Species-area relationships of plant
communities and the possibility of predicting
plant species diversity — a case study

in South-Western Poland

Modele ,,species-area relationship” w zbiorowiskach roslinnych
i mozliwosci ich zastosowania dla przewidywania réznorodnoSci
gatunkowej na przykladzie Polski poludniowo-zachodniej

,,S0, I believe that the linearity of the species-area curve remains
a fascinating mystery”
Rosenzweig, 1995, p. 268
“Remember that all models are wrong, the practical question is
how wrong do they have to be to not be useful.”
George E.P. Box & Norman R. Draper, 1987, p. 74
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Abstract: The main aim of this study was to consider the possibility of predicting
the number of plant species in areas occupied by many different habitat types.
A very simple mathematical model was proposed for this purpose. It is based on two
fundamental assumptions: first — every single type of community has its own species-
area model relationship, second — the number of species common to various types
of habitats allometrically depends on the number of habitats and on their quality.
In order to test the proposed model, first the species-area relationships for single
community types should be counted. Basic data were obtained from phytosociological
tables published for SW Poland in 1960-2002. Each set of patches of a plant
community, represented in one phytosociological table, was treated as one, compact
habitat island of a size comparable to the joint acreage of the patches. The research
covered all literature-documented plant communities from SW Poland — in all 750
phytosociological tables including 223 associations and plant communities.

The data on 173 syntaxa compiled in 667 tables were used in the analysis — the
remaining tables were represented by insufficient numbers of syntaxa (fewer than five),
or by insufficient number of phytosociological releves (three or fewer). The species-
area relationship models for 58 types of communities were counted this way.
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The next step involved substituting the results of the single SPAR models in the
previously proposed y-diversity allometric model. The model was tested on 13 dif-
ferent-sized and 18 equal-sized areas in SW. Poland using GIS tools. In both cases
the differences between the actual and predicted number of plant species does not
exceed 12%.

The consequences of the obtained results were discussed in the light of the main
problems implied in the issue of species-area relationship.

Abstrakt: Glownym celem niniejszej pracy bylo rozwazenie mozliwosci przewidywania
liczby gatunkéw roslin naczyniowych na obszarach zajgtych przez rozne typy
zbiorowisk ros§linnych. W tym celu zaproponowano prosty model matematyczny,
oparty na dwoch podstawowych zalozeniach: po pierwsze — kazdy typ zbiorowiska
roslinnego posiada swoj wlasny model species-area relationship, po drugie — liczba
gatunkow wspolnych dla réznych typoéw zbiorowisk ma charakter zalezno$ci
allometrycznej, zaleznej od liczby zbiorowisk oraz ich jako$ci (immanentnego bogactwa
gatunkowego).

W pierwszym etapie, dla potrzeb testu proponowanego modelu y-réznorodnosci
konieczne bylo obliczenie indywidualnych modeli species-area relationship dla
najwigkszej mozliwej liczby typéw zbiorowisk. Podstawowe dane uzyskalem z tabel
fitosocjologicznych opublikowanych z terenu Polski Pd.-Zach. w latach 1960-2002.
Kazdy zestaw danych pozyskanych z jednej tabeli fitosocjologicznej, z okreslonego,
scisle zdefiniowanego terenu traktowany byt jak reprezentatywny ptat zbiorowiska
o powierzchni porownywalnej do jednolitego obszaru o powierzchni réwnej sumie
powierzchni zdje¢¢ fitosocjologicznych w tabeli. Badania objgly wszystkie
udokumentowane w literaturze zbiorowiska roslinne z terenu Polski Pd.-Zach. —
tacznie 750 tabel fitosocjologicznych reprezentujacych 223 zespoly i zbiorowiska
roslinne. Do analiz uzyto 667 tabel reprezentujacych 173 syntaksony — dla pozostatych
dane byly niewystarczajace (zbyt mata liczba tabel — ponizej 5, lub zbyt mata liczba
zdje¢ w tabeli — trzy lub mniej). Na podstawie analizy uzyskano 58 modeli species-
area relation dla poszczegdlnych zbiorowisk roslinnych (zespotow, zwiazkow, rzadziej
wyzszych jednostek syntaksonomicznych).

Nastgpnie podstawiono uzyskane dane do wczesniej zaproponowanego modelu
allometrycznego. Model testowany byt przy uzyciu technik GIS na 13 obszarach
o zréznicowanych powierzchniach (rezerwaty dolnoslaskie) oraz na 18 obszarach
o powierzchniach zblizonych do 100 ha (Gory Stotowe). Uzyskane rezultaty sa
zadowalajace — réznica pomigdzy liczba gatunkow przewidywana przez model oraz
znana z badan terenowych nie przekracza 12%.

W dalszym ciagu pracy konsekwencje uzyskanych wynikow zostaly przedyskutowane
w aspekcie gldéwnych problemoéw zwiazanych z problematyka species-area relationship
obecnych w literaturze przedmiotu.

Key words: species-area relationship, a-biodiversity, y-biodiversity, plant species,
biodiversity prediction, ecological modelling

Stowa kluczowe: a-réznorodno$é, y-réznorodno$é, przewidywanie bioréznorodnosci,
modele ekologiczne
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Introduction

Arrhenius’s (1921, 1923a, 1923b) and Gleason’s (1922, 1925) equations which
relate the increase in the number of species to the enlargement of the study
plot rank among the oldest mathematical models applied in ecology, their value
for the development of this branch of knowledge being unquestionable and
invaluable.

The first descriptions of the species-area relationship come from the 19th
century and its pioneer observers include Candolle in 1820, Watson — two papers
from 1895 and 1859, and Wallace in 1910 (after Rosenzweig 1995 and Lomolino
2001b). The knowledge of this relationship (abbreviated as SARs or SPAR)
is indeed so popular that it is sometimes referred to as the main rule of ecol-
ogy (Rosenzweig 1995; Triantis et al. 2003). It is not only used to describe
the biodiversity patterns in space and time — for any taxon ever investigated —
but is also a paradigm of the equilibrium theory in island biogeography. MacArthur
and Wilson in their 1967 paper described the SPAR as the “milestone” of this
theory. The model is also useful in metapopulation biology (Rosenzweig 1995;
Hanski, Gilpin 1997; Matter et al. 2002, Hanski 2004) and conservation biol-
ogy, as the main tool to predict the probability of extinction for various kinds
of organisms as a result of habitat fragmentation (e.g. Simberloff, Levin 1985;
Brooks et al. 1997; Harte, Kinzig 1997; Ney-Nifle, Mangel 1999; Kizing, Harte
2000; Hanski 2000; Bascompte, Rodriguez 2001; Boulinier et al. 2001; Brooks
et al. 2002; Hanski, Ovaskainen 2002; Collins et al. 2002; Green et al. 2003;
Benitez-Malvido, Martinez-Ramos 2003; Ulrich, Buszko 2003b; Ulrich 2005a;
Lewis 2006).

There are three main concepts of the species-area relationship.

The first comes from classical papers on island biogeography (Preston 1960,
1962a; MacArthur, Wilson 1963, 1967), and within that theory the main rea-
son for increasing number of species with contiguous pattern is the area oc-
cupied by species per se, although Whittaker & Fernandez-Palacios (2007)
tried to suggest that this assumption resulted from a simplification used by
MacArthur and Wilson’s (1967) readers.

The second focuses on habitat diversity as the main reason for the spe-
cies-area relationship (Triantis et al. 2003 and references cited therein). The
author of this concept was Forster, a naturalist in one of the famous captain
Cook’s peregrinations (after Lomolino 2001). Obviously, it is likely that both
the area size and the number and diversity of habitats play an important role
in shaping of the species richness, however the relationships are still unclear
(c¢f- Harner, Harper 1976; Rafe et al. 1985; Kohn, Walsh 1994; Ricklefs, Lovette
1999; Brose 2001; Triantis et al. 2003; Evans ef al. 2007). Of course, there
are also specialists who found no clear relationships between the habitat di-
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versity and the species richness (Bostrom, Nilsson 1983; Nilsson ef al. 1988;
Haig et al. 2000) but in the recent studies (cf. Whittaker, Fernandez-Palacios
2007) this phenomenon is rather unquestionable. The models however which
try to combine these variables (e.g. Triantis et al. 2003) are still of limited use
(cf. Whittaker, Fernandez-Palacios 2007, p. 90).

The third concept, known as the passive sampling hypothesis, was proposed
by Connor & McCoy (1979). They argued that, if individuals were distributed
at random, larger samples would contain more species. An island can be re-
garded as a sample of such a random community, without reference to par-
ticular patterns of turnover (Whittaker, Fernandez-Palacios 2007).

There is a broad consensus on only two fundamental features (Lomolino
2001Db): the species richness increases with area and the rate of this increase
is slower for larger areas (from islands or habitat patches to biogeographical
provinces). The nature of this relationship and its detailed description (includ-
ing still new or redefined models) is however subject to continuous, and sometimes
very hot, debates (Gilbert 1980; Bramson et al. 1996; Brown, Kodric-Brown
1977; Heaney 2000; Scheiner at al. 2000; Lomolino 2000a, 2000b, 2001; Whittaker
et al. 2001; Williamson et al. 2001, 2002; Brown et al. 2002; Cam et al. 2002;
Triantis et al. 2003; Williamson 2003; Ovaskainen, Hanski 2003; Hanski 2004).

Besides, many other relationships were described based on SPAR, such as:

e Time-species-area relationship which affects (both by increasing and
decreasing) the total species diversity (e.g. Preston 1960; Rosenzweig
1995; Jacquemyn et al. 2001; Hadly, Maurer 2001; Adler, Lauenroth
2003; Price 2004, Adler 2004; Fridley et al. 2006, Helm et al. 2006).

e Endemic-area relationship (EAR) — e.g. Harte, Kinzig (1997); Kizing,
Harte (2000); Green et al. (2003); Hobohm (2003); Ulrich, Buszko (2003b,
2004); Urlich (2005).

In Poland, investigations into the relationship between the number of spe-
cies and the area size are relatively rarely undertaken (Dzwonko, Loster 1997,
1998; Solon 1988, 1990, 2000), with exception of Mikotaj Kopernik University
in Torun (Ulrich 1999, 2000, 2001a, 2001b, 2004a, 2004b, 2005a, 2005b; Ulrich,
Buszko 2003a, 2003b, 2004, 2005; Ulrich, Ollik 2004, 2005). Foreign literature
pertaining to this issue is extremely abundant, for example, the annual increase
in the number of papers in which only the term “spatial scale” appeared in-
creased by 29% each year during the 1980-2000 period (Schneider 2001). Most
of these publications however deal with animal ecology (vertebrates and ter-
restrial invertebrates in particular) and island biogeography. Moreover, the
methods employed by this research are widely discussed not only by natural-
ists but also by mathematicians and statisticians, who are engaged in studying
and modelling of natural processes.
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Rarely are the methods devised in ecology transferred to geobotany, their
usefulness being sometimes limited to repetitions of the basic information on
the Arrhenius or Gleason equations in popular handbooks of plant ecology.

1. Objectives of this study

The correlation between the size of the study area and its habitat diversity
on the one hand, and the number of species it holds on the other is not only a
field of research, still largely unexplored, but is also of great practical impor-
tance. Models which could reliably predict the number of species within given
areas would be useful in planning nature conservation strategy even for terri-
tories of insufficiently known vegetation, in creating species diversity models
for extensive areas, and also in investigating potential species diversity and
the degree of its deformation under human impact.
The goals of this study include:
¢ discussing the possibility of developing and testing a model which would
enable predicting the number of vascular plants for heterogeneous habitat
patterns composed of various plant communities of different sizes (Chapters
2,3).

¢ describing the SPAR relationship for different habitat types defined as
plant communities at the level of associations or higher syntaxonomic
units, using south-western Poland as an example (Chapter 4.2);

¢ verifying the functioning of the proposed model using selected, well studied
plots in south-western Poland (Chapter 4.3);

e tracing the consequences of the proposed solutions in the context of
solutions to SPAR issues currently discussed in the world’s literature
(Chapter 5).

2. Modelling the a- and y-diversity

2.1. Step one — is direct application of the model possible

It is impossible to predict current species diversity without basic data on
the area and statistical analysis. All the SPAR relationships described have
clearly defined areas of investigations and precisely specified groups of ex-
tant (or sometimes extinct) organisms. Thus, the only way to estimate the a-
diversity of plant communities or higher syntaxonomic units is to count it di-
rectly in uniform sets of data. When the analysis yields a distinct SPAR curve
with a high determination coefficient, the model may have a predictive value.

