
Introduction

Abandoned limestone grasslands are characteristic elements 
of the agricultural landscape in the hilly regions of southern 
Poland. Like in other parts of Europe these remnants of semi-
natural grasslands are the refuges for many grassland and 
xerothermic species of plants and small animals. Therefore 
maintaining such grassland communities is of utmost impor-
tance to the conservation of local and regional biodiversity. 
After cessation of management practices the cover of tall 
grasses and forbs with larger leaves as well as of species repro-
ducing vegetatively increases rapidly in many grasslands. They 
reduce light penetration to lower layers of the grasslands and 
restrict the development of shorter species. The dominance 
of tall grasses and non-removal of organic matter lead to the 
formation of a thick litter layer, which hinder germination and 
growth of seedlings. A thick litter layer in the dense grassland 
impedes also seed germination and seedling development 

of shrubs and trees, thus causing the succession to wood to 
proceed much slower than in more open grasslands. Such 
changes, usually with decrease in species diversity, have been 
observed in abandoned grasslands in different parts of central 
and western Europe[1-7]. 

The dynamics of structure and species composition of 
grasslands may depend strongly on inter-annual and multi-
annual fluctuations of climatic conditions. Experiments in 
lowland limestone grasslands have shown that species rich-
ness and plant cover significantly increased in plots receiving 
supplementary summer rainfall [8,9]. Long-term observations 
have indicated that summer rainfall is an important factor 
in controlling directly and indirectly species richness and 
composition of grassland and meadow communities [10-13]. 
Temperature is also an important factor affecting the com-
position and dynamics of some semi-natural grasslands in 
temperate region, and may exert either a positive or negative 
effect on the biomass and growth of grassland species, de-
pending on the level of precipitation [8,9,12,14] Moreover, 
lagged temporal responses of grassland vegetation to climatic 
fluctuations, especially to major climatic events, up to two 
or more years were observed [12,15-17]. The results of some 
studies indicate that the fluctuations of precipitation and tem-
perature may affect the rate of secondary succession. Wetter 
conditions during summer may promote growth of perennial 
grasses, which tend to close the sward [8,18]. Thereby they can 
inhibit the establishment of later successional species. While 
severe droughts may open gaps for regeneration by causing the 
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mortality of established plants. The majority of observations 
and experiments on the effect of the weather on the dynam-
ics of limestone grassland vegetation cited above concerned 
grasslands treated in varying degree and manner. However, 
very little is known about the role of climatic conditions in 
shaping vegetation in abandoned grasslands.

 Various studies revealed that plant functional traits, such 
as growth form, lateral expansion, plant height, leaf size and 
type of morphological or anatomical structure, which deter-
mine competitive ability of species and course of succession, 
can be used for functional analysis of vegetation dynamics 
in order to understand processes and predict changes in 
untreated grasslands [7,19,20]. Using plant functional groups 
besides species makes possible identify general tendencies in 
vegetation changes as well as comparison between differing 
communities with respect to specific processes. Based on the 
mentioned functional traits we analysed impact of weather 
on vegetation dynamics in abandoned limestone grassland 
during 12 years. The purpose of this study was to examine: (i) 
how do various plant functional groups and species respond to 
interannual variation in precipitation and temperature, and (ii) 
to what extend the rate and direction of changes in abandoned 
grassland may depend on fluctuations in climatic conditions. 

Material and methods

Study area
The study was carried out in the Skołczanka reserve (36 

ha; 50°01’N, 19°50’E), situated in southern Poland, some 8 
km southwest of the center of Kraków. The reserve includes 
of Jurassic limestone hill elevated 275 m a.s.l. As late as in the 
1940s and 1950s, the grassland covering most of the hill was 
grazed by domestic animals. After the reserve was established 
in 1957, trees and shrubs have begun to colonize the grassland, 
and the secondary woods have increased considerably in area 
at the expense of grassland communities. Only at the top of 
the hill larger patch of grassland with only scattered woody 
species has remained. The remnant of old grassland represents 
the Koelerio-Festucetum association with such characteristic 
species as Festuca rupicola, Koeleria macrantha and Phleum 
phleoides. More details of the vegetation in the reserve and di-
rection and rate of secondary succession are given by Dzwonko 
and Loster [5,20,21].

Data collection and analysis
In 1992, eight permanent plots, 5 m × 5 m, were established 

systematically at 5 m distances in the old abandoned grassland. 
From 1992 to 2003, the percentage cover (at 10% estimation 
intervals) of vascular plant species was estimated in each plot 
at the end of June or in July. Over 12 years, a total of 15 tree and 
shrub species and 87 herbaceous and small shrub species were 
recorded on the study plots. The nomenclature of plant species 
is that used in Flora Europaea by Tutin et al. [22]. 

