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We reviewed 37 studies on vegetation succession in which the succession started on bare ground,
was followed in at least six sites, and where these sites were spatially separated over at least 10 km®.
The effect of environmental factors, which were explored in at least five studies, on the course of
succession was assessed, based on the proportion of significant and non-significant results. Sur-
rounding vegetation, macroclimate, soil moisture, amount of nitrogen and soil texture appeared to
have the highest influence on the course of succession. Less influential were the size of a disturbed
site, pH, organic matter and phosphorus content. Surrounding vegetation exhibited a significant ef-
fect in all cases where this was considered. These results imply that succession cannot be studied
without the landscape context. The large-scale approach to succession has the potential to contrib-
ute substantially to both the theory of succession and practical applications, especially in restoration
ecology.

Keywords: environmental factors, landscape context, restoration ecology, species pool, vegeta-
tion succession

Introduction

An enormous number of published studies on succession deal with one or several, more or
less comparable sites (e.g. Burrows 1990, Glenn-Lewin et al. 1992, Walker & del Moral
2003). In these studies, succession is often described in remarkable detail, often using ex-
perimental manipulation of environmental factors or vegetation itself, thus testing various
hypotheses on mechanisms of vegetation change (Tilman 1988, van der Maarel 2005).
However, there are not many studies that evaluate succession over broad, i.e. landscape,
regional or even continental, scales (van Andel et al. 1993, Walker & del Moral 2003).
Those attempts that have been made at this scale are often based on intuitive, not quantita-
tive, comparisons of a high number of seral stages. It is obvious that quantitative studies on
succession on a broad geographical scale cannot easily test hypotheses on mechanisms,
but they do provide a good opportunity to test hypotheses on pattern. For various reasons,
this opportunity has not been appropriately exploited so far. Studying vegetation dynamics
over broader geographical scales can provide a useful framework to detailed studies, sup-
porting well-balanced interpretations of results. Using the broader approach, we can gen-
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erate hypotheses which can be subsequently tested at small scales. Obviously, small-scale
experimental studies and large-scale studies can be seen as complementary approaches.

Among the first attempts to describe successional changes in vegetation over larger
scales were the studies of early generations of European phytosociologists. By the tradi-
tional descriptive approach (using phytosociological relevés) they often analysed many
particular sites and then tried to depict intuitively general successional trajectories using
formally described plant communities (associations) or dominant species (Ellenberg
1988). These studies provided a useful, though limited overview over vegetation dynamics
especially in the case of rapidly changing vegetation such as that on various ruderal sites in
urban or industrial habitats (PySek & Pysek 1988). Resulting general schemes were often
helpful for urban or landscape planning (Laurie 1979).

Advances in computer technology and multivariate techniques enabled researchers to
elaborate a large number of vegetation records (Jongman et al. 1987), including those
from seral stages. Thus, it seems that the number of studies dealing with succession on
broad scales has been increasing. Here we review these studies and address the question:
Which environmental variables determine the course of succession over broad geograph-
ical scales?

Which seres have been studied?

‘We have found 37 studies which match the following arbitrarily selected criteria: they deal
with at least 6 sites, usually representing different particular seral stages, which were
spread over at least 10 km? (Table 1). We considered only seres which started on bare
ground in which the succession was followed from the very start. Old fields and various
mining sites were most frequently investigated (Walker & del Moral 2003). Environmen-
tal factors considered in the particular studies are listed in Table 1. Those factors, whose
influence on the course of succession (defined here as changes in vascular plant species
composition) was statistically tested in particular studies, are indicated in Table 1.

We are aware of the limitations of the data set extracted from the heterogeneous studies
which can be hardly mutually compared in a detail. Thus, we concentrate only on the most
robust patterns. Causal influences of the environmental factors on the course of succession
are differently dealt with in the studies, not enabling us to make clear and undoubted gen-
eralizations. Therefore only selected aspects are tentatively discussed further.