All the areas investigated so far were more or less homogeneous in char-
acter with respect to higher plants, and the SPAR curves in all the cases fit
the data very well. In the first canonical papers by Arrhenius (1921) and Gleason
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(1922), as well as in those on coastal dune plants (Specht 1988 after Rosenzweig
1995), plants of Lake Hjélmaren’s islands (Rydin, Borgegard 1988), Great Britain
plant communities (Hopkin 1955); South African plants from various habitat
types (Cowling et al. 1992), such as tropical forests (Condit et al. 1996; Plotkin
et al. 2000; Sagar et al. 2003), the results generally fit the canonical SPAR
curve.

However, none of the cases studied involved a set of smaller areas with
randomly distributed plant communities, in which the distribution of species
would be determined by the diversity of environmental conditions.

Fig. 1 presents a diagram based on data from 28 well-explored nature re-
serves and other areas situated in south-western Poland, in the regions of Lower
Silesia and Opole province (Table 1), with the number of higher plant species
recorded from the area (S) plotted against the area size (4). In the context of
the papers cited above, which often claim that the variability in species num-
ber is not determined by the habitat diversity but only by the plot size, the dia-
gram would seem to totally refute the species-area relationship concept. Both
in Fig. 1 and Fig. 2 the SPAR relationship between the area size and the num-
ber of species of higher plants seems not only non-existent optically, but also
(after logarithmizing the area and the number of species, which enables cor-
relation analysis) shows no statistical significance (p=0.087, r>=0.1).
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Fig. 1. The SPAR curve for 28 well-investigated areas in Lower Silesia. The SPAR canonical
pattern is imperceptible.
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Table 1.

List of 28 areas with well-described flora used as the basis for Figs 1 and 2. The
areas are sorted by number of species; comparison of columns 2 and 3 shows
no simple relationship between the species number and the plot size.

. No of species Area (A)
Locality S) [in ha] Data source
Mt. Szczeliniec 43 75 Swierkosz 1998, unpubl.
Grodzisko Ryczynskie reserve 92 1.8 |Aniot-Kwiatkowska 1995
Radziadz reserve 95 8.3 IKota 1995
. Macicka-Pawlik,
Jodlowice reserve 128 9.6 Wilczyhiska 1995
Kacki, Dajdok 1998, unpubl.;
Kanigoéra reserve 134 5.6 |Aniot-Kwiatkowska,
\Weretelnik 1995a
Lesna Woda reserve 138 20.12 Krawiecowa, Kuczyfiska
1968
Puszcza Snieznej Bialki reserve 147 159.1  Swierkosz 1996, unpubl.
Krokusy w Gérzyncu reserve 167 3.9 Swierkosz 2002
Uroczysko Obiszéw reserve 167 6.1 [Swierkosz 2004
Gora Sleza reserve 188 140.3 Kwiatkowski 1995
. . IAniot-Kwiatkowska,
Zwierzyniec reserve 190 9.1 Weretelnik 1995b
Go6ra Radunia reserve 193 44.7 Berdowski, Panek 1999
Nowe Rochowice — planned resefve 196 110 Berdowski 1993
Las Bukowy w Skarszynie reserve 205 23.4 [Pender, Rybattowska 1995
L.¢zyckie Skalki in Stotowe NP 227 100.0  Swierkosz 1998, unpubl.
. Macicka-Pawlik,
\Wzgorze Joanny reserve 236 25.3 Wilczyfska 1995
I.aka Sulistrowicka reserve 242 26.4 Berdowski, Panek 1998
Czeska Droga in Stotowe NP 245 100.0  Swierkosz 1998, unpubl.
Olszyny Niezgodzkie reserve 247 74.3 Il’grédser, Aniol-Kwiatkowska
Pasterka village in Stotowe NP 250 100.0  Swierkosz 1998, unpubl.
Gora Mitek reserve 260 137.3 Berdowski 1991
'Wodospad Posny in Stotowe NP 261 100.0  Swierkosz 1998, unpubl.
North Kartoéw village in Stotowe NP. 261 100.0  Swierkosz 1998, unpubl.
Ostra Goéra in Stotowe NP. 264 100.0  Swierkosz 1998, unpubl.
Wawdz Siedmicy reserve 270 60.8 ?SQ%OWSK" Kwiatkowski
Central Kartéw village in Stotowe NP. 282 100.0  Swierkosz 1998, unpubl.
Chojnik Mount (Karkonoski NP. 334 79.8 [Swierkosz 1994a, b
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This does not mean that the relationship described for 80 years by hun-
dreds of scientists is nonexistent, but only that the dependence between the
area size and the number of higher plant species within it is not a simple de-
rivative coefficient of the area alone.

All the papers mentioned in Chapter 1 (and numerous others) describe the
results of investigations which were carried out in more or less uniform habi-
tats. When more diverse data are analysed (as in the case shown in Fig. 1),
such a simple explanation is insufficient.

It seems obvious that an ecologically diverse area must have diverse SPAR
relationships, and that this habitat diversity is manifest as species richness,
which is also affected by the local climate and the anthropopressure level (e.g.
Moody 2000, de Bello et al. 2007 and many other). Consequently, the SPAR
relationship in each case depends on the plant community, which is a direct
response to the local combination of various kinds of factors.

2,6

log S =2,0416 + 0,13188 * logsoA
r=0,32914 p=0,087

1,4
0,0 0.2 0.4 0,6 0,8 1,0 1,2 1.4 1,6 1,8 2,0 22 2,4

logioA

Fig 2. Correlation between log S and log A for 28 well-investigated areas in Lower Silesia.
The correlation is very weak, and the results are not statistically significant.

2.2. Step two — each plant community has its own species-area relationship

Though the definition of species-area relationship is not problematic (see
Whittaker, Fernandez-Palacios 2007 p. 80), a precise description of habitat
that would be useful for SPAR study is not as simple. Firstly, habitat can be
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defined in different ways, depending on the taxon investigated. The habitat of
a big mammal, whose territory can cover more than 1000 square kilometers,
is quite different from the habitat of a small mollusc which can spend its life
in an area not exceeding a few square metres (Pokryszko 1997) or in one pond
(Bronmark 1985). Such definitions are useless for study of plant species dis-
tribution. There are also a big differences between various systems of plant
habitat clasifications (Toby et al. 2001).

From the practical point of view, the simplest way to define habitat is to
identify it with a single plant community (not always with a single association)
or other syntaxonomic unit, more or less uniform in its species composition.
The current knowledge of plant communities makes it possible to describe it
as a unique “biotic unit” whose species composition is a resultant of abiotic
conditions, interactions between co-existing species, history of the region, degree
of athropopressure and many other factors. In this sense, the plant commu-
nity is a specific, more or less stable manifestation of the response of the natural
environment to the unstable and fluctuating conditions (e.g. Franklin 1995;
Whittaker, Niering 1975; Saunders et al. 1991; Lomolino, Perault 2004). Thus
described plant community (association or higher syntaxonomic unit) satisfies
the requirements specified by Brown & Lomolino (2000): “[the] character-
istics of islands that affect species diversity and composition include the
influence of currents, ice formation, human transport, and other factors
which affect the permeability of barriers and habitat heterogeneity, dis-
turbance regimes and the presence of humans and other interacting or-
ganisms, which affect both the establishment of colonists and the persis-
tence of natives”. Moreover, the size of patch of such a community (except
very small patches where the small island effect occurs) probably does not
play any role at all.

The relationship between the area size, the number of habitats available
within it and the number of species it holds was investigated by numerous authors.
Papers by Harner & Harper (1976), Rafe ef al. (1985), Kohn & Walsh (1994)
or Ricklefs & Lovette (1999) are good examples among hundreds of publica-
tions devoted to the issue. All the authors found that the number of species
occurring in the site was significantly correlated with both factors, i.e. the area
size and the number of habitats.

Investigations of equal-sized samples frequently reveal that areas of higher
habitat diversity and longer history of evolution (e.g. fynbos south-west of
the Breede River as compared to areas south-east of it) hold a considerably
greater number of species per unit size. This relationship has been directly
shown by e.g. Harner & Harper (1976), who sought a correlation between
the species number and soil diversity (meaning the number of microhabitat types)
in pine-juniper forests in south-western US, or by Rosenzweig (1995) based
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on Haila’s data (Haila 1983; Haila et al. 1983) on the avifauna of the Aland
Islands. The direct correlation between the study area and the number of habitats,
and the synergistic relation of these factors and the number of species, have
been repeatedly confirmed. The first author who investigated the species-area
relation of plant communities per se was Hopkins (1955).

Only a few publications suggest that the number of habitats does not play
any role at all (e.g. plant diversity on small islands of Lake Hjalmaren (Rydin,
Borgegard 1988). Nevertheless, having re-analyzed Rosenzweig’s (1995) data,
they suppose that ”the diversity of these islands depends mostly on their
number of individuals”. Lomolino & Weiser (2001) proposed a new, much
better, explanation of this phenomenon, attributing it to a strong and signifi-
cant SIE (small island effect). Also Newmark (1986) found no correlation
between the species richness and habitat diversity, and Bostrom & Nilsson
(1983), who increased the area at the same habitat diversity level, did not find
a species area curve. Other papers, whose authors did not observe any SPAR
relationships, were cited and commented by Dony (1977), who explained their
results by a small number of species or individuals within the studied areas
(comp. also Whitehead & Jones 1968, who for the first time tried to explain
such phenomena).

The situation is different with areas of the same size. Where the area ef-
fect it not manifest, it is the habitat diversity that plays the most decisive role
in determining the number of species (e.g. Harner, Harper 1976; Rosenzweig
1995). There are also suggestions (Gibson 1986) that a direct area effect is
noticeable only in very small patches (up to 0.1 ha). Also, research carried
out by Simberloff (1976) on invertebrate species diversity on mangrove islands,
which were experimentally gradually reduced in size, revealed the fundamen-
tal effect of the area size on species diversity — but within a homogeneous
habitat.

The previous studies do not provide a consistent solution to the problem of
the relationship between the number of species and that of habitats. Depend-
ing on the area and analyzed group, the investigators solve it in different ways,
yet numerous papers indicate that such a dependence does exist. However,
limiting these considerations solely to the number of habitats is insufficient (e.g.
Harner, Harpe 1976; Trantis et al. 2003; cf. also Rosenzweig 1995, p. 204—
210) when attempting to define their overall biodiversity. It is necessary to
take into account also the differences in species composition between par-
ticular plant communities (habitat quality), since it is not only the number of
habitats that plays an important role in determining plant species richness, but
also the habitat *capacity’ (analogous to metapopulation capacity described
by Hanski and Ovaskainen 2002), i.e. the number of plant species which ev-
ery habitat can hold. This capacity is usually called “saturation” (e.g. Srivastava
1999; Loreau 2000).
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It is assumed that the number of species in a given association or commu-
nity is correlated with the area size, whether the recorded community patches
are adjacent or territorially separated — this assumption is justified by the
metacommunity theory (see Leibold et al. 2004 for review of earlier studies).
The author of this concept was Wilson (1992) who defined the metacommunity
as “4 set of local communities that are linked by dispersal of multiple
interacting species”. One the most important features of metacommunity is
that “the number of species coexisting in the metacommunity can greatly
exceed the number of species coexisting in any single patch, despite the
fact that the patches are physically identical, the species do not differ in
colonization ability, and stochastic effects are absent after the coloniza-
tion stage” (Leibold et al. 2004). Caswell & Cohen (1993), studying the spe-
cies area relationship patch-occupancy model, found that “4 simple patch-
occupancy model produces quite realistic-looking log-log species-area
curve at small sample sizes, eventually becoming asymptotic to the regional
species pool as the sample becomes large enough to include all the spe-
cies”. Their model considers both non-competitive and competitively saturated
communities. The results do not reveal very much. It is all the more strange
that the Equilibrium Theory “is species-neutral i.e. it assumes that all spe-
cies are independent and equivalent” (Lomolino 2000a). Considering the
species-area relationships without taking into account the species-based fea-
tures may lead to incorrect conclusions (Lomolino 2000a, b). A similar sug-
gestion comes from Brown & Lomolino (1989, 2000), who point out that spe-
cial attention should be paid to the difference occurring between islands, in-
cluding inland islands (isolated habitat patches). Even some adherents of the
self-similarity theory suggest that some species are spatially, not fractally dis-
tributed (Green et al. 2003).

