shaped by the Warta substage of the Riss glaciation
(Kondracki, 2013). Observations were made in natural and
secondary forest communities of each particular dynamic
vegetation circle (Schwickerath, 1954). Natural and dis-
turbed oak-hornbeam communities presented vegetation
developmental series of thawed-out basins, which are as-
sociated with flat terrain with a shallow ground water level.
It includes communities occurring on clay or silty pseudo-
gley soils (Laska, 2006). Tilio-Carpinetum physiocenoses
occur on low-situated marginal deposits. They are situated
in field area between 152.5-155 m above sea level. Natu-
ral community with no visible man-induced deformation
was taken as model of standard phytocoenosis. Secondary
forest community was treated differently, as anthropogeni-
cally disturbed by the process of pinetization. In this pro-
cess 99 years ago the natural oak-hornbeam forest used
clear-cutting and artificial reforestation pine (Pinus sylves-
tris) and now, it is 99-years old secondary forest commu-
nity with pine stand domination. The study was carried
out from 1987 to 2015 (29 years) on two permanent plots
of 500 m?each. The areas under investigation represented
typical forms of the above mentioned communities (Laska,
20006). Carex digitata L. (Cyperaceae) is a mesotrophic
oak-hornbeam species, growing most often in the natural
deciduous and mixed deciduous forests (Matuszkiewicz,
2001; Laska, 2012) and in the anthropogenically disturbed
communities (on the clear-cuts, in pine cultivations, in the
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secondary forest communities with an artificial pine stand)
(Hegi, 1964; Laska, 2006).

3. Methods
3.1. Diversity of communities

Diversity of the oak-hornbeam natural and anthropogeni-
cally disturbed communities was defined using 102 phyto-
sociological records collected in the period 1987-2015 as
a basis. These records were organised into 2 tables of com-
munities (natural and anthropogenically disturbed) and
then synthesised in tables of constancy. The present work
exhibits results of phytosociological research from 1987
and 2015 with the aim to emphasise the dynamic valour
of vegetation. The phytosociological record covered 500 m?
or 5 square of 100 m? permanent study fields. The Braun-
Blanquet method, commonly applied in phytosociology,
was employed. According to Matuszkiewicz’s (2001) a list
of characteristics species, categorisation of syntaxonomic
groups was performed. The names of vascular plant were
given after Mirek et al. (2002) and mosses after Ochyra
et al. (2003). The structure of the communities studied was
defined. On the basis of an average cover coefficient for
each plant layer, Hult’s diagram was made to show the
vertical structure of the phytocoenoses.

3.2. Diversity of population

Assuming that a population structure reflects the response
of the ground cover species to changes in the habitat result-
ing from disturbing factors, the diversity of the population
of Carex digitata was defined using as a basis the struc-
tural dynamics, age structure, size of individual plants and
the dynamics in the number of populations. The material
was described by means of field, statistical and graphical
methods.

In order to evaluate the spatial structure of populations
of Carex digitata, the area of 500 m? (10 x 50 m) was di-
vided into smaller plots (1 m?) and sedge individuals were
mapped. A tussock of Carex digitata was established as
a basic demographic unit. Plans of tussock distributions
were prepared on a scale 1:100. The frequency and den-
sity of individuals were evaluated on the basis of the pres-
ence and number of individuals in each 1 m?plot. Thus, on
the basis of the prepared maps, and through cartographic
and statistical methods, the types of spatial distribution
of populations were established, similar to examples given
by Chessel (1977). A set of individual plants occurring
in neighbouring plots was considered to be an aggregation.
Individual plants occurring further than 1 m from the study
plot were included in the next aggregation. On the basis
of the above, the density of plants within aggregations, the

density of aggregations and their approximate size were
established. The evolution of spatial structure was carried
out using the Leksis’ index. For each population the coef-
ficient of dispersion was evaluated.

During fields observations, life history of tagged in-
dividuals in a chosen population was studied and fea-
tures characterising each individual plant were carefully
described. On the basis of morphological and develop-
mental properties the number of individuals in each age
stage (juvenile, vegetative, reproductive and senile) was
established. This, in turn, provided a basis for the evalua-
tion of the age structure. Also, the measurements of shoot
height, the number of elements forming tussock (modules
and rosettes) and the stature of tussocks (diameter) were
taken. All these elements helped evaluate the size structure
of individuals in a population. Numerical data acquired
in field observations were processed using package Statis-
tica ver. 13 (StatSoft, Inc., 2017):

—empirical distribution of features — compatibility
with the normal distribution was verified through
diagrams and the chi-square test;

— mean arithmetical values — standard deviation, confi-
dence intervals on the basis of T-student distribution
at significance level p=0,05.

