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Pattern of succession in old-field vegetation at a regional scale
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In contrast to the many detailed studies on succession conducted at local scales, there is still a lack of
studies on succession at broad geographical scales. In this paper the following questions are
addressed: Which of the components of seral old-field vegetation are associated with environmental
factors at a broad geographical scale? To what extent do target (typical of natural and semi-natural
vegetation), non-target (alien and synanthropic) and endangered species participate in the succession
and on which factors is their participation dependent? Altogether 282 phytosociological relevés were
recorded in old fields located in various parts of the country. The fields were from 1 to 91 years old.
The following environmental characteristics were determined for each old field: altitude, phyto-
geographic region, soil moisture (dry, mesic, wet) and bedrock (basic, acidic). Species were classified
based on the extent to which they are endangered, origin (natives, archaeophytes, neophytes) and affilia-
tion with vegetation units. Vegetation data were analysed using multivariate statistics, generalized linear
mixed models and regression trees. The results indicate that all the environmental characteristics had
at least a slightly significant effect on the species composition of the different seral stages. Succession
clearly differed in the three subseres and depended on soil moisture. The number of target species typi-
cal of deciduous woodland, dry grasslands and fringe communities increased during succession. In
contrast, the number of archaeophytes, neophytes and synanthropic species decreased with field age.
More endangered and target species and fewer archaeophytes, neophytes and synanthropic species
occurred in warmer lowland than in colder upland areas. The number of endangered, target and the
total number of species decreased with soil moisture, while the number of neophytes and synanthropic
species increased. The number of target species typical of dry grasslands decreased with altitude while
that of synanthropic species increased. The age of old fields and soil moisture appeared to be the most
important drivers of succession at a broad geographical scale. In addition to local site factors, climate
represented by altitude and reflected also in biogeographical regions modified the course of succes-
sion. Succession was clearly divergent.
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Introduction

Secondary vegetation succession in old fields is the most frequently form of succession
studied (Rejmanek & van Katwyk 2004). The great majority of these studies were carried
out at a few sites with comparable environmental conditions using a space-for-time substi-
tution approach or at sites where there are permanent plots (Pickett et al. 2001). Various
ecological hypotheses have been tested using experimentally manipulated old-field suc-
cessions (Cramer & Hobbs 2007).

However, there are not many studies of the patterns in old-field succession at broader
landscape scales (but see Osbornova et al. 1990, Dov¢iak et al. 2005, Otto et al. 2006,
Ruprecht et al. 2007, Prévosto et al. 2011, Douma et al. 2012, Jirova et al. 2012) and this
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type of succession is very rarely studied at a country scale (Prach 1985, Szabo & Prach
2009). Whereas for the analysis of the effect of local environmental factors on the course
of succession a detailed experimental approach is needed, the effects of geographically
related factors such as altitude or climate are best revealed by using extensive data sets and
a correlative approach. It is not easy, however, to gather data that is comparable in terms of
the way the samples were collected, plot size and the estimates of cover of the different
species. Such sampling is moreover time consuming and not easily and quickly conducted
by one person. Because of the more than three-decade history of investigations on succes-
sion in old fields in the Czech Republic (see Osbornova et al. 1990, Prach et al. 2007a) and
the recent effort of the first two authors, material has accumulated which we used to ana-
lyse some basic geographic patterns in old-field succession.

This study is based on phytosociological relevés recorded in a similar manner in differ-
ently aged old fields distributed over a rather large geographical area. Using this data we
evaluated the role of altitude (reflecting climatic conditions such as temperature and pre-
cipitation), phytogeographical area and geological substratum in determining the course
of succession. Because in previous studies site moisture was shown to have a decisive role
(Osbornova et al. 1990, Prach et al. 2007a, Szabo & Prach 2009, Douma et al. 2012, Jirova
et al. 2012) this factor was also included in the geographical analyses.

We addressed the following questions: (i) Which of the environmental factors is seral
old-field vegetation associated with at a broad geographical scale? (ii) To what extent do tar-
get (i.e. typical of natural and seminatural vegetation), non-target (alien and synanthropic)
and endangered species participate in the succession and on which factors is their participa-
tion dependent?