Caswell & Cohen’s (1993) theoretical model was supported by field re-
search, e.g. Partel, Zobel (1999) and Partel et al. (2001) who found that the
species richness in alvar grassland was negatively correlated with the area,
in cases when high species richness approached the total species pool (see
hovewer Helm et al. 2006, who suggest that there are no relationship between
current species number and area, althougt there is strong relationship be-
tween currents species number and past habitat area in this case).

Also other researchers (e.g. Price 2004; see also Rosenzweig 1995), ob-
served that the number of species occurring in an archipelago of isolated is-
lands almost equalled the number of species found within a uniform area of
the same size as the joint acreage of these islands'.

' Of course, some researches (e.g. Dzwonko, Loster 1989, 1992; Harrison 1999) do not.
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Assuming that this is true, the various sets of data can be used as repre-
sentation of habitat — both the single patch, and the scattered patches of the
same area, which could represent “archipelago of islands” with almost the same
number of species as compact habitat patches of the same size.

Such sets of data are available as many phytosociological tables assembled
within uniform territories. Each phytosociological table (not single releve) could
represent a single habitat “island” and its value for SPAR analyses corresponds
to a uniform plot of a defined area occupied by one, compact and homoge-
neous plant community. Of course the analyzed table must contain releves
originating from the same location or from a clearly defined small geographi-
cal area”. In this sense the argument of Gray et al. (2004), that SPAR curves
are the “plots of number of species per sample against sample area” is a
very good definition of the assumption. Of cource, there is a six convex and
eight simgoid model (Tjorve 2003) and six main types of species area-curves
(Scheiner 2003, 2004), differ in their shapes and parameters (comp. also Ulrich
2001Db).

In view of all the above, it can be assumed that any plant community has a
defined capacity (or saturation) which is determined by its immanent diver-
sity of biotic and abiotic factors, and the possibility to predict the number of
species in this community depends exclusively on the patch area. Each set of
patches of a plant community, represented in one phytosociological table, could
be in this case treated as one, compact habitat island of a size comparable to
the joint acreage of the patches. If this assumption is correct, it should be possible
to find individual SPAR relationships for various kinds of habitats treated as
single syntaxonomic units, their parts or, on the contrary, higher units such as
alliance or order. Then the SPAR relationship for each type of habitat should
be the basis for the next step of modelling.

2.3. Step three — predicting y-biodiveristy — introductory remarks

Passing from a- to y-diversity (as defined by Whittaker 1972) cannot be
achieved in a simple way. Obtaining for each habitat type the Gleason equa-
tion which fits the saturation of plant communities would be only a partial success.
Even being able to predict the number of plant species per community (or higher
syntaxa), with strong and statistically significant r>-values, means little, when
we change the scale from within- to between-community (Loreau 2000). The
v-diversity is not a simple sum of the a-diversities of each separate habitat
(unlike B-diversity) — it has its own specific features, and its measure is not
as simple as it may appear (Vellend 2001).

2 All the synthetic tables coming from more extensive areas such as "Sudetes" or "Lower
Silesia" were excluded from the analyzes for this reason.
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The most important problems requiring solution are:

e finding a measure of diversity which would depend on the number of
habitats, but could show the species richness of the investigated area as a whole;

¢ taking into account the huge qualitative differences between plant com-
munities. Possible saturation depends on soil properties, moisture, climatic
conditions and many other factors (cf. Solon, Roo-Zielinska 2001);

¢ the occurrence of species shared by the various habitats, called also satellite
(Hanski 1982; Collins, Glenn 1991; Perelman et al. 2001), additional
(Bestelmeyer et al. 2003) or common species (Rosenzweig 1995)3;

e the small island effect SIE (Whitehead, Jones 1968; Lomolino 2000c;
Lomolino, Weiser 2001; Lomolino, Smith 2003a; Ulrich 2005; Triantis et al.
2006), which may be a source of mistakes in predicting the number of species
of “small” habitats (Solon 1990, 2000), where stochastic processes could play
an important role in shaping the diversity;

Predicting y-diversity would need different, more sophisticated, tools.
Moreover, the model should combine these two levels, so that the species number
can be predicted for both single- and multihabitat areas.

2.4. Step four — from single to multihabitat areas species capacity

Let us assume that saturation of a single habitat really occurs (at least on
the scale of investigated patches), that it is limited by the patch size, and that
the capacity of each habitat can be directly assessed from the data (as de-
scribed in Chapter 2.2). The number of plant species for each community
however conveys no information about the number of plants in a mosaic land-
scape, which contains more than one habitat patch.

First, it is necessary to find a single value in order to calculate species richness
for the whole area. The simplest way is to use the mean number of species
per habitat, as shown in Equation 1.

Equation 1

H n
Where:
S — mean number of species;

§, — total number of species counted in each habitat within the area;
H —number of habitats within the area.

n

3 of course many other terms, such as dominant, matrix and subordinate, redundant, fugitive
or scarce species have been used in similar sense (compare OIff, Bakker 1998)
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It is important that the proposed equation fits both single-habitat areas (H =1,
which does not change the result of the Gleason single equation) and multi-
habitat areas (H =n), so that it can be used in all cases.

The above equation is a simplification. It is easy to imagine adjacent habi-
tat patches, such as an extremely poor high peat-bog and a very species-rich
xerothermic sward, where the mean number of species tells little about the
actual biodiversity of the area. Yet from the biological point of view such cir-
cumstances exist very rarely, at least within smaller patches (up to 2 km?) which
are of particular importance here.

Treating a set of habitat patches as single islands within a wider area it
should be possible to count the number of species for each, and the resulting
mean number of species per habitat for the area would be a good representa-
tion of the “mean species number” of that area per unit area.

2.5. Step five — the number of common species is adequate to the number
of habitats

Like with inland islands (Rosenzweig 1995), an essential problem in con-
structing the model is the occurrence of core and satellite species. Studies by
Keddy (1981) on Cakile edentula or those by Kadmon & Shmida (1990a, 1990b)
on Stipa capensis are among the abundant papers concerned with species
occurring in double role: "core/satellite” and “common”, depending on the
ecosystem.

The regional species pool is more or less constant (Dupre 2000). However,
species immigration and extinction within a single habitat can have a very strong
dynamics (e.g. Swierkosz 2003). The regional species pool in various com-
munities is determined by the local conditions, through the existence of ad-
equate microhabitats, soil properties and other factors, and the slope of the
area-species function can change, depending on those factors (Dupre 2000).
For example, Redei et al. (2003) found larger species pools in calcareous
compared to acid habitats. In fact, the distribution both within and among the
habitats is uniform only for a limited number of species. Most of them, due to
their being rare or to their habitat requirements, are restricted to specific ar-
eas (Ney-Nifle, Mangel 1999; Redei et al. 2003), and their distribution is rather
stochastic, or depends on their dispersal ability, which is reflected in a defined
spatial aggregation pattern (Jacquemyn et al. 2001)*.

Assuming that each plant community has a constant species composition,
which is different from those of other communities, the species from beyond
the local species pool of the community are ones which come from the adja-

* The total species pool can approach the asymptote only in very large areas (¢f. Lomolino
2000c, 2002; Williamson et al. 2001), so in this paper the problem can be disregarded.
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cent communities. These species are shared by the communities: the satellite
species of one community are a part of the species pool (or even core spe-
cies) of the neighbouring one; in some cases single or a few species will oc-
cur in all the communities within the area (’species communality”). 1dentifi-
cation of this relationship is very important: Partel et al. (2001) have shown
that B-diversity is correlated with the number of satellite species, while Cagnolo
et al. (2006) have demonstrated the same kind of importance for rare species
in forest patches. Perelman et al. (2001) found 70% of investigated plant species
of Pampa grassland as satelite.

100
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N
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Increase of habitats

Fig. 3. The first habitat taken into consideration should yield the majority of plant species
of the investigated area. Each further habitat should increase the biodiversity by a gradually
declining number of species. In this context the canonical SPAR curve is a simplification
of a more sophisticated dependence.

Solon (2000) has shown beyond any doubt that a considerable part of flo-
ristic biodiversity of a given area is represented by small habitat patches, not
marked on geobotanical maps, often without any defined phytosociological
affiliation. Thus its occurrence must be interpolated from various sources
accompanying the geobotanical map, such as phytosociological releves and
description of local floras.

Assuming that the number of species shared by different communities is
proportional to the number of these communities (even very small, such as
solitary rocks, springs, forest-edge communities etc.), the increase in the number
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of species (B-diversity) from one habitat to another (see Fig. 3) is not a simple
derivative of the Gleason equation.

Consequently, it should be possible to find a coefficient which is respon-
sible for this “species communality” S, — w coefficient.

Coefficient ® must meet the following requirements:

* It must assume values from 1 (for # =1) to infinity (for H =n), since
its bottom limit is determined by the number of species of a single plant com-
munity whereas the upper limit, at least theoretically, approaches the asymp-
tote.

e The number of shared species decreases with the increasing number of
communities, and thus the correlation is neither linear nor logarithmic in char-
acter (logarithm of any base for 1 = 0).

It follows from these assumptions that the relationship defined by ® shows
clearly allometric properties (Equation 2)°.

S =H"

In all likelihood, coefficient w assumes values corresponding with the SPAR
curve slope (parallel to it in the log-log space), which should be contained within
the range defined for the canonical z value predicted by Preston (1962a, b) —
z~0.26 (cf. also Rosenzweig 1995; Lomolino 2001a). The majority of the SPAR
curve slopes published range from 0.15 to 0.4, and the median is between 0.25
and 0.3 (Williamson 2003).

In fact, the power function coefficient of this value is nothing else but the
number of common species of the overlapping area of sequenced islands.

Assuming that the value of coefficient o is close to the z coefficient me-
dian, the expected common value should be between @ equalling 0.24 and 0.32.

_ 0,28+0,04
Sc _ Hn

The number of shared species will vary from 0% (in a theoretical sample
of independent ecosystems such as a xerothermic sward bordering with peat-

Equation 2

Equation 3

> There are probably many other equations which meet the same requirements, but the
allometric dependence has its own and long history in ecology (starting with Arrhenius
1921), and is useful to explain many various occurrences also in geobotany and SPAR
research (e.g. Gould 1979; Solon 2002; Ulrich, Buszko 2003b; Ulrich 2005a)
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bog, or a calcareous rock surrounded by a heath) up to more than 90% (be-
tween an ash-elm forest and a riparian oak-horbeam forest). A precise cal-
culation of this value would require a detailed field analysis.

The number of shared species within the area can be excluded from the
ultimate number of species, and the equation adopts the form:

Equation 4 _
0,28+0,04
S=SOH.

The coefficient z (0.28) can be regarded as a good assumption in the in-
land-island theory model, but the values of 0.24-0.32 should also be tested.

It should give a good prediction of the species number in both mono- and
multihabitat patches, at least in areas not exceeding 1 square kilometer. In this
case the mean number of species () plays the role of z coefficient in the typical
Arrhenius equation, but it has a strong empirical basis.

2.6. The last step — the simplest possible model
For the reasons stated above, the equation which a maximum predictive
power for y-diversity should look as follows:

Equation 5

S = & H nO,28t0,04

n

Where:

S=predicted number of species;

S,...§ =sum of the number of species in all habitats (calculated from Gleason’s
equation, as a function of habitat area);

H =number of habitats;

H "2%0%=expected number of common species.

3. Testing the model

Testing the model involves the following:

1. testing if the various patterns of plant species diversity really exist in
various habitat types;

2. obtaining Gleason’s equation for each habitat type, and checking its
predictive value and statistical significance;
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3. choosing a well-investigated area with the known number of species and
the vegetation map;

4. checking the ultimate model by substituting these real values (point 3)
to the theoretical construct (point 2).

3.1. Geographical range

I investigated the relationship between the habitat area and the number of
plant species it holds for the regions of Lower Silesia and Opole province (SW.
Poland). The area covers a total of 33.000 km?, which constitutes ca 10% of
the Polish territory.