4. Results

Models of interrelations between vegetation dynamics and
population were determined on the basis of the dynamic
changes in natural and disturbed oak-hornbeam commu-
nities in the light of variation of features and properties
of Carex digitata population growing in different phyto-
coenoses.

4.1. Dynamics of vegetation

Dynamics of vegetation in natural and anthropogenically
disturbed oak-hornbeam community in the years 1987-2015
was determined on the basis of florist changes occurring
in particular layers of the phytocoenoses studied (Table 1).
The research results have proved that in natural oak-horn-
beam communities the vegetation changes have a character
of fluctuation. In a natural oak-hornbeam stand aged from
101 to 129, changes mainly consist in physiological death
of the older tree individuals (7ilia cordata, Picea abies).
They are replaced by a younger generation of the same
species or by species of similar ecological requirements
(Fraxinus excelsior, Acer platanoides, Carpinus betulus)
(Table 1). In the gaps formed after death of individual trees
there is an intense growth of underbrush (Corylus avel-
lana) followed by young generation of trees undergrowth
(Carpinus betulus), which with the time move to understo-
ry layer of the stand. In the herbal layer, in 1987-2015 little
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quantitative changes took place (coverage 74-80%) which
determined different mosaic domination and co-domina-
tion of different species (Galeobdolon luteum, Anemone
nemorosa, Rubus idaeus). However, most species of the
herbal layer in the period of 29 years preserved relevant
stability and did not change significantly the area of their
presence (Stellaria holostea, Milium effusum, Carex digi-
tata, Oxalis acetosella) (Table 1). The dynamic variations
in the oak-hornbeam natural community were of mosaic
character and did not cause changes in the community as
a whole. They took place on preserving the structure and
function of a natural community as well as a character
of internal relations with other components of the com-
munity and the habitat. The changes resulted in a relevant
dynamic equilibrium of vegetation, which secured stability
and durability of phytocoenosis and contributed to occur-
rence of multigenerational and multi-storey natural com-
munity. The response to the changes was a relevant dy-
namic equilibrium of the Carex digitata population.
Other type of dynamic vegetation changes in the cycle
of a long-term study (1987-2015) was observed in a dis-
turbed community degenerated by the pinetization process
(Table 1). In 1987 the structure of the secondary forest
community deformed by the process of pinetization was
a medium dense pine stand of 71 years of age. In all lay-

ers of this community the pine was accompanied by other
coniferous forest species (Picea abies, Vaccinium myrtil-
lus, Pleurozium schreberi) represented similarly as oak-
hornbeam species. In 1990-2015 rapid dynamic changes
of vegetation took place due to anthropogenic activities
such as elimination of pine and spruce from the tree layer.
As a result of positive selection, deciduous species were
preferred in the structure of the community (Carpinus be-
tulus), especially nursed in the undergrowth phase (Carpi-
nus betulus) and underbrush phase (Corylus avellana)
(Table 1). The dynamic variations in the secondary forest
community pointed to a process of vegetation regeneration,
that is reconstruction of the structure and function of the
community towards its natural form. In response to the
vegetation dynamics rapid changes were observed in the
ecological structure of Carex digitata population.

4.2. Dynamics of plants population of Carex digitata

The differentiation of population features of Carex digi-
tata was studied in a natural oak-hornbeam community and
a community anthropogenically disturbed by the process
of pinetization. The observed diversity was determined
through study of the spatial organization, age structure,
size structure and the dynamics in the number of popu-

Table 1. Floristic diversity of the natural and anthropogenically disturbed communities 7ilio-Carpinetum determined on permanent
study fields in the period 1987-2015 in the Knyszynska Forest (Synthetical features: S — Constancy class; Wp — Coef-

ficient of cover)

Community Tilio-Carpinetum

Type community Natural Disturbed - Pinetized
Years of studies 1987 2015 1987 2015
Number of records 5 5 5 5

Age of community 101 129 71 99
Cover of tree layer al (%) 60,0 60,0 60,0 40,0
Cover of tree layer a2 (%) 40,0 40,0 40,0 50,0
Cover of shrub layer b (%) 20,0 20,0 20,0 32,0
Cover of herb layer ¢ (%) 80,0 74,0 60,0 54,0
Cover of moss and lichens layer d (%) 0,5 2,0 10,0 8,0
Number of species 72 43 67 41
Synthetical features S Wp S Wp S Wp S Wp
CL. QUERCO-FAGETEA