Methods
Study area and data collection

This study was conducted in the Czech Republic, mostly in the western part of the country,
48°45'-50°39'N, 12°04'-16°37'E. Altogether 282 differently aged relevés in 173 old-
fields were recorded between 1975 and 2011. The altitude of the fields studied ranged
from 170 to 756 m a.s.l and the age of the old fields varied from 1 to 91 years. In total 186
samples were collected in relatively warm and dry lowlands and 96 in relatively cold uplands,
called Thermophyticum and Mesophyticum, respectively (Hejny & Slavik 1997, Kaplan
2012). The samples were phytosociological relevés previously analysed in Klaudisova
(1976) and Jirova et al. (2012), completed with relevés collected for the purpose of this
study by K. Prach and A. Jirova. Cover of all vascular plant species was estimated using the
percentage scale (r, +, 1-100%), expect the relevés published in Klaudisova (1976) where
the Domin cover-abundance scale (Kent & Coker 1992) was used. Samples, i.e. phytosocio-
logical relevés, were based on plots of from 16 m? (Klaudisova 1976, Jirova et al. 2012) to
25 m? (relevés made by K. Prach and A. Jirov4), but there was no statistically significant
(regression analysis) increase in the number of species with increasing plot size.

The soil moisture at each old field was estimated using three categories as in a previous
study (Osbornova et al. 1990). It is possible to use this three degree scale in the field with
areasonable degree of accuracy (Osbornova et al. 1990, Prach et al. 2007a). There were 68
dry, 167 mesic and 47 wet samples, and based on geological maps 188 of them were col-
lected from sites located on basic and 94 on acidic geological substrata (Chab et al. 2007).
For details see Table 1.
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The nomenclature follows Ellenberg et al. (1991) and Chytry & Tichy (2003) for
syntaxa and Kubat et al. (2002) for species.

Data analyses

All cover data were transformed into a percentage scale for easier comparison of data sets
(van der Maarel 1979). A detrended corespondence analysis (DCA) of species and samples
with log-transformed species data and downweighting of rare species was calculated. The
significance of environmental variables (age, moisture, interaction of age and moisture, sub-
stratum, phytogeographical regions and altitude) was tested using CCA and the Monte Carlo
permutation test with 499 permutations, with localities as covariables (latitude and longi-
tude). Marginal (each variable separately) and conditional (= partial, the candidate variable
as the only explanatory variable and others as covariables using forward selection) effects
were tested using CCA (Lep$ & Smilauer 2003). All multivariate statistics were calculated
using Canoco for Windows version 4.5 (ter Braak & Smilauer 2002).

Species were classified in terms of their status of endangerment (CR — critically endan-
gered, EN — endangered, VU — vulnerable and NT — near threatened; Holub & Prochizka
2000), time of arrival in the country (indigenous, archaecophytes and neophytes; PySek et
al. 2002) and their affiliation to the phytosociological units Querco-Fagetea, Festuco-
Brometea, Trifolio-Geranietea and synantropic vegetation (Artemisietea, Secalietea,
Chenopodietea, and Agropyretea) (Ellenberg et al. 1991, Chytry & Tichy 2003). Species
belonging to the Festuco-Brometea and Trifolio-Geranietea classes were considered as
target species representative of xerotherm open communities, i.e. vegetation with a high
nature conservation value (Chytry 2007), which may develop in abandoned fields (Jirova
etal. 2012). Species belonging to the Querco-Fagetea class were also considered as target,
representative of the potential vegetation prevailing in the Czech Republic (Neuhéduslova
2001), which is likely to develop in the majority of old fields (Osbornova et al. 1990,
Jirova et al. 2012). All alien species were considered as synantropic. All other species,
which belonged to other syntaxa or are listed without any affiliation in Ellenberg et al.
(1991) and Chytry & Tichy (2003) were included in “rest”.