I decided to limit my research to one specific geographical region and only
to higher plant species for the following reasons:

a. the relative homogeneity of available data for this region;

b. similar climatic conditions throughout the area;

c. more or less uniform and well-known species pool coming from the same
latitude (c¢f. Willing, Lyons 2000; Lomolino 2000c, 2001a), which is important
for comparability of obtained results;

d. varying number of moss and liverwort species in the available material.

a. Homogeneity of the data

The study area has for many years been investigated by a team of geo-
botanists representing one institution (Wroctaw University), which ensures that
the methods used in and approaches to the field research and data analysis
are very similar, if not identical. Junior researchers of each institution learn
the basics of geobotany from their senior colleagues, and then impart the knowl-
edge gained on their successors. This guarantees the continuity of the research
method and the manner of data interpretation, while the constant information
exchange, including that unpublished, is also a conducive factor. In the case
of the SPAR studies, it is particularly essential to use methodologically uni-
form input data, since using data acquired with different methods may result
in erroneous conclusions.

b. Climatic conditions

The south-western part of Poland is climatically diverse, yet it reveals certain
common features when seen from the country-wide perspective. Firstly, there
is a distinct influence of oceanic climate, which is manifest as increased pre-
cipitation and higher mean annual temperatures. South-western Poland shares
these characters with the regions of Ziemia Lubuska and Western Pomerania.
Simultaneously, the Polish part of the Bohemian Arc (Sudetes), which shields
the whole region from the south, is responsible for the occurrence of climatic
phenomena that are typical of southern Poland (and also of the Carpathian
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arc), such as fohn winds or temperature inversions. In consequence, the flora
of the area is characterized by a high proportion of Atlantic components, with
co-occurring montane species (Kacki ef al. 2003), and also by the presence
of'a number of plant communities of west- or south-European character (Kacki
et al. 2005). In spite of the undoubted variation of the region, mainly altitudi-
nal, it forms a definable and uniform biogeographical unit. At the same time
its diversity (topographical, climatic, altitudinal and habitat-related) ensures that
any possible models to be obtained are referable to a territory more varied
than a single geobotanical unit, and will enable tracing correlations between
the area size and the number of species for different types of lowland and
montane habitats.

c. Species pool

SPAR models which enable predicting the number of species occurring on
land plots are, as a rule, limited to areas of uniform habitat and strictly defined
geographical character. Each model has different equation coefficients, re-
sulting from analysis of empirical data. The model used to make predictions
must, based on empirical data for a given area, be confined within its bound-
aries. Only after the model has been verified for a given plot is it possible to
attempt its application to the neighbouring areas.

d. Number of moss and liverwort species

I limited my investigations to vascular plants, since the distribution patterns
for vascular and cryptogamous plants are substantially different (cf. Rosenzweig
1995, and references cited therein). Besides, only a small part of the phytoso-
ciological research was carried out in co-operation with bryologists. In such
cases the phytosociological tables are significantly richer in species of cryp-
togamous plants.

3.2. Basic data

The next part of the research, the result of which are presented in the tables
and appendices, focused on the estimation of the relationship between the area
size and the number of vascular plants species which occur in particular plant
communities or habitat types, understood as higher phytosociological units (of
the rank of alliance, exceptionally order or even class).

The data base included basic information available in phytosociological tables
published for SW Poland in 1960-2002. Patches classified at the level of class
or order, sporadically documented in the literature, or ones that were impos-
sible to locate in the system of plant communities of Poland, were excluded.
The data base comprised: the name of the association or community, the total
number of species in a table, the total area covered by phytosociological releves
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and, additionally, the mean numbers of species per releve and the mean area
of the releve. Cryptogamous plants were excluded from all tables, which re-
quired prior re-calculation and subtraction of their number and percentage for
each releve. The research covered all literature-documented plant communi-
ties from SW Poland — in all 750 phytosociological tables including 223 asso-
ciations and plant communities.

The analysis used data on 173 syntaxa compiled in 667 tables — the remaining
syntaxa were represented by single tables (fewer than five), or tables of in-
sufficient number of phytosociological releves (three or fewer). The data on
the tables used and those omitted are contained in Appendix VII.

The only applicable measure of diversity was the number of vascular plant
species. Phytosociological tables do not provide sufficient data to calculate
the Fisher index, Simpson concentration coefficient or other biodiversity indi-
ces. All taxa of vascular plants included in the tables were taken into account,
except for unfixed hybrids and taxa identified only to the genus level. In the
available literature, the genus Taraxacum is determined to the level of sec-
tion, like some records in the tables of the genus Rubus. In these cases, oc-
currence of one taxon was noted. Representatives of other genera of prob-
lematic taxonomy (Alchemilla, Rosa, Hieracium) in the tables for the study
area were determined to the level of species, according to the keys or lists of
species available at pertinent periods (Szafer et al. 1979; Tutin ef al. 1964—
1980; Mirek et al. 2002), which made it possible to compare their species richness.
The nomenclatural differences pertaining to particular species are not signifi-
cant since on each occasion a given name referred only to one taxon.

The data from the combined table (see Appendix VII, Table 7 1), based
on the 667 phytosociological tables, were afterwards divided into derived tables,
each of which represented a single plant community or — in the case of a smaller
number of data — a higher phytosociological unit. I analyzed the correlations
exlusively for the cases where five or more tables were available. The names
of plant communities and syntaxonomic classification follow W. Matuszkiewicz
(2001) and J. M. Matuszkiewicz (2001), except for the treatment of class
Asplenietea trichomanis (Swierkosz 2004). Single tables were excluded from
the analysis due to their deviating significantly from the community type — this
particularly concerns poorly explored compound associations which require
further phytosociological study with respect to internal diversity. Each time
such exclusion is justified.

3.3. Methods of analysis
Statistical analyses were performed with Statistica 7.1, in modules Non-

linear Estimation, Non-parameter Statistics and Basic Statistics and Tables.
The analyses of the relationship of the number of species and the area size
for particular plant communities or higher syntaxonomic unit were carried out
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in the Non-linear Estimation module of Statistica 7.1, with the application of
the Gleason equation (1922) as modified by May (1975):

Equation 6

S=a+bllog(A)

and the classical power function (Arrhenius 1921, 1923):

Equation 7

log(S) =logc + zllog(A)

usually transformed to its simpler form:

Equation 8

S = cA’

Where:

S — number of species;

A — area size;

a, b, ¢ and z — data-derived coefficients

Each community description (Appendix I and II) is provident with the data
source along with indispensable statistical information (N, mean values, dis-
tribution of S and A).

Coefficients B and z are usually called s/lope-coefficients since they de-
termine the slope of the SPAR curve in log-log space. Coefficient ¢ in power
function is called the initial trajectory, and 4 in semi-log model is the inter-
cept of the curve in arithmetic space (Lomolino 2001a).

In the Arrhenius and the Gleason equations it is possible to apply any loga-
rithm (Rosenzweig 1995). Like in the classical equation, the natural logarithm
is often used here. However, application of the decimal logarithm enables an
easy interpretation of the equation coefficients relative to the size of the area
which is expressed in decimal system units. The unit size for which the calcu-
lations were made was a hectare. The choise of this unit has also practical
reasons, since it enables a simple application of the obtained results to field
studies.
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Each time a residual analysis (normal distribution expected) was performed
and the distribution of values expected relative to the residual values was checked
(even dispersal around x=0 expected).

Using coefficients calculated from the Gleason equation, the results were
shown in the semi-log space, which allows defining the regression equation and
the determination coefficient (Appendix I and II). Although the number of species
is a discrete variable, this procedure is commonly used in SPAR research and
its application finds sufficient support in the pertinent literature (c¢f- May 1975).
Based on Preston’s (1960, 1962a, 1962b) papers — normal distribution of the
data was assumed.

Vegetation maps used for analyses are based on published maps, as well
as on data collected by author during field surveys. Scanned maps were im-
ported into GIS environment, georeferenced and than vectorized. It was adopted
that all vegetation patches smaller than 0.1 ha are represented by points and
the larger ones by polygons. Each of vegetation types distinguished on digi-
tized maps were ascribed to one of 58 analysed vegetation units.

4. Results

4.1. Models of a-diversity

Statistical procedures carried out on available phytosociological data from
Lower Silesia allowed to recognize 58 single SPAR distributions, both for single
phytosociological units (associations or even their geographical forms) or higher
synataxonomic units (alliances, orders or even classes). Due to the character
of the available data, values obtained for single units were much more precise
and of greater statistical significance.

The results are presented in Tables 2 and 3.

Table 2
Number of analyzed data and complete results of the Gleason plot and power
function for the 58 SPAR relationships (arranged by a value of 4 coefficient)

Habitat N Gleason plot Power function
1 2 3 4
Bog coniferous woodland 5 20.7974+5.37988f1pg [1.330563+0.150861*logA
Lemnetealass 8| 39.3477+9.362343*Ip8  [1.640206+0.185833*l0gA
Potamionall. 5 143.1912+13.67196*lggA  |1.873035+0.3611626*logA

Leucobrye & Molinio-Pinetumass.| 15 50.28233+26.27757*|g8y |1.68564+0.2943156*logA

Alpine Vaccinio-Piceeiororest
(700 ma.s.l)

6 [50.3892+26.92266*IggA  [1.78051+0.4466903* logA
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1 2 3 4
Nymphaeiorall. 7 [51.55305+21.5263*ggA |1.9517+0.4873155*logA
Phragmitionser. 1 8| 66.97593+21.27667*lg8 [1.954853+0.295008*l0gA
Luzulo luzuloidis-Fageturser. 1 11] 70.4304+37.66856*lg8 [1.95067+0.460108*logA
ﬁgﬁgeégf‘nﬁf)homam' 8 [73.0829+21.261%0gA  [2.45922+0.484182*0gA
Pino-Quercetunass. 9| 79.3582+39.6025*p4  (1.89108+0.29148*logA
géﬂ%g&;@?em& AbIetelum | o 179 476+50.483140gA  [1.9412+0.503647*0gA
Quercion robori-petraeael. 14|79.914+28.7238*IqegA 1,9353+0,121591*logA
Magnocaricionall. 18 (86.8763+25.4149*ggA  |2.0701+0.2841473*l0gA
Ribeso-Alneturass. ser. 1 7 87.0432+22.9018%dg  [1.94475+0.136326*I0gA
Salixthickets 6 | 87.4514+28.3996*Iay 2.248033+0.4129606*logA
Phragmitionall. ser. 2 13 88.3771+22.6322*g8  |2.012773+0.201219*logA
Forest plantation 12 89.0682+40.41797%l¥g [2.055397+0.4206234*logh
Luzulo luzuloidis-Fageturass. ser. 2§ 89.9216+33.77827%¢g [2.035955+0.292404*logA
Galio-Carpinetumass. Odra Valley| 12 99.51223+36.3765% 1.99478+0.1978045*logA
Trifolio-Geranieteacl. 11]99.6015+27.0857*lggh  |2.26044+0.3069024*l0gA
Melico-Fageturrass. 8| 100.0177+56.66156*lg8y (2.011893+0.3536274*0ogA
Tortulo-Cymbalarietalisordo 11| 100.091+29.8236*g¢  [2.38972+0.412894*l0gA
Arnoseridi-Sclerantheturass. 9| 100.442+53.3111%p8  |2.16048+0.529634*l0gA
Bidentetea tripartitic. 8 [100.5087+31.8144*qgA |2.21255+0.344139*logA
Rhamno-Pruneteel. 9 |102.8583+32.43686*Igg\ [2.13221+0.285733*0gA
Pioneer sandy swards 14 104.517+26.82645%0g [2.122565+0.2305655*ogA
Salici-Populetunass. 5| 105.829+41.26823*gg  |2.046844+0.252254*logA
Polygonion avicularigll. 18|106.855+32.0857*ggph  |2.42216+0.4252333*logA
Molinion all. 5 1107.289+31.3814*ggA  [2.101256+0.220994*logA
Ficario-Ulmetumass. Odra Valley | 15 108.7264+49.67%y 2.05396+0.306368*logA
Caucalidionall. 4 1108.809+29.7553*IggA  [2.05702+0.167907*logA
Ribeso-Alneturass. ser. 2 5 113.844+24.78755%¥g |2.056584+0.1122517*logAh
Aphanionall. 8 [113.95+42.8006*IgA 2.1871+0.36788 * logA
Sisymbrietalisordo 21| 115.6623+29.33453*p4 [2.146163+0.206817*logA
Tilienio-Acereniorsall. 13| 116.4793+50.3718*Ig@\  [2.142204+0.340818*logA
Tilio-Carpinetumass. 5] 116.794+61.13824*|g8 [2.06826+0.279381*ogA
Galinsogo-Setarieturass. 7| 117.346+52.3623%Ip8  |2.212835+0.405959*logA
Dentario-Fagetunass. 18 117.9893+51.5522*|gfy [2.163175+0.372067*logA
Arrhenatheriorall. 7 |118.486+37.04115*ggpA  [2.17372+0.2716225*0gA
Galio-Carpineturmorth ser. 164 119.923+85.1767*gly  |2.06289+0.395269*l0gA
Chenopodietealass p.p. 6| 120.5515+46.6393*gy |(2.27352+0.4173684*logA
Papaveretum argemonass. 9| 131.6187+83.8319*g4 |2.312407+0.659235*logA
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1 2 3 4
Fraxino-Alnetunass. 24| 138.146+64.36627*g8y |2.14935+0.3322536*logA
Sedo-Scleranthetaliardo 10| 141.6824+41.5411*g# |3.11668+0.634825*0gA
Ficario-UImetumass. " "
(Sudetes foothills) 6 |142.441+58.3965%0gA  |2.178056+0.2610573*logA
Calthionall. 13|143.845+46.9044*lggp  |2.366295+0.346467*logA
Thermophilous forest 8 145.5066+65.6929%l@g |2.22877+0.335965*logA
Vicietum teraspermaass. 11) 150.3944+76.3576*|g8 [2.31755+0.466157*logA
Echinochloo-Setarietumss. 18 150.739+85.27047*gy |2.364686+0.574823*logA
Betulo-Adenostyleteel. " "
(600-900 m a.s.l.) 5 1153.502+60.70193*ggA  |2.53117+0.497017*logA
Gallio-Carpineturmass. " "
(Sudetes foothills) 12 | 155.4563+86.83956*ggA [2.2205+0.4081297*l0gA
Alliarion all. 6 |163.2033+67.9784*ggA  |2.985906+0.781554*logA
Eu-Arctionall. 11 |173.529+57.69574*ggh  |2.6889+0.525343*0gA
Synanthropic shrubs T 174.114+75.6983f48g |2.64006+0.61561*logA
Cavici-Fraxinetumass. &Stellario- | 14 |175 0917481.71495%ggh [2.414206+0.466824340gA
Alnetumass.