Fraxinus excelsior al I 2 I 350

Fraxinus excelsior b II 4 I 2

Fraxinus excelsior c|l IV 8 A% 10

Acer platanoides al| 1I 102 II 102

Acer platanoides c|l V 10 \Y 10 I 2

Corylus avellana bl V 108 \% 1204 \'% 402 \Y 1052
Corylus avellana c|l V 108 1 6 A% 10
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Euonymus europaeus
Euonymus verrucosus
Lonicera xylosteum

Anemone nemorosa
Hepatica nobilis

Carex digitata

Melica nutans
Aegopodium podagraria
Campanula trachelium
Poa nemoralis

O. FAGETALIA SYLVATICAE

Carpinus betulus al
Carpinus betulus a2
Carpinus betulus

Carpinus betulus c
Tilia cordata a2

Tilia cordata
Daphne mezereum
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Stellaria holostea
Milium effusum

Paris quadrifolia
Ranunculus lanuginosus
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Pulmonaria obscura
Dentaria bulbifera
Dryopteris filix-mas
Galium odoratum
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Lathyrus vernus

Actaea spicata

Festuca gigantea
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Scrophularia nodosa
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Picea abies a2
Picea abies
Picea abies C

Vaccinium myrtillus
Trientalis europaea

Pleurozium schreberi d
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Salix caprea c

Rubus idaeus c
Fragaria vesca

Chamaenerion angustifolium

Gnaphalium sylvaticum

CL. ARTEMISIETEA VULGARIS

Urtica dioica

Geum urbanum
Geranium robertianum
Epilobium montanum
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Viburnum opulus
Malus sylvestris c I

Oxalis acetosella
Maianthemum bifolium
Dryopteris carthusiana
Mycelis muralis
Veronica chamaedrys
Equisetum sylvaticum
Dryopteris dilatata
Moehringia trinervia
Rubus saxatilis
Athyrium filix-femina
Luzula pilosa

Ajuga reptans
Convallaria majalis
Hypericum perforatum
Galeopsis tetrahit
Lapsana communis
Carex lasiocarpe
Calamagrostis arundinacea
Viola mirabilis
Gymnocarpium dryopteris
Carex pallescens
Rumex acetosella
Stellaria media

o

Plagiomnium affine
Polytrichum commune

o

II 4 I 2 I 2
2 I 2
3350 V. 2300 I 800 vV 2050
108 v 206 v 454 v 304
10 v 10 v 10 v 108
10 v 10 v 8 A% 10
2 v 10 I 2 I 4
2 v 10 v 8 A% 10
2 v 10 I 2
2 v 10 I 2
2 A% 108 v 8
2 I 2 v 8
2 v 8 A% 10
2 11 6 v 8
2 I 2 11 6
2 I 2 v 8
2 II 4
2 I 2
2
A% 10 I 2 v 10
v 8 v 10
I 2 A% 10
2
2
v 10
I 4 \Y% 804 v 206
I 2 111 6 v 10

lations and the changes in these features over the period
1987-2015. Populations of Carex digitata in the natural
and the anthropogenically disturbed communities dif-
fered in size. A larger number of populations and temporal
changes were observed in the anthropogenically disturbed
community than in the natural oak-hornbeam community.

4.2.1. Changes in spatial organisation of Carex digitata

A characteristic feature of the spatial structure of popula-
tions in the natural and the anthropogenically disturbed
communities is a tendency to aggregate. This observation
is confirmed by high values (>1) of dispersion coefficient
(Table 2). Dynamic changes in the natural and the disturbed
anthropogenic oak-hornbeam communities are responsible
for development of considerable differences in the spatial
structure of the population studied.

Spatial organisation of populations in the natu-
ral oak-hornbeam community was different from that
in the anthropogenically disturbed community. Signi-