The total number of species and the number and cover of species belonging to the
above mentioned categories were calculated for all 282 samples. The effect of phytogeo-
graphical region (Thermophyticum, Mesophyticum), soil substratum (basic, acidic), soil
moisture (wet, mesic, dry), successional age and altitude on relevé species richness and
cover (of the individual species categories) were analysed using a generalized linear
mixed model (GLMM), because the data represent a hierarchical split-plot design with
both fixed and random effect factors. The linear predictor was related to the conditional
mean of the response through the inverse link function defined in the GLM family. In the
case of repeated sampling, a site was considered as a “main-plot” and this as a factor with
a random effect. Phytogeographical region, substratum, and soil moisture were the cate-
gorical fixed effect factors, while successional age and altitude were the continuous fixed
effect factors in the model. All tests were based on the restricted maximum likelihood
(REML) approach. The statistical significance of the main effects was assessed by com-
puting Bayesian highest probability (HPD) intervals using Markov chain Monte Carlo
simulations (1000 permutations in each test), as this is preferred over normal confidence
limits for GLMMs. Analyses were done using the Ime4 (Bates & Maechler 2010) and
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language R packages (Baayen 2011) in R (R Development Core Team 2010). Statistica 10
(StatSoft Inc., Tulsa, www.statsoft.com) was used for post hoc tests to evaluate the direc-
tion of significant (P < 0.05) effects from the previous analyses.

Effects of phytogeographical region, substratum, soil moisture, successional age and alti-
tude on species richness and plant cover were tested using conditional inference trees
(Hothorn et al. 2006). This method is a non-parametric regression that produces a dichoto-
mous tree that can be used as a predictive model and provide an insight into which environ-
mental factors contribute to a high/low species richness and plant cover. At each split in the
tree, all factors are tested and the predictor that best discriminates between high and low spe-
cies richness plots is selected. The procedure continues until no environmental factors signifi-
cantly discriminate between species richness or cover. The hierarchical structure of the P-val-
ues was adjusted for multiple testing using the Bonferroni correction. Analyses were per-
formed with the party packages in R (Hothorn et al. 2006, R Development Core Team 2010).

Results

Results of the DCA ordination (Fig. 1) revealed that succession in the fields changed from
a more or less common pool of weeds in three directions depending on soil moisture (in
the CCA analysis one year old fields in the different moisture categories did not differ sig-
nificantly in species composition). The subseres developed towards shrubby grassland on
dry sites, closed woodland on mesic sites and marshes occasionally dominated by willows
on wet sites, which is reflected in the species ordination (Fig. 1B). The first two axes
explained 4.8% of the variability in species composition.

The CCA ordination indicates that the species composition of old fields is affected by
the interaction between age and soil moisture, and separately by age of the field, soil mois-
ture and conditionally also the substratum and altitude (Table 2).

Of the total number of 497 species six are critically endangered (CR), seven endan-
gered (EN), 16 vulnerable (VU) and 31 near threatened (NT). Non-native species (122
taxa in total) included 95 archaeophytes and 27 neophytes; 60 species belonged to the
class Querco-Fagetea, 35 to Festuco-Brometea, 24 to Trifolio-Geranietea and 161 were
classified as synanthropic (for details see Electronic Appendix 1).

The GLMMs indicate (Table 3) that the cover and number of target species (classes
Querco-Fagetea, Festuco-Brometea incl. Trifolio-Geranietea), and total number of spe-
cies increased during succession. In contrast, the number and cover of archaeophytes and
number of neophytes, synanthropic and endangered species decreased with field age. The
cover of synanthropic species increased with altitude, while the number and cover of spe-
cies belonging to the class Festuco-Brometea incl. Trifolio-Geranietea, decreased. Total
number of species, the number of endangered species and both the number and cover of
target species (Querco-Fagetea, Festuco-Brometea incl. Trifolio-Geranietea) were higher
in Thermophyticum and in areas with a basic substratum.