The cover of herb species with various states of four func-
tional traits was calculated. Species were divided into five 
groups with various growth forms and vegetative reproduction: 
annuals and biennials, non-tufted perennials without runners 
or rhizomes, tufted perennials, perennials with short runners 
or rhizomes, and perennials with long runners or rhizomes. 
The other traits were: plant height (with four states, <30 cm, 
30-59.9 cm, 60-100 cm, >100 cm), leaf area (with three states, 

<1 cm2, 1-10 cm2, >10 cm2), and leaf anatomy (with two states, 
scleromorphic and mesomorphic; plants with other leaf anat-
omy were almost absent). The values and categories of these 
traits were determined for each species using the databases of 
Kleyer [23], Hodgson [24] and Klotz et al. [25].

Climatic data were obtained from the meteorological station 
of the Jagellonian University, situated approx. 10.5 km from the 
study grassland. Climatic data for 15 years (from 1989 to 2003) 
were taken into account. This enabled comparisons between 
weather and plant performances with time lags of up to 3 
years. During mentioned period, mean annual temperatures 
varied from 7.1°C (in 1996) to 10.2°C (in 2000), the mean 
temperature of the coldest month from –5.8°C (January 1997) 
to 3.3°C (January 1994), and the mean temperature of the 
warmest month from 17.2°C (July 1996) to 21.5°C (July 1994). 
Total annual precipitation varied from 448 mm (in 1993) to 
857 mm (in 1997).

Relationships between cover of species of different groups 
and temperature and precipitation data were analysed using 
multiple linear regression. For every trait state, the total spe-
cies cover presenting that trait state was calculated and used 
as dependent variable in a series of regression models with all 
analysed climatic variables as explanatory variables. In each 
model besides one climatic variable also variable time was 
incorporated to control long-term changes and the plots were 
included as dummy variables to control the variation among 
plots. The climatic variables considered in regression models 
for every trait state included mean temperatures for each 
month from January to December, and mean temperatures for 
two, three and four consecutive months beginning from Janu-
ary, for the one, two and three years previously. For the current 
year only data for period from January to July were taken into 
account as vegetation records were collected not later than in 
July. Precipitation sums were analysed for the same months and 
periods including also total annual precipitation.

Multiple regression analysis with forward selection proce-
dure was applied to find a set of climatic variables that explains 
the greatest part of the variability in every trait state and in 
cover of more frequent species. In the procedure for trait states 
the variables time and plots were included in the model first of 
all and then climatic variables were incorporated by stepwise 
selection. Only climatic variables significantly related to a given 
trait state according to regression models for single climatic 
variables were examined. Similar procedure was applied for 
more frequent herbaceous species. It is for 41 species occurring 
during at least six years in the study plots and in at least one 
year in four plots. The variable time was tested first of all and 
if significant included in the model and then climatic variables 
were examined. In the case of species all climatic variables 
significantly related to distinguished species groups were taken 
into account in forward selection. Only variables explained at 
least 3% of variability in the cover of a particular species were 
included in the model.

The significance of regression coefficients was evaluated 
using permutation test in order to avoid assumption of normal 
data distribution. Problems with autocorrelation in time series 
were avoided by applying restricted permutations. The regres-
sion analyses were performed using program CANOCO [26] 
that provides permutation tests for time series. For compari-
son, the tests under full model and under reduced model with 
999 permutations restricted to the same cyclic shifts within 
parallel time series were used. The former test is more liberal 
and the latter is more conservative.
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Results

Relations between functional groups and weather
The cover of most of the plant functional groups was sig-

nificantly related to climatic conditions in the current year and 
in three preceding years. The same main results were obtained 
for both the permutation tests. In the case of more liberal 
test, permutation under full model, the level of significance 
for most response variables was at P = 0.001 and sometimes 
at P between 0.01 and 0.001. However, we present results for 
much more conservative test, i.e. permutation under reduced 
model, with lover levels of significance, to be surer that they 
are not spurious in consequence of multiple testing. In the 
current year, the most effect on the dynamics of plant func-
tional groups had the variability of rainfall in spring and early 
summer (Tab. 1). With the increase of precipitation in this 
period, the cover of most of the plant groups studied increased. 
Precipitation in the period from April to June had the greatest 
impact on the cover of the tallest plants (>100 cm) and on 
plants with the smallest and largest leaves (<1 cm2 and >10 
cm2; Fig. 1). Rainfall in the period from May to June had the 
strongest effect on the cover of annuals and biennials, whereas 
that in June alone – on the cover of plants with mesomorphic 
leaves, with larger leaves (1-10 cm2), tufted perennials, and 
perennials with long vegetative spread. Some of the plant 
groups were significantly connected with precipitation only in 
winter and spring. This concerned tall plants (60-100 cm) and 
plants with scleromorphic leaves, whose cover was negatively 
correlated with precipitation in the period from December to 
March, and in the case of the second group – also with precipi-
tation from November to January. The positive effect of winter 
precipitation, in January and February, was found only in the 
case of perennials with short vegetative spread. 