ficant differences were observed in terms of the den-
sity of individuals per unit area, within aggregations,
the size of aggregations and their distribution in the
studied populations (Fig. 1). In the natural oak-horn-
beam community, the density of individual plants
in the population was low changed slightly over the
years 1987-2015 and amounted to about 1 individual
per 10 m? In the natural oak-hornbeam community the
number of tussocks in aggregations and the area they
covered was low and changed insignificantly in the
29-year research cycle (Table 2). The area of an aggre-
gation ranges on average, from about 2 m? to 6 m?. The
maximum number of individuals in an aggregation was 5
to 27 tussocks, while in the aggregation area of 1 m? the
maximum number of tussocks observed ranged from 4
to 7. In the natural oak-hornbeam community the aggre-
gations of individual plants were at noticeable distances
from one another (Fig. 1a). The type of spatial structure
of this population resembles the distribution type de-
scribed by Chessel (1977) as dispersed-aggregated.
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In the anthropogenically disturbed community, the
spatial structure of Carex digitata population assumed dif-
ferent properties (Table 2, Fig. 1b). The density of indi-
vidual plants in the population was high. In 1987-2015
it changed significantly, decreasing rapidly from about 7.6
to 2 individuals per 10 m% In 1987, the number of tussocks
in aggregations and the area they cover were high. In the
29-year of study these values significantly and rapidly de-
creased (Table 2). The area of an aggregation ranged on
average from 7-14 m? to 2.6-5.9 m*. The maximum number
of individuals in an aggregation decreased from 190-204 to
10-76 tussocks, while in the area of 1 m? of an aggregation
the maximum number of tussocks observed decreased from
11-26 to 4-9. Frequency values also show similar interrela-
tions to the variation described (Table 2). In the population
studied the variation in the spatial organisation over the
years 1987-2015 was found quite significant. The distribu-
tion of individuals in space changed from corn-aggregate
to dispersed-aggregate (Table 2, Fig. 1b). A change in the
spatial organisation in the disturbed community may indi-
cate a regression of the Carex digitata population.

4.2.2. Age structure of Carex digitata populations

A life cycle of Carex digitata in the natural oak-hornbeam
community lasts from 5 to 10 years. An individual reaches
the reproductive phase in the fourth year of life, when the
flower shoots appear. It was found that, in the life cycle
of plants in the anthropogenically disturbed community,
the time required for a plant to reach the reproductive
phase was shorter in comparison with that of individual
plants in the natural oak-hornbeam community. The reduc-
tion was due to shorter duration of other stages — seedling,
juvenile and vegetative. In the anthropogenically disturbed
community the reproductive stage was reached by plants
by the second season of growth. Therefore, the develop-
ment of the Carex digitata populations in the communities
studied revealed a significant variation in the proportions
of individual plants at different age stages (Fig. 2). In the
years 1987-2015, the following two types of age distribu-
tion and their characteristic changes were observed:

1) Domination of individuals in the vegetative stage or,
at some stage in development of the population, an
increase in the number of individuals in the repro-
ductive stage; the phenomena occurred in the popu-
lation from the natural oak-hornbeam community.

2) Domination of individuals in the reproductive stage,
but rapid changes in proportions of individuals at
different age stages took place: an increase in the
numbers of individuals in the vegetative stage was
accompanied by a decrease in the number of indi-
viduals in the reproductive stage; these dynamic
changes occurred in the population from the anthro-
pogenically disturbed community.

The variation in the age structure described above
in the sedge populations studied was reflected in the shape
of the age structure pyramids (Fig. 2). In the population
from the natural oak-hornbeam community the age struc-
ture appeared graphically as a flat-pyramid (1989, 1990,
1993, 2000, 2006, 2015) and an increase in the number
of individuals in the vegetative stage was observed (from
59% to 72%) (Fig. 2a). In the other years from the period
studied the age structure of the population assumed graphi-
cally the urn-type pyramid (1995, 1996, 1998, 2003, 2009)
and the proportions of individuals in the reproductive (46-
57%) and vegetative stages (43-51%) were similar. In the
population from the natural oak-hornbeam community
a flat inverted pyramid reflecting a meaningful domina-
tion of individuals in the reproductive phase (from 43%
to 73%) was found only in the years 1987, 1991, 1994
and 1997. In the population from the anthropogenically
disturbed community the changes in the age structure pyra-
mids were different than in the natural oak-hornbeam com-
munity (Fig. 2b). In the population from anthropogenically
disturbed community, the age structure appeared graphi-
cally as an inverted pyramid and an increase in the num-
ber of individuals in the reproductive stage (from 52% to
72%) was observed. The exceptions were the populations
from the years 1993, 1995, and 2000, where the shape was
transformed from an inverted pyramid to a flat-pyramid.
These dynamic changes reflected the rapid changes in the
proportions of individuals in the vegetative stage (from
54% to 70%) (Fig. 2b).

4.2.3. Size structure of individuals and temporal changes

The study revealed statistically significant differences
in the heights of individual plants and in the structure
of the sedge tussocks in the populations from the natural
and the anthropogenically disturbed communities (Fig. 3).