On the other hand, there was a higher number and greater cover of synanthropic species,
cover of archaeophytes and number of neophytes in Mesophyticum and on acidic substrata.
The total number of species, and the number and cover of endangered species and species
from Festuco-Brometea incl. Trifolio-Geranietea decreased with increase in soil moisture.
The cover of neophytes and synanthropic species increased with soil moisture (Table 3).
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Fig. 1. — Ordinations (DCA) of samples (A) and species (B). White circles indicate samples from dry, grey mesic and
black wet sites. Increasing size of the symbols indicates an increase in the age of the fields scored as: 1-2, 3-5, 6-10,
11-20, 21-30, 31-50 or more than 50 yrs. Centroids for the age groups 0-10, 11-20, and more than 20 yrs are used in
(B). Only 50 species with the highest amount of variability explained by the first two ordination axes are shown.
Abbreviations of species names are composed from the first four letters of the generic and specific names. All target
species are in bold of which the species from the class Festuco-Brometea incl. Trifolio-Geranietea (Brachypodium
pinnatum, Centaurea scabiosa, Euphorbia cyparissias, Festuca rupicola, Fragaria viridis, Galium verum, Hypericum
perforatum, Knautia arvensis, Medicago lupulina, Pimpinella saxifraga, Poa angustifolia, Sanguisorba minor,
Securigera variegata, Salvia pratensis, Thymus pulegioides, Viola hirta) are underlined and those from the class
Querco-Fagetea (Acer campestre, Cornus sanguinea, Crataegus spp., Fraxinus excelsior, Geum urbanum, Ligustrum
vulgare, Prunus spinosa, Rosa canina agg.) are in bold. Synanthropic species (Apera spica-venti, Artemisia vulgaris,
Cirsium arvense, Convolvulus arvensis, Daucus carota, Elytrigia repens, Galium aparine, Chenopodium album agg.,
Urtica dioica, Vicia hirsuta) and remaining species (Agrostis capillaris, Achillea millefolium agg., Anthriscus
sylvestris, Arrhenatherum elatius, Calamagrostis epigejos, Dactylis glomerata, Festuca rubra, Galium album agg.,
Lotus corniculatus, Phragmites australis, Plantago lanceolata, Plantago media, Ranunculus repens, Salix cinerea,
Taraxacum sect. Ruderalia, Tripleurospermum inodorum, Vicia angustifolia) are in italics.
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Table 2. — Results of the Monte Carlo permutation test (marginal effects) and forward selection (conditional
effects) in an ordination (CCA) of 282 samples and 497 species. Variables selected explain 9.1% of the total
explained variability in species composition. Only significant relationships (P < 0.01) between the variables and
species composition are displayed.

CCA Marginal Conditional
Age x moisture 3.85 3.85
Age 3.68 1.01
Moisture 2.56 2.64
Substratum n.s. 1.58
Altitude n.s. 0.67

Table 3. — Relationships between the number (S) and cover (%) of all species, endangered species (CR, EN, VU,
NT), target species (belonging to Querco-Fagetea and Festuco-Brometea & Trifolio-Geranietea), archaeophytes,
neophytes and synanthropic species in the samples, and phytogeographical area (Thermophyticum — Thermo,
Mesophyticum — Meso), substratum (basic and acidic), soil moisture (dry, mesic, wet), age of the fields and alti-
tude were analysed using a generalized mixed effect model (with post hoc Tukey test for significant differences).
Arrows pointing up indicate an increase and those pointing down a decrease in the respective characteristics.

Preferred Preferred Moisture Age Altitude
phyt. region  substratum
Total S Thermo basic dry > mesic > wet T n.s.
% n.s. basic n.s. T n.s.
Endangered S Thermo basic dry > mesic > wet l n.s.
% n.s. n.s. dry > mesic > wet n.s. n.s.
Querco-Fagetea S Thermo basic n.s. T n.s.
% Thermo basic n.s. T n.s.
Festuco-Brometea S Thermo basic dry > mesic > wet T l
& Trifolio Geranietea % Thermo basic dry > mesic > wet T l
Archeophytes S n.s. acidic n.s. l n.s.
% Meso acidic n.s. l n.s.
Neophytes S Meso acidic n.s. l n.s.
% n.s. n.s. wet > mesic > dry n.s n.s.
Synanthropic S Meso acidic n.s. n.s.
% Meso acidic wet > mesic > dry n.s T