The studies differed in the number of the sampling plots and in the area covered. It must
be mentioned that the same number of sampling plots spread over the same area need not be
equally representative in different situations. For example, within a homogenous landscape
a small local study can be representative for the whole area, but not so in a heterogeneous
landscape. Most studies on succession are scaled a priori by human-caused or natural distur-
bances and sampling follows the pattern. This introduced another component of heterogene-
ity into the data set. Whether a factor exhibited a statistically significant influence on the
course of succession (Table 2) depended largely on the range of values dealt with in the par-
ticular studies. Generally, there is obviously higher probability of significant influence if the
range is broad (Jongman et al. 1987). The studies differed considerably in this regard, thus
further weakening the strength of our conclusions. Despite this limitation, the importance of
the particular environmental factors is clearly seen from Tables 1 and 2.
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Important environmental factors

The frequencies in which the factors were reported as having significant or non-significant in-
fluence on the course of succession are listed in Table 2, together with the total numbers of
studies in which the factors were considered, regardless of whether or not statistics were em-
ployed (see Table 1). Time, i.e. successional age, was naturally the most frequent variable to
which the course of succession was related, and this factor nearly always exhibited a signifi-
cant influence on the vegetation pattern. In some studies, the temporal patterns were sup-
pressed by the influence of some abiotic factors if these had a large amplitude (Vatikovd &
Kovar 2004, Prach et al. 2007). However, the successional age is a major but not the only as-
pect of the temporal dimension. For example, the effect of starting date can also be important.
Surrounding vegetation, expressed either as the occurrence of particular vegetation types, land
use categories, occurrence of particular species, or dispersal categories around a considered
site, had significant influence in all studies where it was considered. Nearly the same is true for
macroclimate (temperature, precipitation, altitude and latitude), and for site moisture and ni-
trogen content among the edaphic factors. Soil structure was also highly influential, especially
the content of soil particles such as clay or sand. Organic content, pH and phosphorus had sig-
nificant influence only in some cases. At least some edaphic factors played a statistically sig-
nificant role in nearly 80% of studies in which these factors were tested.

Macroclimate and surrounding vegetation can be considered as landscape factors.
Edaphic factors, represented mostly by substratum quality, and the size of a site represent
local site factors. The proportional influence of both groups of factors on the course of
succession was only rarely evaluated in a quantitative way. In our study on succession in
disused gravel-sand pits, the landscape factors together were responsible for vegetation
variability in about 44%, and the local site factors in 23% in a CCA analysis. Time contrib-
uted about 10% and the rest was unexplained variability. Soil moisture was the most im-
portant of the edaphic factors (Rehounkova & Prach 2006).

Surrounding vegetation and the role of the area of site

The fact that surrounding vegetation had a significant effect in all cases when it was tested
implies that succession is a highly stochastic process if we consider only a particular site
without considering the landscape context. Influence of the surrounding vegetation on
succession is clearly manifested in species pool, which is determined by macroclimate,
vegetation history, and land-use history (Zobel et al. 1998, Settele et al. 1996). Various
studies demonstrated the decisive role of sources of diaspores in the vicinity of a disturbed
site and intensity of transport of the diaspores (Fastie 1995, Ursic et al. 1997, Verhagen et
al. 2001, Vaikova & Kovar 2004, Dale et al. 2005, Rehounkova & Prach 2006). Because
sites where succession proceeds can be seen as habitat islands, the theory of island
biogeography can be applied to some extent (Bossuyt et al. 2003). The smaller the area of
a site the easier, usually, is its colonization from close surroundings, and succession usu-
ally occurs faster and often directly towards restoration of a previous vegetation than in
large sites (Dov¢iak et al. 2005). In large disturbed sites, more ruderals have a chance to
establish and eventually may arrest or divert succession. In some cases, succession on real
islands, either natural or human-made, was studied (Rydin & Borgegéard 1988, Rejmanek
& Rejmankova 2002). In all those cases, area and isolation were the most important fac-
tors, determining especially the number of present species.
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It seems that the propagule sources in close vicinity are usually decisive for the estab-
lishment of late successional, often target and mostly rather specialized groups of species
with lower dispersal ability (Poulin et al. 1999, Novak & Prach 2003). Generalists, which
are often present among early successional species, often belong to easily dispersed spe-
cies, which can colonize a site from a longer distance (Grime 2002). Late successional, dry
grassland species colonized basalt quarries with a high probability if they occurred up to
the distance of 50 m (Novak & Konvic¢ka 2006). Detailed studies of the unique post-erup-
tion landscape of Mt St. Helens revealed the important role of refugia and the distance to
the untouched vegetation for re-colonization, but only up to about 100 m (del Moral et al.
2005). However, in the study conducted in chalk quarries in N England by Jefferson
(1984) transport of diaspores of some target species was recorded up to the distance of sev-
eral kilometres.