The stepwise regression analysis revealed that the dynam-
ics of the specified plant functional groups had a significant 
relationship with the precipitation in all the above mentioned 
periods (Tab. 2). The higher the value of the regression coef-
ficient, the greater influence the independent variable on the 
cover of plant group. This analysis indicated that precipitation 
in spring and/or early summer in the current year had the 
greatest impact on variability in most of the plant groups, 
compared with other climatic variables. The results of the 
stepwise regression analysis suggest that temperature in the 
current year had a significant effect only on the cover of tall 
plants (60-100 cm) – which was positively correlated with the 
mean temperature in the period from May to July, and on the 
cover of plants with mesomorphic leaves – that was negatively 
correlated with the temperature in May.

In the case of climatic data from the previous year, the dy-
namics of vegetation was most strongly related to the tempera-
ture in spring and summer. According to results of stepwise 
regression analysis the higher temperature in the period from 
April to June had a positive effect on the cover of perennials 
with short vegetative spread, and the temperature in May and 
June – on the cover of the shortest plants (<30 cm), plants with 
small leaves (<1 cm2), and non-tufted perennials, whereas the 
higher temperature in August affected the cover of tall plants 
(60-100 cm). On the other hand, the lower temperature in late 
summer and autumn, in the periods from August to Novem-
ber and from September to November, was connected with a 
greater cover of plants with small leaves (<1 cm2) and sclero-
morphic plants, respectively. Only cover of two functional 

groups – plants with larger leaves (1-10 cm2) and non-tufted 
perennials, was significantly correlated with precipitation in 
the previous year.

According to regression models for single climatic variables 
with lags of two and three years the variability in the studied 
functional groups were significantly related to precipitation 
and temperature for various periods, chiefly in spring and 
summer (Tab. 1). However, the results of stepwise regression 
analysis suggest, that only some of these variables had signifi-
cant effect when the impact of precipitation and temperature in 
the current and previous year was taken into account (Tab. 2). 
Only in three cases did climatic conditions with time lags of 
two and three years have a greater effect on the cover of species 
groups than the weather in the current and/or previous year. 
The cover of short plants (<30 cm) was positively correlated 
with the sum of precipitation in the period from May to July 
two years previously. The greater cover of scleromorphic plants 
was connected with lower precipitation in June and July, and 
the greater cover of annuals and biennial with higher tempera-
ture in June three years previously.

Successional changes in community composition
The results of the analyses suggest that over the period of 12 

years, the vegetation of the studied grassland also changed, as 
a result of the successional process occurring independently of 
the changes connected with fluctuations in climatic conditions. 
During that time, the mean cover of shrub layer increased only 
slightly in the plots (from 6.2% to 12.9%), and the sward was 
rather dense. Its mean cover varied from 76.9% to 96.9%. At 
the same time the cover of short plants (<30 cm) decreased 
significantly, while that of tall plants (30-100 cm) increased 
(Tab. 2). In addition, the cover of plants with small leaves 
(<1 cm2) decreased, whereas the cover of plants with larger 
leaves and with mesomorphic leaves increased. There was a 
significant drop in the cover of annuals and biennial, as well 
as tufted perennials, while the cover of non-tufted perennials 
and perennials with vegetative spread increased.