Acereniorsall. 7 | 188.1473149.2406*0goA  [2.854465+0.946405*0gA
Onopordionall. 7 |188.7303+68.65533* ¢ |2.461195+0.375508*I0gA
Festuco-Brometesdl. p.p. 6 | 243.6343+86.49707*Ip8 |2.59994+0.3804796*0gA

Table 3
Coefficients A, B, ¢, z and r for each type of habitat described®.
Habitat Gleason plot Power function
A B r C Z r
1 2 3 4 5 6 7

Bog coniferous woodland 20.30 5.38 0{74 133 0.1&75
Lemnetealass 3935 936 0.1 1.p4 0J19.72
Potamionall. 43.19 13.67 0.92 1.7 0.860.97
Leucobrye & Molinio-Pinetumass. 50.28 26.28 0.65 1.p9 0|29.69
Alpine Vaccinio-Piceeiorforest (from 700 m) 50.39 26.9P.69| 1.78| 0.4 0.68
Nymphaeiorall. 51.55 21.53 0.89 1.95 0.490.94
Phragmitionser. 1 66.98 21.28.93| 1.95] 0.30 0.8}
Luzulo luzuloidis-Fageturser. 1 70.483 37.7 0.94 1p5 046 (.94
Asplenietea trichomanisl. (natural comm.) 73.08 21.26 0.92 2|46 (.48.97
Pino-Quercetunass. 79.36 39.60 0.87 1.9 0]|29.88
Luzulo pil.-Fagetun& Abietetum polonicum| 79.48[ 50.480.94| 1.94 0.5Q 0.77

¢ Bolded r better fits the data.
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1 2 3 4 5 6 7

Quercion robori-petraeael. 79.91 28.720.63| 1,93| 0,24 0,54
Magnocaricionall. 86.88 25.410.85| 2.07| 0.2§ 0.81
Ribeso-Alnetunass. ser. 1 87.04 2290 0f94 194 0.14 p.94
Salixthickets 87.4% 28.40 0.3 2.5 0/410.87
Phragmitionall. ser. 2 88.38 22.69.91| 2.01| 0.20 0.8%
Forest plantation 89.07 40.4R2.83| 2.06] 0.42 0.8
Luzulo luzuloidis-Fageturass. ser. 2 89.92 33.Y8 0J75 204 (.20.81
Galio-Carpinetumass. Odra Valley 99.51 36.88.97| 1.99| 0.2 0.96
Trifolio-Geranieteacl. 99.60 27.09 0.78 2.26 0.810.79
Melico-Fagetumass. 100.02 56.6 0.92 201 0[{39.94
Tortulo-Cymbalarietaliaordo 100.09 29.8p0.92| 2.39| 0.3 0.90
Arnoseridi-Sclerantheturass. 100.44 53.31 0.83 246 0[{53.90
Bidentetea tripartitael. 100.51)f 31.810.74| 2.21| 0.34 0.69
Rhamno-Pruneteal. 102.84 32.44 0.85 2.13 0.p90.87
Pioneer sandy swards 10452 26.8385| 2.12| 0.23 0.83
Salici-Populeturrass. 105.83 41.27 0.96 2,05 0}29.97
Polygonion avicularisall. 106.8 32.090.87| 2.42| 0.43 0.84
Molinion all. 107.29 31.380.81| 2.10| 0.22 0.76
Ficario-Ulmetumass. Odra Valley 108.73 49.50.96| 2.05| 0.31 0.94
Caucalidionall. 108.81 29.760.56| 2.06| 0.17 0.50
Ribeso-Alnetunass. ser. 2 113.84 24.f9 0{71 2.06 1a.75
Aphanionall. 113.95 42.80 0.77 2.19 0.370.90
Sisymbrietaliaordo 115.66 29.330.59| 2.15| 0.21 0.54
Tilienio-Acerenionsall. 116.48 50.3)0.85| 2.14| 0.34 0.84
Tilio-Carpinetumass. 116.79 61.14 0.82 2,07 028 (.82
Galinsogo-Setarieturass. 117.35 52.3®.90| 2.21| 0.41 0.8}
Dentario-Fagetunass. 117.99 51.835 0.92 246 0|37 Q.92
Arrhenatherionall. 118.49 37.04 0.90 2.17 0.p70.94
Galio-Carpinetumnorth ser. 119.9p 85.18®.90| 2.06/ 0.40 0.87
Chenopodietealass p.p. 120.55 46.64 0.3 2{27 (.4R.92
Papaveretum argemoness. 131.62 83.83 0.53 231 0]6®.62
Fraxino-Alnetumass. 138.15 64.30.90| 2.15| 0.33 0.86
Sedo-Scleranthetaliardo 141.68 41.540.86| 3.12| 0.63 0.72
Ficario-Ulmetumass. (Sudetes foothills) 142.44 58|4078| 2.18| 0.2 0.76
Calthionall. 143.85 46.900.88| 2.37| 0.35 0.8%
Thermophilous forest 145.31 65.69.85| 2.23| 0.34 0.84
Vicietum teraspermaass. 150.39 76.3®.69| 2.32| 0.47 0.6}
Echinochloo-Setarieturass. 150.74 85.247 0.54 2336 0}5D.57




32 Krzysztof Swierkosz

1 2 3 4 5 6 7
Betulo-Adenostyleteal. (600-900 m a.s.l.) 153.50 60.f0 0|86 2.53 .50.90
Galio-Carpinetumass. (Sudetes foothills) [155.46| 86.840.92| 2.22| 0.4Y4 0.91
Alliarion all. 163.20 67.980.96/ 2.99| 0.78 0.9%
Eu-Arctionall. 173.53 57.700.81| 2.69| 0.53 0.73
Synanthropic shrubs 174.11 75{70 085 2.64 .6R86
Carici-Fraxinetumass. &Stellario-Alnetunass.| 175.09 81.7110.92| 2.41| 0.47 0.87
Acerenionsall. 188.1% 109.240.98| 2.85| 0.9§ 0.97
Onopordionall. 188.73 68.660.80| 2.46| 0.39 0.79
Festuco-Brometeal. p.p. 243.63 86.500.87| 2.60| 0.3§ 0.86

4.2.Species-area relationships for different habitat types

As shown in Tables 2 and 3, which summarize the calculations (see also
Appendix I and II), there exist many single SPAR relationships, specific for
various habitat types. There are very species-poor or very species-rich habitats,
some with the number of species increasing very slowly, others — very quickly.

4.2.1. Forest habitats

Forest habitats are the best investigated, and almost 35% of basic tables
(282 data records) concern forest communities. Thus the analysis of forest
habitats can be more detailed.

Most data (174) come from well or very well preserved patches of the
Querco-Fagetea forest, in many cases within nature reserves, national parks
or areas only slightly disturbed by forestry (like the Odra River Valley). In
most cases, the SPAR relationships are very clear, their statistical significance
is very high, and the determination coefficient values vary from 0.90 to 0.98.

The great variety of data allows not only to recognize the SPAR pattern
for each community, but also for the smaller units, different due to their geo-
graphical location and history of human impact. Such various forms were re-
corded for e.g. the oak-hornbeam and ash-elm-oak riparian forest.

4.2.1.1. Oak-hornbeam forest

Within the oak-hornbeam forest four smaller units could be distinguished:
three of Galio-Carpinetum ass. (Odra Valley, Wat Trzebnicki and Sudetes
foothills) and one Tilio-Carpinetum ass. series.

The character of the curve, determined by B coefficient, shows significant
differences between these four series. The first one is represented mainly by
the community patches located in nature reserves (Kanigoéra, Grodziska
Ryczynskie, Zwierzyniec) or within areas with relatively low forestry impact
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Fig. 4. SPAR relationships in four series of oak-hornbeam forests in Lower Silesia.
Dots — Galio sylvatici-Carpinetum forest of the Odra River valley; squares — Galio
sylvatici-Carpinetum forest of Wal Trzebnicki; diamonds — Galio sylvatici-Carpinetum
forest of the Sudetes foothills; triangles — Tilio-Carpinetum forest, which in Lower Silesia
has isolated south-western stands.

(other areas of the Odra and Bystrzyca river valleys). These are forests with
arelatively long history of spontaneous evolution, and of almost natural origin, but
with a high density of tree-tops and a small number of natural gaps. They are
“closed” to incoming non-forest species, their species richness per hectare
(4) is relatively low (99.5) and B coefficient is 36.4, but with a very high deter-
mination coefficient (7’=0.94). The high ’ means that the species composition of
the Odra Valley oak-hornbeam forest is based mainly on core species.

The oak-hornbeam forest of Watl Trzebnicki has a different history. The
forest is intensively managed, it has many gaps and it holds many thermophil-
ous and nitrophilous species coming from the neighbouring communities such
as meadows, tall herb communities or thermophilous swards. Its mean spe-
cies richness A4 is high (119 species/ha), and the slope coefficient is almost
3 times higher than that of the preceding community (B=85.18). However, the
determination coefficient of its Gleason equation is lower (?=0.82), which
suggests a higher proportion of common species.

The oak-hornbeam forest south of the Odra line, situated within the Sudetes
foothills, is extremely species-rich. The most probable explanation is that the
effect of intensive management here is reinforced by the small size of the forest
patches and the high soil fertility (most of the patches were found on basalts
and greenstones). The slope coefficient is almost the same as the previous
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Fig. 5. Geographical distribution of three recognized series of Galio-Carpinetum forest
(squares — Sudetes foothills series; circles — Odra Valley series, triangles - northern series
of Wat Trzebnicki and adjancent areas).

one, but 4 is much higher (4=155.45), and the determination coefficient (7°=0.84)
is significantly lower than in the first series coming from little disturbed areas.

Due to their different history of anthropopressure, the three groups of the
same forest association differ very much in species richness, and they are a
good example of contiguous vector between the “closed” (almost natural for-
ests of river valleys) and “open” (more intensively managed forest of the Sudetes
which are split into small patches) communities.

4.2.1.2. Ash-elm-oak riverine forests (Ficario-Ulmetum)

The situation is very similar in the case of species richness of two series
of Ficario-Ulmetum. The first SPAR pattern comes from the riverine forest
(Ficario-Ulmetum typicum) in the Odra Valley. Like the Odra Valley series
of Galio-Carpinetum ass., the forest is almost not managed, and many of its
patches are within nature reserves or other protected areas. Its species rich-
ness is similar to that of the oak-hornbeam forests growing in the same bio-
geographical region (4=108.7; B=49.7), and the determination coefficient is
very high (#’=0.92). It probably means that the core species play the most important
part in its species composition.
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Fig. 6. Comparison of the SPAR relationship in two sets of data for riverine forest.
Diamonds: Ficario-Ulmetum typicum, regularly flooded forms in the Odra valley; squares:
Ficario-Ulmetum chrysosplenietosum, inland forms

The second SPAR pattern is typical of the subassociation Ficario-Ulmetum
chrysosplenietosum, which is associated with small rivers and streams (the
analysed data come from the Sudetes piedmont area, but the subassociaton is
also common in the Silesian lowland). This subtype is much richer in species
than the previous one, which means that it is more “open” for the incoming
species. In fact, the patches of Ficario-Ulmetum chrysosplenietosum are
small, long and their perimeter/area ratio is much greater than in the typical
form of this forest found in big river valleys. The determination coefficient is
relatively low (#’=0.60), which was observed also in the case of intensively
managed oak-hornbeam forests and probably resulted from a high proportion
of satellite species.