The conditional inference tree analysis of total species richness indicated primarily
a soil moisture effect, with dry old fields harbouring the highest number of coexisting spe-
cies. Mesic sites were also species rich, particularly those in Mesophyticum on basic sub-
strata and < 35-yr-old. The smallest number of species was recorded in wet old fields >
12-yr-old (Electronic Appendix 2). The analyses of endangered species also revealed
a primary soil moisture effect, separating richer dry sites from less species rich mesic and
wet fields, which were separated at the next node. The least number of endangered species
occurred in wet fields in Mesophyticum (Electronic Appendix 3). Significantly more
archaeophytes occurred in < 6-yr-old dry fields (Electronic Appendix 4). Soil reaction
seems to be the important factor determining the presence of neophytes, with the highest
number recorded in acidic, dry to mesic, young fields. On basic substrata, significantly
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more neophytes occurred in < 8-yr-old than older fields (Electronic Appendix 5). The con-
ditional inference tree analysis of synanthropic vegetation mainly revealed an age effect,
with > 8-yr-old fields harbouring significantly fewer synanthropic species than younger
fields. Synanthropic species richness peaked at about 20 species per plot in < 8-yr-old dry
fields (Electronic Appendix 6). Significantly more target species belonging to Querco-
Fagetea were recorded in > 35-yr-old fields in Thermophyticum on mesic sites, while the
lowest numbers occurred in < 10-yr-old fields on both dry and wet sites (Electronic Appen-
dix 7). The target species of dry grasslands (Festuco-Brometea) and forest edges (Trifolio-
Geranietea) were primarily associated with soil moisture that separated dry fields with
about 10 target species per plot from mesic and wet fields with a much lower presence of
those species. The highest number of target species typical of dry grasslands and forest-
edge communities was recorded in > 10-yr-old dry fields. In the case of mesic and wet
sites, a higher number of target species occurred on basic than acidic substrata (Electronic
Appendix 8).

Discussion

The country-scale analysis revealed a divergence in succession, which in principle fol-
lowed the same trajectories as revealed by previous analyses of datasets collected in a par-
ticular landscape (Prach et al. 2007a, Jirova et al. 2012). Osbornovi et al. (1990) previ-
ously also report that succession diverges into three basic subseres, which reflect site
moisture. Thus, site moisture seems to be a consistent factor determining succession (see
also Douma et al. 2012) at least in central-European old fields and is second in importance
after the generally accepted field age (Walker & del Moral 2003). The age of a succession,
if studied, nearly always has a significant effect on the course of succession (see Prach &
Rehounkova 2006). Site moisture is reported as having a significant role in determining
the course of succession in old fields in other large-scale studies (Ejrnaes et al. 2003, Otto
et al. 2006). Site moisture is also the most important determinant of divergent succession
in disused sand pits analysed at a country-scale (Rehounkova & Prach, 2006). On the other
hand, convergent succession is recorded as occurring at a country-scale in old-field suc-
cession in Finland (Prach 1985). This was probably a consequence of the uniform and
rather humid environment in that country.

We are aware of the fact that site moisture was estimated approximately and subjec-
tively and in particular cases could be biased, for example, by local weather conditions.
A few outliers in Fig. 1 A may indicate this, but they do not obviously influence the overall
pattern. The estimates recorded in the three moisture categories were used in this study
because they are supported by exact soil moisture measurements (Osbornova et al. 1990,
Szab6 & Prach 2009). Site moisture is generally influenced by local relief and climate
(Ellenberg 1988), which is closely related to altitude (Box 1981). Thus, altitude can be
used as a surrogate of the main macroclimate parameters, i.e. temperature and precipita-
tion. The role of climate in the course of succession still remains rather speculative, but it is
certainly important in determining the presence of woody species in semi-arid environ-
ments (Walker & del Moral 2003, Fridley & Wright 2012). Though central Europe is
a rather humid region, local site factors, such as southern slopes and shallow soil, may
create local semi-arid environments, which limit the establishment of woody species.
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The development of shrubby grassland in our dry sere is evidence of such limitations (see
also Prach et al. 2007a). The role of climatic conditions on the course of old-field succession
was studied by Dov¢iak et al. (2005) and Otto et al. (2006) who came to similar conclu-
sions. Climate and soil pH are recognized as the most important environmental variables
affecting the development of vegetation during the course of succession at human-made
sites in central Europe (Prach et al. 2007b). Our substratum categories, i.e. basic and
acidic, are a robust estimate of soil pH and had at least some significant effects on the
course of succession in this study.

Because of evolutionary adaptations and the history of central-European vegetation,
a higher number of plant species are confined to warmer regions with basic substrates
(Chytry et al. 2003, Ewald 2003), which was also confirmed by the positive significant
relationships of total species number with Thermophyticum and basic substrates recorded
in this study (the influence of increasing altitude was negative, although insignificant).
The total number of species increased with decreasing site moisture (see also Osbornova
et al. 1990, Prach et al. 2007a). Generally, this relationship is expected to be unimodal
(Grime 1979). Because really dry and extremely wet land is not usually cultivated, we
obviously observed only a part of the bell-shaped curve, which resulted in the pattern
recorded.