Response of species
The most common species in the studied grassland can 

be divided into three groups: dominants (4 species) – with a 
maximum cover in the plots between 30% and 50%, subdomi-
nants (11 species) – with a maximum cover between 10% and 
30%, and companions (26 species), with a cover always lower 
than 10%. The cover of almost all analysed species depended 
on climatic conditions, chiefly precipitation in the current 
year and/or in previous years (Tab. 3). The cover of 12 species 
(3 dominants, 3 subdominants, and 6 companions) increased 
or, more rarely, decreased significantly during a 12-year suc-
cession, irrespective of fluctuating changes connected with 
weather. Only 5 companion species (omitted in Tab. 3) were 
not considerably related to time and/or weather. Among 
the dominants, only the cover of Arrhenatherum elatius was 
unchanged throughout 12 years, although it depended signifi-
cantly on precipitation in the spring and summer (April-June) 
of the current year and in the summer and autumn (August-
October) of the previous year. In the same period, the cover of 
Vincetoxicum hirundinaria increased significantly, whereas the 
cover of Festuca rupicola and Phleum phleoides, which are gen-
erally of a smaller size and have a smaller leaf area compared 
with the species mentioned earlier, decreased considerably. 
Among other species groups only the cover of Sedum acre – a 
very small-size succulent, decreased significantly, whereas the 
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Current year P Ec (%) Previous year P Ec (%) Two years prev. P Ec (%) Three years prev. P Ec (%)

Plant height (cm)
<30 Pr June + ** 3.4 T May-June + * 4.2 Pr May-July + ** 5.4 Pr May + ** 6.9
(47.2-61.0) Pr Jan.-Feb. + ** 3.1 T Sept.-Nov. – ** 3.8 T April – ** 7.2 Pr Aug.-Sept. + ** 5.7

T Dec.-Jan. – ** 6.1 Pr June-July – ** 5.4

30-59.9 Pr June + ** 4.1 T March-April – ** 2.9 T March-April – * 3.3
(31.1-64.4) Pr May-June + ** 3.6 T March – * 2.6 T Feb.-May – ** 2.6

Pr April-June + ** 3.1 T March – * 2.5

60-100 Pr Dec.-March – ** 4.6 T Aug. + * 2.8 T Oct.-Nov. + ** 4.4 T April + * 5.0
(5.7-13.1) Pr March-April – * 2.7 T Aug.-Nov. + * 4.3 T March-May + * 4.1

T May-July + ** 5.0

>100 Pr April-June + ** 13.2 Pr June-Sept. + ** 6.9 T Oct.-Jan. – * 8.6 Pr June-July – * 8.9
(16.2-31.6) Pr June + ** 12.3 Pr July-Sept. + ** 6.2 T Nov.-Feb. – ** 5.5 Pr June-Aug. – ** 8.8

Pr May-June + ** 11.9 Pr March-June + * 6.0 T May-July + ** 9.8

Leaf area (cm2)
<1 Pr April-June + * 9.9 T Aug.-Nov. – * 10.3 T March-April – ** 11.2 Pr May + ** 9.6
(48.6-68.0) Pr June + * 9.2 T July-Oct. – ** 7.0 T March-May – ** 10.6 T Feb.-May – * 11.4

T May-June + * 5.8 T April – ** 8.8 T Feb.-March – ** 11.1

1-10 Pr Feb.+ ** 2.4 Pr April + ** 1.8 Pr May-July + * 1.8
(20.0-33.9) Pr June + ** 2.2 Pr Jan.-Dec. + * 1.2 Pr May-Aug. + ** 1.4

Pr Jan.-Feb. – ** 1.4

>10 Pr April-June + ** 10.7 T Feb.-March – * 6.5
(31.0-64.5) Pr June + ** 10.4 T May-July + * 5.7

Pr May-June + ** 10.3

Leaf anatomy
Scleromorphic Pr Nov.-Jan. – ** 3.6 Pr Feb. – ** 2.5 T March-June – * 3.2 Pr June-July – * 5.8
(59.7-80.4) Pr Dec.-March – ** 3.0 T Sept.-Dec. – ** 2.9 T April – * 2.8 Pr April-July – * 5.0

T April-May – * 1.9 T Sept.-Nov. – * 2.6 Pr May-July – * 4.5

Mesomorphic Pr June + ** 9.7 T Oct.-Jan. – ** 7.8 T March – ** 5.4
(31.7-85.7) Pr April-June + ** 7.1 T Nov.-Jan. – ** 6.4 T March-April – * 5.3

T May – ** 5.0 T Dec.-Jan. – ** 6.3 T Jan.-March – ** 4.4

Growth forms
Annuals and biennials Pr May-June + ** 12.7 Pr Jan. + ** 27.2 Pr Sept.-Dec. – ** 17.4 T June + ** 32.0
(1.5-7.0) Pr April-June + * 8.1 Pr Dec.-Jan. + ** 17.1 Pr April – ** 17.3 T May-Aug. + ** 26.6