At the beginning of the observations, in 1987, individu-
als in the population from the anthropogenically disturbed
oak-hornbeam community reached bigger sizes of tussocks
(average height — 20.0 cm, tussock diameter — 8.8 cm, av-
erage number of modules — 1.83) than those from the natu-
ral oak-hornbeam community (average height — 15.1 cm,
tussock diameter — 4.3 cm, average number of modules —
1.73). It was found that the changes in the height of the
individuals and the structure of sedge tussocks in different
populations in the years 1987-2015 significantly correlated
with the life cycle of individuals and the capability of reach-
ing the reproductive stage. In the population from the natu-
ral oak-hornbeam community, the individuals reached the
reproductive stage at the age of 4. After reaching this stage,
in the period of the next 4-5 years, they would develop
their aboveground organs, increase the height of shoots
and multiply the number of modules and rosettes (Fig. 3).
The changes were gradual and periodical. In the popula-
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Figure 1. Changes in the spatial structure of Carex digitata populations determined in the period 1987-2015: a) in the natural com-
munity, b) in the disturbed community
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tion from the natural oak-hornbeam community, every
4-5 years an increase in the average height of shoots of the
sedge individuals was observed from 15.1 cm to 24.4 cm
in the years 1987-1991 and from 17.7 cm to 22.9 cm in the
years 1993-1998. The height of the individuals in the natu-
ral oak-hornbeam community, in the years 1987-2015 in-
creased, however only slightly, their average height from
15.1 cm to 19.7 cm (Fig. 3). The maximum height of in-
dividual plants reached from 26 to 37 cm. The tussock
consisted of a maximum of 3 to 14 modules and 7 to 20 ro-
settes. In the population from the natural oak-hornbeam
community, the most pronounced changes in the structure
of the sedge tussocks were reported in 1995-1996, where
individuals reached the greatest average number of mod-
ules (2.78) and rosettes (5.6). In the natural oak-hornbeam
community, in the 29-year research cycle (1987-2015),
changes in the number of modules in the structure of sedge
tussocks were statistically insignificant (from 1.73 to 1.76
modules in a tussock) and the 1-module individuals were

dominant. In 1987-2015, greater changes in the structure
of the sedge tussocks and statistically significant differ-
ences were reported in the decreasing number of rosettes
(from 5.4 to 2.9 rosette in a tussock). This supposedly de-
termined the decrease in the sedge tussock diameter in the
period of the study, from 4.3 cm to 4.0 cm.

In the population from the anthropogenically dis-
turbed community, the individuals reached the repro-
duction stage earlier, already at 2 years of age. A short-
ened period of reaching the reproduction stage affected
the accumulation of biomass and energy for reproduc-
tion in a short time, which implied a different formation
of the tussock structure and shoot development. Tussocks
grew quickly, produced a large number of living and
blooming shoots reaching great height in a short time.
They did not multiply the modules and rosettes but in-
creased the number of new shoots in the structure units,
which ensures a greater cross-section of the tussocks,
increased number of living and reproductive shoots and
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thus efficiency of generative reproduction (Fig. 3). In the
population from the anthropogenically disturbed commu-
nity a maximum height of individual plants reached from
29 to 42 cm. The tussock consisted of the maximum 3
to 12 modules and 5 to 21 rosettes. In the community
affected by pinetization, individual plants formed tus-
sock of diameters ranging 7.0-8.8 cm, which is twice as
much as those from the natural oak-hornbeam communi-
ty. In the population from the anthropogenically disturbed
community the domination of individuals in the repro-
ductive phase determined a smaller range of variation
in the average values of the tussock’s features analysed.
However, in the 29-year study (1987-2015), changes
in the average height of individuals (from 20.02 cm to
18.52 cm), the number of modules (from 1.83 to 1.60

modules in a tussock), and the number rosettes (from
2.82 to 2.30) were statistically significant (Fig. 3). It is
supposedly related to a rapid decrease in the population
abundance in recent years.

4.2.4. Models of dynamics of population Carex digitata
in the light of vegetation dynamics

Observations of the life histories of tagged individuals
in permanent sites indicated changes in the numbers of in-
dividuals in the populations over the years 1987-2015 (Ta-
ble 2). Changes in the number of individuals in a particular
age stage were also observed. The results suggest the fol-
lowing pattern of changes in the population abundances
in the perennial life cycle of Carex digitata (Figs 4 and 5):

30
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Figure 3. Changes in the individuals height of Carex digitata populations determined in the period 1987-2015 in different communities
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— the numbers of individuals remain at a relatively sta-
ble level, or change slightly in the population from
the natural oak-hornbeam community;

— in the anthropogenically disturbed community a de-
cline in the population abundance is noted.