4.2.1.3. Acidophilous beech and beech-fir forest (Luzulo nemorosae-Fagetum, Luzulo pilosae-
Fagetum, “Abietetum polonicum”™)

Also in the case of Luzulo nemorosae-Fagetum it is possible to recognize
two series of data, one poorer, with the SPAR relationship described by 4=70.43,
B=37.67, but with a very high determination coefficient (+°=0.94); and another
richer (4=89.92; B=33.78), but with a determination coefficient significantly
lower (#°=0.75).

It is unclear what causes this differentiation; the problem requires further
studies. The most probable explanation is that this “unusually rich” form of
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Fig. 7. Comparison of the SPAR relationship in three sets of data for acidophilous beech forests
Cirles: Luzulo nemorosae-Fagetum (“poor” series 1); triangles — Luzulo pilosae-Fagetum
& “Abietetum polonicum”; squares — Luzulo nemorosae-Fagetum (“rich” series 2).

acidophilous forest is in fact a forestry-degraded form of other forest com-
munities (e.g. rich beech forest or oak-hornbeam forest). This interpretation
is supported by the result of calculations pertaining to:

¢ acidophilous beech and fir lowland forests, where 4, B, and r? coeffi-
cients are almost the same as in the poor series of Luzulo nemorosae-Fagetum,

e well-preserved and almost natural Galio-Carpinetum forest, where 4,
B, and r? coefficients are almost the same as in the rich series of Luzulo
nemorosae-Fagetum.

4.2.1.4. Sycamore-beech(-rowan) ravine forest (Lunario-Aceretum & Sorbo-Aceretum group)

This is a very unique type of habitat due to its almost natural origin and
long history of spontaneous evolution. The light canopy with many gaps, fallen
trees and open screes are conducive to occurrence of many different plants
representing various ecological groups. Consequently, 4 coefficient is very high
(A4=188.15), and the slope coefficient indicates a very “open” community (B=109).
The B value is one of the highest among all the investigated habitats.

4.2.1.5. Altitudinal differences — ash-alder and rich beech forest

These habitats show immanent differentiation, depending on association,
which in the studied area is determined by altitudinal and geographical distri-
bution.
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Fig. 8. Comparison of the SPAR relationship in two data sets for rich beech forest.
Circles: Dentario enneaphyllidi-Fagetum, montane and submontane patches; squares: Asperulo-
Fagetum (=Melico-Fagetum), lowland patches.

The lowland patches of ash-alder alluvial forest represent the association
Fraxino-Alnetum while the montane and submontane patches are Carici
remotae-Fraxinetum and Stellario-Alnetum. These two data sets are differ-
ent — the montane and submontane patches are richer (4=175.09 vs 138.15),
and their slope coefficient B is higher (81.71 vs 64.37). Their determination
coefficient is similar (0.80—0.84).

The situation is analogous in the case of rich beech forest. The montane
association (Dentario enneaphylldii-Fagetum) is richer in species (4=117.98
versus 100.02) but its B coefficient is lower (51.55 vs 56.67). Also in this case
the coefficients are very similar.

4.2.1.6. Ecological similarity between various kinds of broad-leaf forests

Comparison of SPAR relationships within groups of forest habitats under
the influence of the same geographical sets of factors reveals an interesting
situation. All the forest data which come from the Odra Valley show almost
the same type of relationship. There is no good ecological explanation for it,
since most ecological factors (such as the time of flooding, availability of nu-
trients, soil type, mean water level and others) are different for each habitat
type. However, if this kind of relationship looks highly probable, in future studies
we should check and consider the assumption that most well-preserved and
almost natural forest communities in the region could have the same SPAR
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relationship. It is supported by the results of Partel et al. (2001), who found
that the mean a-diversity was significantly positively correlated with the number
of core species. In natural communities (especially forest communities) the
core species (plants growing in shady and humid habitats) play a more impor-
tant role than satellite species.
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Fig. 9. Comparison of the SPAR relationship in three neighboring riverine forests in the
Odra Valley.

Cicrles: Galio-Carpinetum (Odra Valley); squares: Salici-Populetum, triangles: Ficario-
Ulmetum (Odra valley).

4.2.1.7. Alder peat-bog forest

Alder peat-bog forests (Ribeso nigri-Alnetum, incl. Carici elongatae-
Alnetum) are also represented by two different series. Most of the patches
show a typical pattern [S=87.04+22.90*log, (A)] with almost 90 species per
hectare, but there are some patches of unusual richness with 15 more species
per “first” hectare [S=113.84+24.79*log  (A)]. Like in the previous case, it is
impossible to find any regional diversity because both the poor and the rich
patches were located within the same areas (Kotlina Milicka, Pradolina
Wroctawska). The explanation should be sought in the possibility that the rich
patches could be open for the neighboring communities due to their small area
and isolation, or — more convincingly — due to abiotic factors, e.g. occurrence
of calcium in the ground water. Solving this problem will need further investi-
gation.
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4.2.2. Natural non-forest communities
The pattern characterizing the non-forest natural communities is very similar
to the one discussed in the previous chapter.

4.2.2.1. Rock-dwelling communities (Cl. Asplenietea trichomanis, O. Sedo-Scleranthetalia)

Because all the available data come from very small patches, the obtained
results are not directly applicable to real situations in the field (there are no
patches of epilithic communities of 1 ha or more!). However, from the point
of view of predicting the y-biodiversity these results could be useful.

The high values of 4 and B coefficients (4=73 and B=21 in the Asplenietea
trichomanis class, A=141 and B=41 in Sedo-Scleranthetalia epilithic com-
munities) suggests that the occurrence of this vegetation type is very impor-
tant for the analysis of y-diversity, because even very small patches can add
new species to the list of plants within the analyzed area.

A comparison between the natural and the synanthropic plant communi-
ties of the class Asplenietea trichomanis reveals that the latter are some-
what richer in species, and both their 4 and B coefficients are higher than in
natural epilithic patches.

None of these types has a very high determination coefficient (#*=0.74 to
0.84) which is not surprising considering the number of common species coming
to patches of such communities.
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Fig. 10. Comparison between SPAR relationships of Asplenietea trichomanis class.
Squares: natural epilithic communities; circles: wall synanthropic communities (Tortulo-
Cymbalarion ordo)
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4.2.2.2. Aquatic communities

Only two patterns are recognizable among aquatic communities. Pleustone
communities (Cl. Lemnetea) are too unstable to yield statistically significant
results.

However, the macrophyte still water vegetation of all. Nymphaeion and
O. Potametea shows two similar diversity patterns (Fig. 11). Such communi-
ties are not very species-rich (4=51.55 and 4=43.19), and their B coefficient
is very low (8=21.53 and B=13.67), so that the SPAR curve flattens very quickly.
The determination coefficient is rather high for Potametea communities (7°=0.84),
and lower for all. Nymphaeion (r*=0.79)
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Fig. 11. Comparison of the SPAR relationship within the macrophyte still water vegetation.
Circles: all. Nymphaeion; squares: Potametea ordo

4.2.2.3. River and lake shore communities

This category comprises grass-sedge, rush and muddy banks vegetation of
the Bidentea tripartiti class. Their patterns are very similar; their 4 and B
coefficients vary from 66 to 88 and from 21 to 25, respectively. Only commu-
nities of the Polygono-Bidentetea class are richer and their coefficients equal
100 (4) and 31 (B). The determination coefficient 7? varies between 0.73 and
0.85.
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Fig. 12. Comparison of the SPAR relationship within two series of rush, grass-sedge and
muddy bank vegetation

Squares: all. Magnocaricion; diamonds: all. Phragmition ser. 1; circles: all. Phragmition ser.
2; triangles: cl. Bidentetea tripartiti

4.2.3. Semi-natural non-forest communities

Seven semi-natural non-forest habitat types were examined. Only Molinia
meadows showed no statistically significant correlation between the area and
species number. For the remaining communities the results are significant.

The poorest communities are the pioneer sandy swards of the alliances Vicio
lathyroidis-Potentilletum and Koelerion glaucae (A=104.52, B=27.09,
r=0.72955) and dwarf swards of trodden habitats (all. Polygonion avicularis;
A=106.86, B=32.09, r’=0.7511). Likewise, lowland hay meadows (all.
Arrhenatherion elatioris) are not very rich (4=118.49, B=37.04, ’=0.8027).
Species-rich habitats include wet meadows and tall herb communities (all.
Calthion and Filipendulo-Geranion) of lowland areas (4=143.85, B=46.9,
r’=0.7716), as well as xerothermic swards representing the class Festuco-
Brometea (A=243.63, B=86.5, r’=0.8705).

Surprizingly, thermophilous lems (cl. Trifolio-Geranietea) in Lower Silesia
are very species-poor (4=99.6, B=27.08, r’=0.6062). The reason may be that
in the region concerned this habitat type lacks many species typically occur-
ring in south-eastern Poland.

In most habitat types discussed here the determination coefficient is about
0.80, which means that their species composition is quite stable, though it in-
cludes many satellite species.
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4.2.4. Synanthropic communities

Most ruderal communities and their complexes (instances when various
associations of the same higher physociological unit show the same SPAR
patterns) are rich in species per unit area (100 to 188 species per hectare),
but the determination coefficient and statistical significance of the results are
low or very low (e.g. 7’=0.35 for the order Sisymbrietalia). Most of these
habitats have many satellite species, and their structure is unstable, depend-
ing on the age and human impact. The exceptions are the wall vegetation of
the order Tortulo-Cymbalarietalia (r’=0.84, p<0.001) and the Eu-Arction
alliance communities (#’=0.81, p<0.001).

The segetal communities vary among themselves. Their 4 coefficient var-
ies between 100 and 150, whereas 7? ranges from 0.53 to 0.89. These com-
munities depend greatly on the impact of agriculture, use of herbicides and
probability of occurrence of satellite species.

4.3. Testing the y-biodiversity model

To test the theoretical model of y-diversity changes, I used the results of
equations obtained in Appendix I and II of this paper and literature data on
different types of study plots in south-western Poland (publications contain-
ing both lists of vascular plants and maps or detailed descriptions of commu-
nities which allowed to estimate the implicit area (in ha) occupied by particu-
lar communities or their complexes). It was necessary to limit the test to ar-
eas ranging from 1.25 to 137 ha, which included 13 nature reserves and 18
plots of 100 ha thoroughly studied in the Stotowe Mts. (Swierkosz 1998); larger
areas were too insufficiently documented to be used in this study.

The theoretical model is described in Chapter 2.6. Testing the model was
based on two independent data sets.

4.3.1. Equal-sized areas

To avoid an increasing area effect (Rosenzweig 1995), 18 equal-size ar-
eas (100 hectares each) were selected. All were situated in the Stotowe Mts.
and were studied in detail by the author (Swierkosz 1998, unpubl.). The areas
were chosen because of being the best studied and thus the probability of
completeness of their species lists was high (Table 4, see also detailed analy-
sis in Appendix VI). Please note that some of these 100-ha squares were used
to prepare Figs 1 and 2 in this paper. For each coefficient ® was recalculated
from the expected range of the model.

The best results were obtained for ©=0.29 (the predicted and actual num-
ber of species differ by 10-11%) and for ®=0.30 (difference 9-12%) as it was
expected in Chapter 2.5.




Table 4

Comparison between the predicted and actual number of plant species on equal-sized 100-ha plots in the Stolowe Mts.
(field data from Swierkosz 1998, unpubl.).
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Explanation: S — number of species counted in the field
A — area of investigation

H - habitat number

* — data from Kwiatkowski, Struk 2003.



Table 5

Comparison between the actual and predicted species number in nature reserves of unequal size
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4.3.2. Different-sized areas

Thirteen independent sites are presented in Table 5 (see also Appendix IV).
For each site the number and area of plant communities were counted, and
the number of plant species of each community calculated using a single equation
for each community. Then the presented model (Equation 5) was used to cal-
culate the predicted number of species in each square. For each coefficient o
from the expected range (0.24 up to 0.32) the model was recalculated.