Pr March-April + ** 15.3 Pr Jan.-Dec. – * 10.4 T June-Aug. + ** 26.6

Non-tufted perennials Pr Jan.-Feb. – * 1.4 Pr Jan.-March + * 1.3
(17.4-39.2) T May + ** 1.5

T May-June + ** 1.2

Tufted perennials Pr June + ** 9.4 Pr Feb. – ** 4.9 T Dec.-March – * 5.0 Pr June-Aug. – * 7.5
(50.1-74.4) Pr Nov.-Jan. – * 4.1 Pr Aug.-Sept. + ** 3.3

T April-May – ** 3.3 Pr Aug.-Oct. + * 3.3

Perennials with short veg. spread Pr Jan.-Feb.+ ** 4.0 T April-June + * 2.5 T Dec.-Jan. – ** 2.2 T March-April – ** 3.2
(11.6-30.1) Pr March-June + * 3.1 T April-May + * 2.3 T Nov.-Jan. – ** 1.6 T Jan.-April – ** 3.1

Pr Jan.-March + ** 2.9 T Jan.-March – ** 2.8

Perennials with long veg. spread Pr June + ** 4.8 Pr May-Aug. + * 2.8 T March – ** 3.4
(9.1-28.4) Pr Feb.+ ** 3.6 Pr Jan.-Dec. + * 1.6

Pr May-June + * 3.3 T Jan. – * 3.0

Tab. 1	 Results of the multiple regression analyses for single climatic variables used to estimate of the changes in plant functional groups.
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cover of Festuca rubra, Euphorbia cyparissias, Veronica chamae-
drys, Avenula pubescens, Medicago lupulina, Veronica spicatum, 
Ranunculus bulbosus and Clinopodium vulgare, all increased. 
Almost all of the listed subdominants and companion species, 
whose cover increased significantly, have mesomorphic leaves 
of larger sizes. 

Five subdominants and companions had a greater cover 
with higher precipitation in spring and/or early summer of the 
current year, in periods from one month (June) to four months 
(March-June), three species – in the summer (June-September) 
of the previous year, and eight species – in spring and sum-
mer (mostly May-August) two or three years previously. The 
cover of only three species was higher coinciding with more 

precipitation in winter (January-March) or late autumn and 
winter (November-February) of the current year. The increase 
in cover of seven species was connected with lower precipita-
tion in various months during spring and/or summer, in one 
out of the four study years. However, in the case of four of these 
species, the higher precipitation in other years had a positive 
effect on their cover. The cover of 18 species under study was 
significantly related to the temperature in various seasons of 
the year, but in only seven of these species was no parallel effect 
of precipitation found. Higher mean temperatures in spring 
and/or summer, and sometimes even in winter and spring, 
as well as in autumn, in the period from one month (May, 
June, August) to three or four months with lags of 0, 1, 2 and 

Only regression results for precipitation and temperature are presented. Results for variables time and plots are omitted. For each year only 
three climatic variables most strongly related to vegetation variables are shown. Variation ranges of mean percentage cover of species groups 
are given in parentheses. “+”, “–” – positive and negative relationship, respectively; Ec – variability in functional groups explained by climatic 
variables; Pr – precipitation; T – temperature. * P < 0.1; ** P ≤ 0.05.

Fig. 1	 Precipitation sums in the period from April to June and in June, and mean cover of different plant functional groups in the plots, 
during 1992-2003.

Tab. 1	 (continued)
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3 years had a positive effect on the cover of 11 subdominants 
and companion species. By contrast, the cover of eight species 
was negatively correlated with the temperature in spring and/
or summer, or also summer and/or autumn in the current year 
or in the previous three years.

Discussion

The results of analyses showed that during the study period 
the dynamics of the observed grassland was strongly influ-
enced by both successional processes and inter-annual fluc-
tuations of climatic conditions with a delay from 0 to 3 years. 
The fluctuations in precipitation and temperature explained 
from 2.1% to 36.8% of the variation in the cover of various 
plant functional groups, whereas the variable time, assuming 

that climatic conditions were stable, accounted for from 0 to 
17.6% of the variation in the cover of these groups. During 12 
years, the cover of annuals and biennials, tufted perennials, 
short plants (<30 cm) and plants with small leaves decreased 
significantly. On the other hand, the cover of taller plants 
(30-100 cm), plants with larger leaves (>1 cm2) and, above all, 
plants with mesomorphic leaves and with vegetative spread, 
as well as non-tufted perennials, increased considerably. Vari-
ous observations and experiments proved that the changes in 
the proportions of plants with these traits are characteristic 
for different successional series, including also abandoned 
grasslands [2,3,7,27,28]. The species of larger size, or taller 
and with larger leaves, have the advantage over small species 
in the competition for light [29,30], whereas the species with 
extended vegetative spread have a greater chance of penetrating 
into more closed vegetation. 