At the beginning of the observation period (1987), in an
area of 500 m? a greater number of individual plants in the
population was observed in the anthropogenically disturbed
(378 individuals) than in the natural oak-hornbeam com-
munity (63 individuals) (Table 2). After 29 years, in the
natural oak-hornbeam community, the number of popula-
tions remained relatively stable. The number of individuals
in this population changed, in an oscillatory manner, from
63 to 55 individual plants (Fig. 4). The population in the
natural oak-hornbeam community remained relatively con-
stant, as new plants replaced dying ones in a roughly equal
number. Dynamics in the Carex digitata population abun-
dance significantly corresponded to the dynamics of veg-
etation. A relative dynamic equilibrium in the population
abundance was a response to the relative stability and dura-
bility of the natural oak-hornbeam phytocoenosis (Fig. 4).

After 29 years (1987-2015), the population in the an-
thropogenically disturbed community declined (from 378
to 96 individuals), as the number of dying plants was high-
er than that of new plants (Table 2). Changes in the number
of individuals may point to a regression of the population
studied in the disturbed community due to rapid changes
in all layers of phytocoenosis under the effect of anthropo-
genic activities (Fig. 5).

Different models of the Carex digitata population dy-
namics correspond to the vegetation dynamics of the natu-
ral and disturbed oak-hornbeam communities (Figs 4-5).
A specific response of the population to the vegetation
transformations enables a determination of directions and
intensity of the dynamic processes in these communities.

5. Discussion and Conclusion

5.1. Models of population dynamics and equilibrium
and non-equilibrium in vegetation

The results of the study reported to interrelations between
variation in structural features of the population and dy-
namics of the natural and anthropogenically disturbed
communities. Carex digitata response to dynamic changes
of the communities can be explained by a different strategy
of life, which through differentiation of morphological-de-
velopmental properties of individuals determines variation
in the population features. This is reflected in different spa-
tial organisation of the population, a different age struc-
ture, size structure and other mechanisms regulating the
population abundance. Population dynamics significantly

corresponds to dynamics of communities and the relations
are a response of Carex digitata population to dynamic
vegetation changes in the natural habitat (fluctuation) and
or imposed by anthropogenic disturbances (degeneration as
a result of pinatization followed by regeneration). This im-
plies that they are the response of the sedge population to
disturbances of phytocoenotic, microclimatic, habitat fac-
tors. Models of population dynamics in the light of dynam-
ics of the natural and disturbed forest communities can be
explained assuming the presence of equilibrium and non-
equilibrium in nature (Loreau et al., 2002b; Ives & Car-
penter, 2007; Loeuille, 2010; Donohue et al., 2013, 2016;
Arnoldi et al., 2016, 2017; Haegeman et al., 2016). In the
stabilised communities, where the changes are of fluctua-
tion character, despite the death of individuals (ontoge-
netically determined), there is a certain state of balance
between the level of resources and demands of the species
building this community. The relations between the size
of gaps and their distribution and the mosaic of the under-
growth and its effective revival are dynamic in character
but the inner bounds between the components of the com-
munity and its habitat are preserved. It implies the pres-
ence of a relative dynamic equilibrium in the natural oak-
hornbeam community and the phase of relative dynamic
equilibrium in the Carex digitata population (Steiner et al.,
2006; Stott et al., 2011). In the natural communities, being
in the equilibrium phase, the most important from among
various factors modifying population properties, according
to Grime (2001), is the competition and competitive impact
of the other components of a given phytocoenosis. The
sedge Carex digitata growing in the conditions of strong
competitive pressure of the richly developed ground cover
of oak-hornbeam species uses the most biomass and en-
ergy for development of vegetative organs (Mustard et al.,
2003; Yan et al., 2004; Bornhofen & Lattaud, 2006). The
interspecies competition limits however, the development
and growth of progeny and adult individuals (Coomes
& Grubb, 2003; Arora et al., 2006; Bornhofen & Lattaud,
2009). Therefore, in the natural oak-hornbeam phytocoe-
nosis the number of individuals in the population is low,
and so are their changes over the time, the spatial distribu-
tion of the population has a character of dispersed-aggre-
gated, and the sedge has little colonisation abilities. There
is low density of individuals per unit area and within ag-
glomerations, agglomeration area is small and the number
of tussocks in agglomerations is low. Individuals in the
vegetative stage dominate in the population. At the begin-
ning of their growth they develop vegetative organs just
to survive in the phytocoenosis and when they reach this
stage, they are in the vegetative stage to reach the phase
of blossoming and fruit bearing at the age of 4 (Laska,
2012).
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5.2. Phytocoenotic relations and safe germination sites