Macroclimate

The assumption that climate influences succession is trivial (Box 1981). It is, however, dif-
ficult to test because of the lack of directly comparable data and conclusions remain
largely speculative (Walker & del Moral 2003: 262-266). Increasing precipitation in-
creased stand height and biomass but also participation of alien species in an old-field suc-
cession in Tenerife island (Otto et al. 2006). In dry seres, species diversity increased per-
manently during succession, while it peaked early and then declined in wet seres (Otto et
al. 2006). It seems to be a general pattern for extreme vs. moderate site conditions (Peet
1978, Osbornova et al. 1990). Macroclimate determined physiognomy of vegetation and
participation of life forms in some studies (Prach 1994, Otto et al. 2006). A study of vege-
tation succession in 56 disused basalt quarries over a distance of 90 km, where mean an-
nual precipitation varied between 460 and 820 mm, and mean annual temperature between
6.1 and 9.0 °C, found both these variables to be significantly correlated with vegetation
pattern (Novak & Prach 2003). Besides the expected direct effects on species establish-
ment, macroclimate influences vegetation succession through the regional species pool
(Settele et al. 1996).

Substratum quality

The type of substratum is often reported to determine the course of succession; soil type is
important in abandoned fields (Smit & OIff 1998; Gallego Fernandez et al. 2004) and sub-
stratum texture in industrial and mining deposits (Molyneux 1963; Vanikovd & Kovar
2004). Soil moisture (partly influenced by climatic factors), soil nutrients (especially ni-
trogen), and soil pH are often related to the type of substratum. These factors play a deci-
sive role in driving succession at the local scale (Wilson & Tilman 2002) and often create
gradients over large geographical scales (Ellenberg 1988). However, their influence on
succession was not often investigated at these scales.

Soil moisture is probably the most important site factor driving succession, but it is dif-
ficult to measure it in a comparative way over a large geographical area due to local differ-
ences in actual precipitation. Moreover, precipitation itself cannot be always used as a sur-
rogate for site moisture due to topography (but see Otto et al. 2006). Thus, simple catego-
ries evaluating site moisture can be used, such as dry, mesic, and wet (Osbornova et al.
1990, Prach et al. 2007). This robust approach may be sufficient even in tentative predic-
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tions of succession in landscape or regional scales (Prach et al. 1999). Site moisture often
determines participation of different life forms and thus physiognomy of seral stages
(Walker & del Moral 2003). This is evident in the participation of woody species, which is
usually high in mesic sites but restricted at dry or wet extremes of the moisture gradient
(Osbornovi et al. 1990, Lichter 1998, Rehounkova & Prach 2006)

Substratum pH exhibited significant influence in a half of the cases listed in Table 2,
mostly in those that included a broad range of this factor. Both low (Schulz &Wiegleb
2000) and high (Vaiikova & Kovar 2004) pH decreased species diversity and slowed down
the rate of succession in various industrial and mining deposits. Low pH about 3.5 inhib-
ited colonization by plants in some spoil heaps from brown-coal mining (Schulz
&Wiegleb 2000). In an analysis of 15 successional seres on a national scale in the Czech
Republic, soil pH was the only significant predictor of successional pattern among 10 soil
characteristics tested (K. Prach et al., unpublished).

Amount of nitrogen exhibited significant influence in nearly all studies in which it was
tested. High levels of nitrogen usually support competitive herb and grass species (Tilman
1988) which often retard the establishment of woody species (Prach & PySek 1994; Smit
& OIff 1998).

A study comparing seres running in various habitats: a promising approach

Most of the above-mentioned studies dealt with one type of succession. We have recently
developed an approach comparing a number of seres running in various human-disturbed
sites over a large region (Prach et al. 2001). Sampling the 15 seres included in the same
way enabled a direct robust comparison using rigorous statistics. Multivariate methods re-
vealed that (i) species number and rate of species turnover were positively correlated with
soil pH and mean annual temperature, while negatively with altitude and precipitation, and
(i1) cover of woody species increased with altitude and precipitation. Thus, soil pH and
macroclimate were the most important driving variables in this study (K. Prach et al., un-
published).