Current year Previous year Two years previously Three years previously Ec (%) βt Et (%) R2 (%)

Plant height (cm)
<30 T May-June +0.16** Pr May-July +0.26** Pr June-July –0.11* 9.3 –0.27** 1.7 67.2

30-59.9 Pr May-June +0.19** T March-April –0.12* 5.0 +0.31** 6.0 73.6

60-100 T May-July +0.19** T Aug. +0.11** 8.7 +0.27** 4.4 48.6
Pr Dec.-March –0.16**

>100 Pr April-June +0.34** T May-July +0.27** 16.6 –0.16 1.4 56.8

Leaf area (cm2)
<1 Pr April-June +0.25* T May-June +0.13* T March-April –0.14** 19.0 –0.18** 1.3 43.8

T Aug.-Nov. –0.18**

1-10 Pr June +0.12** Pr April +0.08** 2.7 +0.24** 5.1 67.1

>10 Pr April-June +0.39** 10.7 +0.38** 9.1 63.1

Leaf anatomy
Scleromorphic Pr Dec.-March –0.10** T Sept.-Nov. –0.10** Pr June-July –0.20* 7.7 –0.01 0.0 63.2

Mesomorphic Pr June +0.22** T Oct.-Jan. –0.10* 11.1 +0.63** 17.6 78.0
T May –0.11**

Growth forms
Annuals and biennials Pr May-June +0.28** T June +0.64** 36.8 –0.56** 16.9 45.4

Non-tufted perennials Pr Jan.-Feb. –0.15* 2.1 +0.57** 9.1 64.4
T May-June +0.11**

Tufted perennials Pr June +0.27** Pr June-Aug. –0.22** 13.3 –0.28** 6.1 49.9

Perennials with short veg. spread Pr Jan.-Feb. +0.15** T April-June +0.12** 5.6 +0.32** 5.8 63.9
Pr March-June +0.09**

Perennials with long veg.spread Pr June +0.23** Pr Jan.-Dec. +0.17* 6.4 +0.28** 4.3 72.3

Tab. 2	 Results of the stepwise multiple regression analyses used to estimate of the changes in plant functional groups in relation to precipita-
tion, temperature and time.

Values are standardized partial regression coefficients. βt – regression coefficient for variable time; Ec – variability in plant functional groups  
explained by climatic variables; Et – variability explained by time; Pr – precipitation; T – temperature. * P < 0.1; ** P < 0.05.
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 Species H L A G Time Current year Previous year Two years previously Three years previously Et+c (%)

Dominants
Arrhenatherum elatius 4 3 M Tp NS Pr April-June +0.43** Pr Aug.-Oct. +0.20** 21.1
Vincetoxicum hirundinaria 2 3 S Np +0.39* 15.5
Festuca rupicola 1 1 S Tp –0.61* T Aug.-Nov. –0.20** Pr June-July –0.25* 70.3
Phleum phleoides 2 2 S Tp –0.21* 4.4

Subdominants
Galium mollugo 2 1 M Ps NS Pr April-June +0.31** 9.9
Galium verum 2 1 S Pl NS Pr May-June +0.24** 5.8
Peucedanum oreoselinum 3 3 S Np NS T May-July +0.35* 20.5

Pr Nov.-Feb. –0.25** 
Agrostis capillaris 2 2 M Pl NS Pr June-Sept. +0.22* 5.0
Coronilla varia 3 3 M Np NS Pr June-Sept. +0.26** 9.6

T Sept.-Dec. –0.17**
Poa pratensis 2 2 M Ps NS Pr May-Aug. +0.28** 8.1
Plantago lanceolata 1 3 S Np NS Pr May-July +0.27** Pr Aug.-Sept. +0.23** 18.8
Helianthemum numularium 1 2 S Np NS T Oct.-Nov. +0.21** 4.3
Festuca rubra 2 1 M Tp +0.40* 15.6
Euphorbia cyparissias 1 1 M Ps +0.41* Pr Jan.-March +0.26** 28.8
Veronica chamaedrys 1 2 M Pl +0.37* Pr May-Aug. +0.31** 35.3

Companions
Hypericum perforatum 2 2 S Ps NS Pr May-June +0.32** Pr May-July –0.26** 13.9