Durability of pre-reproductive period may be used as an
evaluation criterion to estimate a degree of “competitive
pressure” on the sedge individuals from the part of other
components of a given phytocoenosis (Howard & Gold-
berg, 2001; Lopez et al., 2001; Bornhofen et al., 2011).
However, not all individuals of Carex digitata blossom
and bear fruit. It has been found that some sedge indi-
viduals at the age of 4 do not form reproductive shoots
and during subsequent seasons they increase the number
of modules and rosettes and the height of shoots. They
also develop underground organs (Laska, 1996a). These
are important features of vegetative propagation, however
Carex digitata does not reproduce vegetatively but only
through seeds (Nowikov, 1967; Fomiéeva, 1977). A low
number of individuals in the population and its changes
over time in the form of small fluctuations and a low
efficiency of generative reproduction in the natural oak-
hornbeam communities can be determined by phytocoe-
notic relations which restrict the available space and the
number of safe germination sites (Schiitz, 2000; Baskin
& Baskin, 2001). In the habitat of compact and rich
ground cover of the natural oak-hornbeam communities,
the number of such safe sites is limited and the covering
of the upper layer of soil with permanent underground or-
gans of geophytes and hemicryptophytes leaves little op-
portunities for the sedge seeds to germinate (Shefferson,
2009). Germination of Carex digitata seeds takes place
under the ground (hypogeic mode) (Nowikov, 1967).
Therefore, their deposition depth in the soil plays an im-
portant role in further development and growth of the
individuals. In the oak-hornbeam natural communities,
whose changes are fluctuational in character, the most im-
portant factor determining a relative dynamic equilibrium
of the number of the sedge individuals, type of spatial
structure, age structure and size of the individuals in the
population is the competition of the other components
of the oak-hornbeam ground cover. The competition pres-
sure determines prospective reproduction abilities of the
sedge, the size and abundance of the population (Law
et al., 2001, 2003, 2009; Begon et al., 2005; Murrell,
2009; Vogt et al., 2010).

Different vegetation dynamic changes were established
over the years 1987-2015 in the oak-hornbeam communi-
ty in the anthropogenically disturbed community. In 1987,
in the 71-year-old pine stickstand, in the conditions of ex-
treme habitat stress resulting from degeneration process
of natural oak-hornbeam phytocoenosis, the best strategy
is to accumulate the maximum biomass and energy for
reproduction (Grime, 2001; Lopez et al., 2001; Westoby
et al., 2002; Bornhofen & Lattaud, 2006, 2009; Moles
& Westoby, 2006; Adler et al., 2014; Salguero-Gémez
et al., 2016). Individuals reach the reproduction stage ear-

ly, and liberation from the pressure of competitors makes
Carex digitata to show enormous capabilities of develop-
ment. In this population, the individuals in the reproductive
stage are dominant. The tussocks in a short period of time
produce a large number of living and reproductive shoots
leading to high reproduction abilities and large population
abundance. In the disturbed oak-hornbeam community
spatial distribution of the population is of corn-aggregate.
There is high density of individuals per 1 m?, high number
of agglomerations and high density of individuals in ag-
glomerations. The areas of agglomerations are twice as big
than in the natural oak-hornbeam communities.