Future perspectives

A rigorous comparison of exact data on the course of succession, obtained in many partic-
ular sites spread over a broader geographical scale, can help to distinguish between spe-
cific and general patterns. It can thus improve successional theory which concerns broad-
scale phenomena mostly on intuitive basis only (Walker & del Moral 2003, van der Maarel
2005). The broad-scale approach can help to answer some questions better than detailed
local studies. The questions concern especially the differences in the course of succession
along large environmental gradients, including climatic ones, divergence vs. convergence,
and the influence of different land use and vegetation history. The broad-scale approach
may be helpful in studying the expected influence of global change on vegetation pattern
(Morecroft et al. 2004).

Because it is practically impossible, in a broad-scale study, to ensure comparativeness
among distant sampling sites, this must be at least partly compensated by a high number of
such sites, similarly as in traditional phytosociology. The most suitable for such broad-
scale studies are abandoned fields that occur in various longitude, latitude and altitudes,
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and are less heterogeneous than, for example, various mining sites. Thus, using a standard-
ized sampling seems to be easier. Combination of permanent plots and space-for-time sub-
stitution (Pickett 1989) is a reasonable approach. As promising, we see the approach when
the same local experiments are repeated on a large geographical scale as have been already
conducted in some EU projects (van der Putten et al. 2000).

Beside potential contribution to successional theory, knowledge on variability of sponta-
neous succession over a landscape scale can provide a useful framework to particular resto-
ration projects, if they rely upon spontaneous succession or expect to manipulate the sponta-
neous development (Luken 1990, Klotzli & Grootjans 2001). For detailed predictions of
participation of particular species in succession in a disturbed site we usually need at least
a pilot study conducted just in a site, because the high stochasticity and thus often low pre-
dictability of species composition in a concrete site (Glenn-Lewin et al. 1992). Very impor-
tant for restoration practice is to consider the landscape context, regarding especially sources
of diaspores of desirable (target), and undesirable (e.g. invasive aliens) species and their
chance to establish. Using a broad-scale experience with succession, we can tentatively pre-
dict the rate and directions of succession unless a detailed study is conducted usually due to
the lack of time or money or both. Various expert systems, which can combine exact detailed
data with experiential, often only qualitative knowledge, may be useful in such predictions.
The model TELSA was developed to predict vegetation changes in large landscape units
(Kurz et al. 2000). By the expert system SUCCESS we can tentatively predict succession in
various disturbed sites in the territory of the Czech Republic (Prach et al. 1999). The large-
scale approach may be practically exploited in landscape planning strategy. Because of both
theoretical and practical contributions, the large-scale approach will probably receive more
attention in the future studies on succession.
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Souhrn

V ¢lanku jsou shrnuty studie (37), které se zabyvaji sukcesi vegetace v Sir§im krajinném méfitku (tab. 1). Studie
byly vybirany podle néasledujicich kritérii: VSechny sukcesni série zac¢inaly na holém substratu, bylo studovidno
alespoii 6 rozdilnych sukcesnich stadii (lokalit) a ty se nachézely na ploSe alespoii 10 km?>. Zarovefi v nich byl
hodnocen vliv faktora prostfedi na vegetaci (nikoliv jen jejich zména béhem sukcese). RozliSeny byly ptipady,
kdy vliv faktord prostiedi na vegetaci byl statisticky testovan, af pomoci jednorozmérné nebo mnohorozmérné
statistiky. Vysledky jsou shrnuty v tab. 2. Vedle ocekavaného vlivu ¢asu mély nejcastéji signifikantni vliv na pra-
béh sukcese tyto faktory: okolni vegetace, makroklima, pidni vlhkost, obsah dusiku v substratu a struktura sub-
stratu. Méné Casty byl signifikantni vliv velikosti naruSeného mista, pH a obsahu organické hmoty a fosforu
v pudé. Okolni vegetace méla vliv na pribéh sukcese vzdy, kdyz byla testovana. Z toho vyplyva, Ze sukcese na
konkrétnim misté by neméla byt studovana a interpretovana bez krajinného kontextu. Studium sukcese vegetace
v §irSich geografickych rozmérech miiZe pfispét jak k teorii ekologické sukcese, tak k aplikacim poznatkid
predevsim v ekologii obnovy naruSenych mist.
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