T April-May –0.20**
Poa compressa 2 1 S Pl NS Pr Nov.-Feb. +0.19** T May-June +0.21* 7.4
Anthoxantum odoratum 1 2 M Tp NS Pr May-June –0.23* Pr May-Aug. +0.26* 12.4
Sanguisorba minor 1 3 S Np NS Pr April-June –0.16* T Aug.-Sept. –0.20* 7.4
Potentilla cinerea 1 2 S Ps NS T May +0.20** 4.1
Taraxacum officinale 1 3 M Np NS Pr Jan.-Dec. +0.19** Pr June-Aug. +0.37** 29.1

T April-June +0.31**
Dianthus carthusianorum 2 2 S Np NS Pr Jan.-Dec. –0.18* 3.3
Vicia hirsuta 1 2 M An NS Pr June-Sept. –0.28* Pr Aug.-Sept. +0.21** 35.6

T June-Aug. +0.70**
Arenaria serpyllifolia 1 1 S An NS Pr May-Aug. +0.42** Pr June –0.20** 19.1
Cerastium arvense 1 1 S Ps NS Pr May-Aug. +0.36* 25.6

T Feb.-May +0.39*
Trifolium aureum 1 2 S An NS Pr June-July –0.41** 19.9

T April –0.19**
Trifolium arvense 1 1 S An NS T Aug. +0.20** Pr April –0.22** T June-Aug. +0.22** 17.3
Achillea millefolium 2 2 S Pl NS T Aug.-Nov. +0.28** T June-Aug. –0.39** 17.7
Carex caryophyllea 1 2 S Ps NS T March-April +0.22* 4.8
Trifolium campestre 1 2 M An NS T June +0.25** 6.2
Avenula pubescens 3 2 M Pl +0.63* Pr Nov.-Feb. +0.25** 52.3
Medicago lupulina 1 2 M An +0.29* Pr June +0.20** 16.1
Veronica spicata 2 2 S Np +0.25* Pr March-June +0.24* T March-May –0.19** 18.9
Ranunculus bulbosus 1 2 M Np +0.29* Pr June-Sept. +0.26** 23.0
Clinopodium vulgare 2 2 M Pl +0.40* T March-May +0.23** 23.0
Sedum acre 1 1 Su Ps –0.10* T May-July 0.20** 7.4

Tab. 3	 Results of the stepwise multiple regression analyses used to estimate of the changes in species cover in relation to time, precipitation 
and temperature.

Values are standardized partial regression coefficients. Plant height (H): 1 – <30 cm; 2 – 30-59.9 cm; 3 – 60-100 cm; 4 – >100 cm. Leaf area (L): 
1 – <1 cm2; 2 – 1-10 cm2; 3 – >10 cm2. Leaf anatomy (A): M – mesomorphic; S – scleromorphic; Su – succulent. Growth form and vegetative 
reproduction (G): An – annuals and biennials; Np – non-tufted perennials; Tp – tufted perennials; Pl – perennials with long vegetative spread; 
Ps – perennials with short vegetative spread. Et+c express variability in species cover explained by time and climatic variables; Pr – precipitation; 
T – temperature. * P < 0.1; ** P < 0.05.
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Our observations and analyses indicate that from among 
climatic variables the greatest effect on the dynamics of the 
majority of plant functional groups had precipitation in spring 
and early summer, particularly in the current year. The ma-
jority of plant groups were affected by the temperatures in 
spring and early summer in the previous years, although, their 
effects were lower than that of precipitation in the current 
year, except for annuals and biennials. Therefore, in the case 
of the study grassland water was more limiting than tempera-
ture. This is consistent with observations of various authors 
[10,11,15,17,31,32], who proved that the levels of precipitation 
in spring and summer has a significant impact on species 
composition and yield of grasslands, and that extreme droughts 
could be the reason for sudden and notable changes in the 
structure and composition of communities. Experimental 
studies also indicate the enormous impact of summer rainfall 
and summer drought upon the species richness and floristic 
composition of various types of grasslands in the temperate 
climatic zone [8,18,33-35]. The cited studies show that higher 
precipitation in spring and summer promote the domination 
of perennial grasses, increase their productivity and lead to the 
formation of a compact, closed sward structure which can lead 
to decreased frequency and cover of other species, particularly 
annuals and other short-lived plants. Summer droughts bring 
about the reverse effects: reduced productivity of dominants, 
opening up gaps in the sward and an increase in abundance 
of short-lived plants.