5.3. Frequency of the Carex digitata and fertility
and acidity of the habitat

The population abundance and the surface coverage de-
termine a more important role of the sedge in the ground
cover of the disturbed oak-hornbeam community that in its
natural form (Weiner et al., 2001; Jongejans & de Kroon,
2005; Stott et al., 2011; Wright et al., 2015). It is related to
the fact that frequency of the sedge presence is inversely
proportional to the fertility and acidity of the habitat (Yan
et al., 2004; Steiner et al., 2006; Gibson et al., 2013). This
has also been proved in the earlier studies, where in the
most fertile form of eutrophic oak-hornbeam no presence
of the sedge has been reported, whereas in the conifer-
ous forest communities the number of individuals in the
populations was the highest (2086-2672 individuals per
500 m?) (Laska, 1996b). All the data point out that the
optimum of Carex digitata occurrence has clearly moved
towards more acid soils (up to pH 4.3-4.5) of the disturbed
habitats with planted pines. Pinetization consisting in ar-
tificial formation of the forest stand in the place of natu-
ral deciduous forests is manifested in the florist changes
causing increased participation of acidofile species. In the
course of pinetization of oak-hornbeam phytocoenosis, sig-
nificant changes occur in the soil microflora, kind of litter
and the soil pH into more acidic (Laska, 2006) as a result
of intensive production and fall of conifer needles. Because
of these changes, in the disturbed communities the ground
cover is poor with a significant contribution of acidofile
species, including acidofile moss and the ground litter
is different as contains mainly pine needles. These changes
in comparison with the natural oak-hornbeam phytocoeno-
sis (considerable richness of the ground cover, deciduous
litter which makes it difficult for the seeds to germinate),
can also largely determine the size and abundance of the
sedge populations in the disturbed oak-hornbeam commu-
nity. These conclusions have also been confirmed by other
authors (Nowikov, 1967; Fomiceva, 1977; Tayler, 2002;
2003; Tayler et al., 2002). They point out that the pres-
ence of Carex digitata as a dominator and subdominator
is linked to different types of pine and spruce. The range
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of the sedge presence reaches as far as Caucasus and Sybe-
ria. Severe and continental climate of Eastern Europe and
acidic character of the ground of coniferous forests do not
disturb the sedge growth.

5.4. Dynamic changes of the disturbed oak-hornbeam
community towards regeneration of the natural oak-
hornbeam community

In the subsequent years of study, the initiation of the pro-
cess of regeneration after the anthropogenic disturbances
leads to rapid dynamic changes in the vegetation and trans-
formations of the disturbed oak-hornbeam phytocoenosis
towards regeneration of the natural oak-hornbeam commu-
nity. Rapid changes in the vertical structure and the floris-
tic composition of the pine stand towards deciduous stand
result in changes in the phytocoenotic (Suding & Gold-
berg, 2001; Bisigato & Bertiller, 2004; Epstein et al.,
2012), microclimatic (Cornelissen et al., 2001; King et al.,
2013), habitat (Lienert, 2004; Lehsten & Kleyer, 2007) and
phenological conditions (Tayler, 2002, 2003; Tayler et al.,
2002). This state implies some kind of inequilibrium in the
environment (Shugart, 2003; Hickler et al., 2004; Corina
et al., 2012; Euskirchen et al., 2014; Laurent et al., 2017).
In response to the vegetation dynamics, the structural fea-
tures of the Carex digitata population in the disturbed
habitat change and with time (in 2015) become similar
to their values specified in the sedge population from the
natural oak-hornbeam phytocoenosis. In the Carex digi-
tata population in the disturbed oak-hornbeam community
there is a significant drop in the number of individuals
and a change in spatial distribution from corn-aggregate
to dispersed-aggregate. There is also decrease in the num-
ber and area of agglomerations, decrease in the frequency
and density of individuals per 1 m? In the age structure
of the population serious changes occur in the contribution
of individuals in the vegetative and reproductive phases.
Also the tussock structure, the height of living shoots, the
number of modules and rosettes become similar to those
from the natural oak-hornbeam community.

5.5. Variation in the life history of Carex digitata

Models of vegetation dynamics and Carex digitata popu-
lation in the natural and the disturbed oak-hornbeam com-
munities record the transformations taking place in the
natural habitat (Sykes et al., 2001; Shugart, 2003; Sitch
et al., 2003; Wehrli et al., 2005; Wramneby et al., 2008;
Olabarria et al., 2011; Corina et al., 2012; Song et al.,
2015). The changes in the populations are both a resultant
of demographic process and a response to the dynamic
vegetation changes (Young & Clarke, 2000; Lopez et al.,
2001; Moorcroft et al., 2001; Getzin et al., 2008). The

rate and intensity of changes in the population properties,
and thus in the character of communities are determined
mainly by phenotypical variation in the life history traits
(Howard & Goldberg, 2001; Falster & Westoby, 2003;
Bornhofen & Lattaud, 2006; Gurevitch et al., 2006; Shi-
pley et al., 2006; Adler et al., 2014). Therefore, more often
the vegetation dynamics is analysed against a background
of demographic processes and the role of species in the
formation and disappearance of specific florist compo-
sitions is related different life strategies (Grime, 2001;
Westoby et al., 2002; Laska, 2004; Fynn et al., 2005;
Moles & Westoby, 2006; Bornhofen et al., 2011; Shef-
ferson et al., 2011; Chadaeva & Shkhagapsoev, 2016; Sal-
guero-Gomez et al., 2016).
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