The best results were obtained for ®=0.31 and ®=0.32, as was supposed
earlier in chapter 2.5. The differences between the actual and predicted val-
ues ranged from -12% to +12%. This indicates that the proposed model is a
good predictor of the number of species actually existing in an area, the more
so that the inventory of plant species counted in the field may sometimes be
incomplete. For example, Aniot-Kwiatkowska & Weretelnik (1995a) recorded
97 higher plant species from the Kanigora nature reserve, and other counts,
performed by Kacki & Dajdok (pers. comm.) yield the number of 134. Since
the difference in the number of plant species obtained by various botanists in
the field can be as wide as 50%, the discrepancy between the actual and model-
generated values is not great.

5. Discussion

5.1. Simplification of the model

Compared to the curve obtained from canonical SPAR theory, the actual
increase in species diversity looks like a very complex plot of sigmoid func-
tion (Fig. 3). The presented model is a simplification of a much more complex
dependence, but as long as it fits the data and helps predict species diversity,
it can be useful in conservation biology. Theoretically, the degree of the model’s
simplification should decrease with increasing number of habitats, but no such
tendency was observed in the analyzed data. The problem needs further studies.

The model will also fail for rarely occurring sets of independent ecosys-
tems such as a xerothermic sward bordering with peat-bog, or a calcareous
rock surrounded by heaths, with no, or almost no common species. In such
cases a simple sum of species found in these habitats (B-diversity level) will
sufficiently describe the complete species set in a multi-habitat area (cf. Koleff
et al. 2003). Such cases are nevertheless very rare.
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5.2. Comparison of various models of species richness prediction

One of the most interesting models in the debates on the arca-habitat issue
has been proposed by Triantis et al. (2003). Their model, called choros, con-
siders both the area and the number of habitats, modifying the classical equa-
tion log (S)=log c+Z log(A4) to

log(S) = logc + Z log(K)

where K is called the ”choros” value, defined as

K=HLA

Where H is the number of habitats, a 4 is the area.

Having constructed the model, Triantis et al. (2003) compared various species-
area relationships from 22 data sets and recalculated them using the “choros”
coefficient. The use of the modified coefficient in the species-area equation
gave a better fit, and the prediction value was much higher than that obtained
when using 4 only. Their recalculated data sets included some on plant spe-
cies, however z coefficient varied between 0.09 (data from Nilsson et al. 1988;
after Triantis et al. 2003) and 0.51 (data from Deshaye, Morisset 1988; after
Trantis et al. 2003), and thus was not useful for predicting the number of species.
Whittaker & Fernandez-Palacios (2007) pointed to two problems with the model.
The first is the sensitivity of outcome to how habitats are defined; the sec-
ond involves standardisation of K parameter.

A very interesting habitat-unit model of island biogeography was pro-
posed by Buckley (1982), where the three independent species area-relation-
ships were applied to three main types of island habitats. Contrary to the model
proposed here, values obtained for these relationships were summed for the
whole island (in my model this sum is only a step in the modelling, and it is
divided by the number of habitats, to obtain the mean number of species per
habitat). He found a better fit for the number of species counted in the field
than for the area-based prediction. In his later paper however he found the
area to be the primary determinant of the total species number (Buckley 1985).

There are many so called predictive models based on various kinds of multiple
regression analysis (or multiple logistic regression, e.g. Hill, Keddy 1992;
Wohlgemuth 1998; Pollock et al. 1998; Ricklefs, Lovette 1999; Bastin, Tho-



48 Krzysztof Swierkosz

mas 1999; Morand 2000; Sanchez, Parmenter 2002; Ma et al. 2002; Rejmanek,
Rejmankova 2002; Bio et al. 2002; Harrison et al. 2006) but none of them is
really predictive. They are applicable mainly each to one data set, analysed
directly, and explain the current plant species richness using various factors
rather than predicting the species number. Though in many cases (e.g. Bio et
al. 2002) the model gives a good prediction of probability of occurrence of
some plant species due to their ecological requirements, it is useless for pre-
dicting the number of plant species per unit area. Comparable results, though
with the use of indirect gradient analyses (CA and CCA), were obtained
for the distribution of alpine plant species in the Tirol alpine-nival ecotone
(Gottfried et al. 1998)

One of the most interesting models of this group is the Interim General
Model (O’Brien 1998), which tries to integrate climate variables, water and
energy dynamics to predict the richness of woody plants over extensive areas
such as Africa or South America. The water-energy model was also tested
by Whittaker et al. (2007) in Europe, but only using generalized additive mod-
els (GAMs).

The last decade has brought many models using advanced techniques and
new statistical procedures, such as Geographic Information System (Kadmon,
Danin 1997; Looto ef al. 1998; Rutledge et al. 2004), boosted regression trees
(Thuiller et al. 2006), rarefaction method (Koellner ef al. 2004) or various kinds
of computer modelling (Pysek et al. 2002; Desmet, Cowling 2004; Elith et al.
2006), but it is quite a different kind of modelling, based on satellite images,
topographic data, climatic features, soil and land use analysis of wide areas
(whole countries or even geographical regions).

The most interesting models in this category is that of Waldhardt et al. (2004),
combining advanced GIS techniques with extensive field exploration. The pre-
dictive power of their model is roughly the same as that of the model presented
here (deviating from actual values by about 10%), at least for plot sizes of
more than 0.25 ha. Smaller plots are overestimated due to a methodological
artifact (cf. Waldhardt et al. 2004, p. 221). The method used in this study is
however quite different because it is based on the probability of occurrence
of species precisely counted in the field at the beginning of this study.

5.3. Habitat information conveyed by the Gleason plot

5.3.1. Species-poor and species-rich habitats (from closed to open plant
communities)

The first important information yielded by the Gleason plot is the value of
A coefficient. The coeffcient conveys direct information on the number of plant
species occurring in each habitat in the analyzed unit areas — when these ar-




Species-area relationships of plant communities 49

eas equal 1, log  of 1 is 0, and only 4 coefficient occurs in the equation. In
this paper the analyzed unit area is a hectare, hence 4 conveys direct infor-
mation on the species richness of 1 ha of each plant community. 4 coefficient
varies very widely, from 20 to nearly 240, which means that in different habi-
tats from 20 to 240 species (in the case studied) could occur per hectare.

The lowest 4 coefficient characterizes very specific communities such as
peat-bogs, still water or rock-dwelling communities, which can hold only a very
small number of species, adapted to particular conditions. However, there are
important differences between these communities. The peat-bog or still wa-
ter communities are occupied by a specific group of species which are asso-
ciated only with this type of habitat (due to their ecological requirements), with
no satellite species coming from the neighbouring habitats. In contrast, the
rock-dwelling communities, besides such a group of core species (e.g. Asple-
nium sp. div.), include also many satellite species penetrating from the neighbouring
communities such as forests, thermophilous swards or synanthropic commu-
nities (Swierkosz 2004). These common species however are not sufficiently
dominant in the general species composition to be important in the counts of
the total number of species. Each group of rock-dwelling communities releves
contains only a few such “immigrants”, so that their presence in the whole
analyzed material is insignificant. This situation was analyzed by Holt et al.
(1999), who pointed out that in general communities with low trophic rank were
closed to immigration and species-poor.

On the opposite pole of this “richness” scale are very rich communities such
as xerothermic swards or ash-alder submontane forests. Their case is also
different.

A xerothermic sward has a specific flora of higher plants which is very
species-rich, with many unique components growing only in that particular type
of habitat. Many species of extensively managed meadows and pastures ac-
company these core species, additionally increasing the richness.

The situation is still different in a submontane ash-alder forest. It holds only
a few characteristic species, but numerous species from other ecological groups
accompanying them (forest, meadow and spring species, submontane and
nitrophilous tall herb communities, etc.).

This shows that both “closed” and “open” plant communities can occur within
the same general habitat type (such as forest, meadow or grassland), since
these types may have different histories, ecological features and varied hu-
man impact.

There exist two types of “open” plant communities.

The first includes communities which are really open for species from various
ecological groups, due to their immanent differentiation, occurrence of a wide
set of microhabitats or specific features of their species composition. Examples
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are some Festuco-Brometea swards, thermophilous forests (Quercetalia
pubescentis-petraeae ordo) or ravine forests of Acerenion suballiance. These
types of communities, as shown by Cornwell & Grubb (2003), are recruited
from both nutrient-rich (forest communities) and nutrient-poor soils (swards).

The characteristic feature of the second type of “open communities” is their
species diversity with many common species coming from the neighbouring
communities due to their synanthropization, small patch size or greater perim-
eter/area ratio compared to the “closed” communities. The “open” communi-
ties are richer in plant species, even when they belong to the same phytoso-
ciological units as their “closed” vicarious subassociations (case of oak-horn-
beam or riparian forest, described in Chapter 4.). The majority of such spe-
cies-rich communities (submontane ash-alder forest, thermophilous and
nitrophilous tall herb communities, some synanthropic communities and their
complexes, meadows and swards) are “open” to immigration of common species,
due to their patch size, perimeter/area ratio or average intensity of anthropo-
pressure (e.g. Whitehead, Jones 1968; Tabarelli ef al. 1999; Moody 2000; Ma
et al. 2002; Decocq et al. 2004). Also the intensity of management plays an
important role. Traditionally managed meadows show a higher species rich-
ness compared to intensively cultivated ones (see also Myklestad, Segtersdal
2003).

The best exemplification of this problem is the occurrence of three differ-
ent groups of oak-hornbeam forest (Galio sylvatici-Carpinetum) within the
investigated material. Due to their different history of anthropopressure, the
three groups of the same forest association differ very much in their species
richness, and they are a good example of contiguous vector between the closed
(nearly natural forests of river valleys) and open communities (more inten-
sively managed forest of the Sudetes, divided into small patches and open to
immigration of non-native species) (cf. Wu, Vankat 1991; Holt et al. 1999;
Battles et al. 2001; Keeley 2002; Decocq et al. 2004). Only Lawesson et al.
(1998) found an opposite relationship, because of the more intensive manage-
ment in larger forest patches in Denmark, compared to smaller ones.

In conclusion:

1. The A4 coefficient is crucial for the distinction between the poor and the
rich communities. It was confirmed by Partel et al. (2001) that the intercept
of the curve is significantly positively correlated with the number of core species
and responsible for the a-diversity; Keeley & Fotheringham (2003) found that
it had “some predictive value in ecological communities” .

2. Its value conveys more information on species richness than the mean
number of species per releve. The phytosociological releves vary in size from
4 (pleustone or rock-dwelling communities) to 200 square metres (Chytry,
Otypkova 2003), however releves ranging from 1 to 1200 square metres are
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sometimes encountered. Comparison of such material is impossible — the in-
tercept of the curve can standardize this value

5.3.2. Rate of and reasons for the increase in biological diversity (the role
of B and z coefficients)

Since the slope coefficient (z or B) changes regularly due to the increase
in the combined area of patches investigated (as clearly shown by Crawley,
Harral 2001), it is not advisable to analyze the slope as a constant value, inde-
pendent from the area of plant communities taken into consideration. Count-
ing the slope coefficient is useful only in a situation analogous to that discussed
in the above mentioned paper, i.e. when the area of the plant community falls
between 1 m? and 5 ha. Crawley & Harral (2001) give a value of z for this
range of area size between 0.2 (1 m?) and 0.37 (25 ha), but with the maxi-
mum value of 0.53 to 0.57 for 1 ha and 4-ha plots, thus suggesting that “/n-
stead of one process determining changes in species richness across a
wide range of scales, different process might determine plant biodiversity
at different spatial scales”. However, the maximum value is reached not only
by simply increasing the area, but also by addition of new habitats, and when
the number of habitats is full, the slope coefficients rapidly drop. Also Sagar
et al. (2003) demonstrated that the z coefficient was significantly affected by
scale, and decreased with increasing scale. A similar result was obtained by
de Bello et al. (2007), who found that a-diversity followed a similar pattern
as z coefficient. Only Weiher (1999) suggests independence of z coefficient.

Another interesting finding by Crawley & Harral (2001) is that in species-
richer habitats (meadows and waste ground) the effect of changes in the s/ope
value is significantly lower than in species-poor habitats (forest and bracken).
These effects are due to the plant size (especially with very small patch ar-
eas), and to the more even distribution of species (comp. also Kilburn 1966).