Some of detailed observations and experiments imply 
that higher temperature in winter and spring may have posi-
tive or negative effect on the biomass and growth rate of 
different grassland species, depending on precipitation. Ac-
cording to Dunnett et al. [12], dry and warm springs and 
summers promote those species that are adapted to envi-
ronmental stress or disturbance (stress-tolerators, ruderals 
and competitive ruderals, sensu Grime), whereas species 
adapted to more productive conditions (competitors and 
stress-tolerant competitors) are retarded; these are promoted 
following a wet growing season. The experiments in limestone 
grasslands showed that, the higher temperature in winter 
and spring coupled with summer drought exerted a par-
ticularly strong negative impact on biomass and plant cover 
[8,9]. It may be expected that in the study area such climatic 
conditions may occur more often in future, because in the 
last century a gradual increase in the mean temperatures 
has been observed in Kraków in all months, at a rate from 
1.02°C per 100 years in July, to 2.0°C in February and April. 
During that time, the mean annual temperature increased by 
1.51°C, and since 1975, the winters have been particularly mild 
[36]. Such a remarkable increase in temperature can only partly 
be attributed to urban growth, this is testimony first of all to 
progressive warming of the climate, most notable in winter. As 
opposed to temperature, the annual sum of precipitation has 
changed in the last 100 years in a fluctuating manner. Thus, in 
the years 1973-1995 precipitation was lower, whereas in the 
years 1996-2005 – it was higher than the mean for the entire 
century [37]. During 12 years of observations, in rather dry 
period between 1992 and 1995, the mean sum of precipitation 
from May to July was 167 mm. In a very wet year 1997, the 
precipitation in these months reached 479 mm, while between 
the years 2000 and 2003 it was 299 mm. Our results suggest 
that this temporal variability of precipitation had a substantial 
effect on the dynamics of many plant functional groups in the 
studied grassland. 

Long-term observations of the dynamics of various grass-
land communities [10,12,14] and experiments [8,9,18,35] 
pointed out, that climatic conditions could also have a strong 
indirect effect through interspecific competition on the species 
composition and temporal changes of vegetation in grasslands. 
The positive feedback, with climatic conditions favouring 
stronger competitors, may enhance the effect of climatic 
fluctuations and perturbations. Precipitation can affect com-
petitive interactions between species selectively stimulating 
their growth and morphological development. Fast-growing 
plants and those attaining larger sizes with higher rainfall can 
be better competitors for light as well as for soil resources. The 
cited studies suggest that the influences of climate are enhanced 
most by the interspecific competition in conditions of high 
productivity, on rich soils, where competition for light is most 
intensive. Experiments showed that the periods of drought are 
best survived generally by perennial deep-rooting species [18]. 
Such species is Arrhenatherum elatius, a principal dominant in 
the studied grassland throughout the period of observation, 
which represents the functional groups of tallest plants (>100 
cm) and with greatest leaf area (>10 cm2). Its cover was strongly 
positively correlated with precipitation in the spring and early 
summer of the current year and in the previous summer. 
Higher precipitation in spring and/or summer of the current 
year, or in one of two previous years, had also a significant pos-
itive effect on the cover of such subdominants with vegetative 
spread as: Galium mollugo, G. verum, Agrostis capillaris, Poa 
pratensis and Veronica chamaedrys, and subdominants with a 
large leaf area such as Coronilla varia and Plantago lanceolata. 
It may thus be supposed, that higher precipitation was an 
important factor enhancing the competitive advantage of the 
above-listed species, over such species as: Festuca rupicola and 
Phleum phleoides – initially dominating or co-dominating with 
Arrhenatherum elatius, but whose cover decreased markedly 
during the 12 years. The abundance of these two species was 
not positively related to precipitation, unlike their competi-
tors. They also lack the mentioned morphological traits that 
give their competitors the advantage, particularly with higher 
precipitation. 

Our studies indicate that the fluctuations in climatic condi-
tions, chiefly precipitation, have a significant effect on both 
the composition and structure of vegetation and the rate of 
secondary succession in abandoned grasslands. It can be ex-
pected that during longer drier periods, the cover of tall grasses 
and perennials with broad leaves would decrease accelerating 
succession, because the grassland would be less compact and 
its colonisation by later successional species, including shrubs 
and trees, could be easier. The rate of succession will be much 
slower in wet periods when the grassland vegetation is more 
compact with a closed structure, owing to strong domination 
of tall and much branched perennial species. It explains the 
lack of shrub and tree seedlings in the studied grassland, in the 
period of observation, as well as the slow succession towards 
shrub and woodland communities, despite the presence of 
woods in the close vicinity. In this period, evident fluctuations 
in the climate were observed, but no one sustained period of 
severe drought.
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