The highest numbers of endangered species were recorded in young fields located in
Thermophyticum and on basic substrates, which may be due to the higher presence of
endangered weeds at these sites (Lososova et al. 2003). It is not surprising that species typ-
ical of dry grasslands are confined to dry and warmer sites in the deciduous woodland
zone (Ellenberg 1988) and that both target groups of species typical of late or climax
stages, i.e. either dry grasslands or woodlands, increased during the course of succession
and that of synanthropic species decreased (Walker & del Moral 2003). Wetlands were not
considered as target communities in the old fields studied because of eutrophication. Alien
and all synanthropic species exhibited similar patterns being generally more numerous at
wetter sites on acidic substrates in Mesophyticum. This is rather surprising, because aliens
are especially more frequent in warmer and drier regions of the country (Pysek et al. 2002,
2012a, b). This difference is possibly due to the fact that, in our data set, most of the dry old
fields in Thermophyticum originated from less intensively used marginal areas of a pro-
tected landscape area or a military training zone, where there are fewer alien and synan-
thropic species than elsewhere. In addition, by coincidence, both these areas are on basic
substrates. This biased our data set simply because arable land in other warmer and drier
regions in the lowlands (Thermophyticum) in this country is only exceptionally aban-
doned, while fields in the wetter and colder uplands (Mesophyticum) are more frequently
abandoned.

GLMM revealed the dominant role of the age of the succession and site moisture in
determining the current pattern of vegetation. The methods used, i.e. ordination, GLMM
and regression trees, provided complementary results: ordination illustrates the overall
pattern, GLMM a detailed insight into the relationships between the particular characteris-
tics of vegetation and environmental factors, and regression trees into the hierarchy of
relationships. Thus, using all these methods improves the description and understanding
of the course of succession.

In contrast to the many detailed studies on succession conducted at local scales, includ-
ing those on old fields (Rejmanek & van Katwyk 2004, Cramer & Hobbs 2007), there is
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still a lack of studies on succession conducted at geographical scales. Undoubtedly, the
results of such studies, in terms of the trends and variability in succession, can be better
generalized than those obtained from studies of local sites. The results of this study can be
used as a basis for predicting succession in old fields at a country scale.
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Souhrn

Prace shrnuje sukcesni vyvoj na zakladé analyzy 282 fytocenologickych snimki ze 173 opusténych poli, snimko-
vanych v letech 1975-2011 napii¢ Ceskou republikou. Sukcesni stafi snimkovanych ploch bylo v rozsahu 1-91
let. Pro kazdé opusténé pole byly zjistény nadmorska vyska, fytogeograficky region (termofytikum, mezofyti-
kum) a geologicky substrat (bazicky ¢i kysely). Dale byla tfi¢lennou stupnici odhadnuta pidni vlhkost (suché,
mezické, vlhké pole). Druhy byly rozdéleny na zdkladé jejich ohroZeni, pavodu (archeofyty, neofyty a ptivodni)
a piislusnosti k vegetacnim jednotkdm. Data byla analyzovana ordina¢nimi metodami, GLMM a regresnimi stro-
my. Vysledky ukazuji, Ze vSechny proménné prostfedi mély prukazny vliv na druhové sloZeni sukcesnich stadii.
Sukcese se ubirala tfemi sméry podle pidni vlhkosti. Po¢et druhti lest, suchych travnikd a bylinnych lemi se bé-
hem sukcese zvySoval. Naopak pocet archeofytt, neofytl a synantropnich druhti se s ¢asem od opusténi pole sni-
Zoval. V termofytiku bylo zaznamenano vice ohroZenych a cilovych druh a méné archeofytd, neofytd a synan-
tropnich druhti neZ v mezofytiku. Stafi a ptidni vlhkost se ukazaly byt nejdalezitéjsimi faktory ovliviiujicimi dru-
hové slozeni opusténych poli. Tato studie se muze diky svému Sirokému geografickému zabéru stat zakladem
k piedpovidéni sukcesniho v§voje na opuiténgch polich na trovni celé CR.
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