The z coefficient may also be affected by habitat fragmentation and isola-
tion (Brooks ef al. 1997; Lomolino 2001a; Ovaskainen, Hanski 2003), or even
by grazing (de Bello et al. 2007) and may increase, which results in flattening
of the SPAR curve. It is also obviously latitude-dependent (Malyshev 1991 in
Hill 2001), varying from 0.038 in the Arctic tundra to 0.224 in southern Af-
rica. The value typical of central Europe (at wide scale) is z~0.15.

The slope coefficient B in the investigated cases varied from 5.38 to 109.24,
and z varied from 0.11 to 0.95. The maximum z values are higher than ever
described in the mentioned papers. I did not study the core/satellite species,
and thus have no grounds to claim that the slope coefficient is correlated with
the number of satellite species, as should be assumed. However 4 and B co-
efficients are highly positively correlated (»=0.82), and ¢ and z are correlated
in the same way (7=0.68).
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In conclusion: It means that they are interdependent, and the slope coeffi-
cient B independently does not play any important role in explanining plant species
richness in the analyzed cases (as opposed to such correlation found by e.g.
Kilburn 1966 or Niklas ef al. 2003). The use of slope coefficient as an index
of habitat heterogeneity is not justified either (see Wilson, Shmida 1984).

5.4. Discretion versus self-similarity of plant communities’ ?

For many years, almost since the advent of plant ecology, we have believed
that plant communities really or “almost really” exist and have their own “species
pattern” (Archibald 1949). Each community has distinct boundaries within which
its species composition is more or less homogenous, and the transition between
the communities is relatively quick. This belief was a cornerstone of every
phytosociological concept. This hypothesis is known as a discrete-community
concept, and it is quite a good explanation of local plant diversity, at least for
the temperate zone (cf. Condit et al. 1996, who suggest that tropical forests
lack well-defined communities).

On the other hand, many researchers, starting with Robert Whittaker, be-
lieve that these “really” existing communities are only artifacts, and plant species
respond primarily to the environment, and not necessarily in any coordination
with other, co-occurring species. Harte ef al. (1999a, 1999b) maintain that the
same pattern of heterogeneity is seen at all spatial scales, with no distinction
between communities and their neighbourhood. Wilson & Chiarucci (2000, 2001)
tried to support this theory, of the so-called “self-similarity”, by counting the
number of species in wide areas (Tuscany, Italy) from small patches of oak-
forest, but as rightly observed by Hills (2001) they failed. Their results were
probably only an artifact because they disregarded the changes of the slope
coefficient (z, as they used the power function) with increasing area (cf. Crawley,
Harral 2001). Maddux (2003) tested this hypothesis mathematically, and clearly
showed that the power law for the species-area relationship arose from the
probability rule only under special circumstances which depended upon the
specific bisection scheme used to break the landscape.

Green et al. (2003) found some support for fractal species-distribution, though
they also suggested that across spatial scales between 0.008 and 64 square
metres the species distribution was non-fractal. Some species used in their
study had spatial structure depending on their ecological requirements. On the
other hand, it may suggest that the self-similarity occurs only inside the commu-
nities, but not between them. Also other authors found more arguments against

7 The term self-similarity of plant communities comes from papers of Harte et al. (1999a),

Wilson, Chiarucci (2000, 2001) and Connor, McCoy (2001); in many earlier papers a
similar concept was described as continuous plant cover.
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the discrete-community theory than against the competing one, both empiri-
cal (Sagar et al. 2003) and theoretical (Maddux, Athreya 1999; Maddux 2003).
Yet, the debates still continue (Lomolino 2001a, 2001b, 2002; Lennon et al.
2002; He, Legendre 2002; Green et al. 2003; Ostling ef al. 2000, 2003, 2004).

In conclusion:

This paper is not capable of providing a full answer to this complex ques-
tion, but the results suggest that the borders between communities are sharp
rather than soft, and the self-similarity concept, although very interesting and
theoretically well justified, is of limited usefulness.

The main argument against the self-similarity concept, coming from my
studies, is the big difference in the number of species per 1 ha
(4 coefficient in the Gleason plot) recorded for closely related communities
(e.g. within various forest associations of the alliance A/no-Padion, even within
three different forms of Galio-Carpinetum).

5.5. Applicability of the power function to small patches

Papers dealing with the SPAR usually express a conviction that the classical
power function (S=cA4°) is useful only at bigger scales, e.g. plots of 1-3 ha (Gen-
try 1988; Tuomisto ef al. 1995), ones exceeding 2 ha (Plotkin et al. 2000) or
3 ha (Sagar et al. 2003). Furthermore, Dony (1977) found a significant change
in the slope coefficient for a plot of 0.25 ha (2500 square metres), suggesting
that the Gleason plot is useful only up to this size scale, and the SPAR in wider
areas should be described by power function.

Also Condit et al. (1996), using the power function, maintain that an area
containing 1000 tree trunks in a tropical forest would yield a prediction for the
number of species per 50 ha. Such an area varies from 1500 m? (Diptero-
carpaceae forest in central Malaysia) to 0.5 ha (Tectona grandis dominated
forest in Tamil Nadu, India). However, the methods of the grid-point system
employed by Condit et al. (1996) and Plotkin et al. (2000a) have weak points,
which were brilliantly discussed by Williamson (2003), and their results may
not be as significant as they thought. Finally, Sagar ef al. (2003) showed that
the slope coefficient in power function was significantly correlated with the
scale, and is decreased with increasing area.

In the cases analyzed however there are no distinct differences between
the results obtained with the Gleason plot and with the power function (see
Table 3). Determination coefficient »° calculated both from the first and the
second equation are similar. In some cases the Gleason plot seems to gener-
ate better prediction of the species number, because it gives higher 7 in 33
relationships (against power law — better 7 in 21 cases). This means that power
law may be useful not only for patches exceeding 1-3 ha, as was described in
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the mentioned papers, but also for very small ones (as suggested by Kilburn
in 1966). The power law was sometimes used for such areas not exceeding 2
square metres (e.g. Gonzales 2000). Keeley & Fotheringham (2003) found a
better fit of the power model in the majority of Medditerranean communities,
but the exponential model gave a better fit for communities with preponder-
ance of annual plants.

5.6. Small island effect — does it work within habitats?

Preston (1962a, 1962b), in his basic study of the species-area relationship,
was the first to notice the problem of “sigomidality” of the species-area curve.
He observed this effect, albeit without providing any explanation. The prob-
lem occurred on too small islands, which were not able to hold too many indi-
viduals, and in some areas which did not show the canonical SPAR. Lomolino
(2000c¢) and Lomolino & Weiser (2001), when looking for the border between
big and small islands (both marine and terrestrial), found a break-point value
T, (for plants) between 10'7 and 107* (50 and 6400 square metres, depending
on the investigated archipelago). In their hypothesis an area smaller than the
break-point value showed a small island effect, and the prediction of its spe-
cies composition by the power function or semi-log equation was incorrect.
The small island effect was confirmed in many cases (Lomolino 2000c) and
described in detail at least for some invertebrate (Connor et al. 2000) and
vertebrate communities (Connor et al. 2000; Lomolino, Perault 2000, 2001;
Lomolino, Smith 2003a, 2003b), but it seems to be an intuitive concept and should
be applicable also to plant communities.

This problem needs further studies, with a necessary search for data that
would fit the sigmoidal-hill function proposed by Lomolino (2000c). However,
as the species pool for each community is open (due to the occurrence of common
species), the S will always be only a theoretical construct as it approximates
the asymptote (Lomolino 2000c; Williamson et al. 2001; Bartha, Ittzes 2001).

In conclusion: The area of most habitat patches analysed in this paper is
within an exactly specified range (the area of a community varied from 1 square
metre to a few ha), however the data analysis showed no break-point, con-
trary to what was predicted by Lomolino (2000¢) or Lomolino & Weiser (2001).
All the patches analysed showed features of islands beyond the upper limit of
SIE, where plant species diversity appears to be more deterministic and can
be predicted based on the area size and ecological factors. Probably, the rea-
son is that the data were analysed not as related to independent islands, but
as an element of the habitat, and the habitat’s capacity for holding the suit-
able number of species is constant within each community.
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5.7. Consequences for the SLOSS problem

The SLOSS (Single Large or Several Small — Higgs, Usher 1980) prob-
lem has not really been defined yet or — at least — the definition seems insuf-
ficient. As shown by the sigmoidal SPAR models (Williams 1995; He, Legendre
1996, 2002; Lomolino 2000c, 2001b; Lomolino, Weiser 2001), the real prob-
lem of SLOSS may be defined at least for the moment when the area is wider
than the T, value, and it allows for in situ speciation. The results of the cur-
rent work permit to say that small habitat patches could play for plant species
the same ecological role as a single well-preserved patch, of an area equal to
combined small patches, at least when we consider the local higher plant di-
versity. This has also indirectly been indicated by the results of Price (2004)
pertaining to the Maui Nui island complex, or by Oertli e a/. (2002) in ponds
of Switzerland. The real problem of SLOSS lies in the areas below the T, (“break-
point” in the sense of Lomolino, Weiser 2001; Lomolino, Smith 2003a), where
the habitat patches are unable to exist independently, as they are too sensitive
to external and stochastic catastrophes; and beyond the T, (above the second
break-point on the sigmoidal curve), where independent speciation could take
place (e.g. Losos, Schluter 2000). Within the “terrestrial islands” such a problem
seems to be non-existent, as far as they are able to preserve ‘specific fea-
tures’ of their habitats’®.

Obviously, there are more factors which should describe this relationship
(e.g. isolation, edge effects, local habitat conditions — Lomolino ef al. 1989;
Lomolino 2001b; Connor, McCoy 2001), but the tendency seems to be gen-
eral. Some of the data presented (e.g. Simberloff, Abele 1976; Cole 1981;
Godefroid, Koedam 2003) show that the total number of species in a collec-
tion of small forest patches or islands is significantly higher that in one or two
big islands, and the difference is not quantitative but qualitative in nature — big
patches can hold some ancient forest species not occurring in smaller ones.
The effect is important for conservation biology, but it may be created not only
by the mere area size, but also by the history of such big patches. The biggest
patches also reduce the risk of species extinction — it is an obvious conse-
quence of the canonical island biogeography theory (Mac Arthur, Wilson
1963, 1967; Simberloff, Wilson 1969; Lomolino 2001a; Godefroid, Koedam 2003),
but from the point of view of their species biodiversity the turnover is still in
progress.

On the other hand, however, the largest islands examined by Cole (1981)
and Chown et al. (1998) are more attractive to immigrating species due to

8 This consideration is justified mainly for organisms occupying small areas, such as plants,
fungi, molluscs and many vertebrates, not for migrating species or mammals which need
a minimum critical area to persist.
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their higher probability of propagule transfer and habitat heterogeneity. In fact,
all the investigations suggest that the more islands the more habitats; even when
they have the same type of habitat, their internal heterogeneity increases with
the expanding area.

Though larger areas can hold more species and will be more attractive to
core species, the patch size is not the only factor determining the biodiversity.
On the other hand the quality of local flora (ratio of core species to ubiquitous
species) was not studied here, and many authors (cf. Whittaker, Fernandez-
Palacios 2007, p. 276—178) proved the occurrence of edge effect, which dra-
matically changes the quality of the flora in small patches. Connor et al. (2000)
suggest that (in case of animals) a few large patches of a suitable habitat could
accomodate more species than a regional network of small and large habitat
patches.

In conclusion: As mentioned earlier, I did not confirm the small island ef-
fect concerning plant species number. There is no reason to suppose that the
SLOSS problem is really relevant to preservation of good quality habitat patches,
in their internal species capacity. The same result was obtained for plants of
forest patches in Belgium (Honnay et al. 1999; Piessens et al 2004) and montane
mammals of southwest U.S.A (Patterson 1986). The ‘key-habitat’ concept
in Scandinavian forest protection (Monkkonen 1999) or in distribution of for-
est birds in the Andaman Islands (Davidar et al. 2001) also refers to this as-
sumption. In the case of Mediterranean communities also several medium size
reserves could support more species than one large area (Venegas et al. 2008).

6. Conclusions

1. Each plant community has a defined species capacity (or saturation),
depending on its immanent diversity of biotic and abiotic factors. The possi-
bility to predict the number of species in this community depends exclusively
on the patch size. Each set of patches of a plant community represented in
one phytosociological table can be treated as an exemplification of one uni-
form habitat island of a size comparable to the combined acreage of the patches.
Individual SPAR relationships exist for various kinds of habitats treated as single
syntaxonomic units, their parts, or higher units such as alliance or order.

2. Fifty eight SPAR relationships were recognised in the investigated area
(south-western Poland), either for single phytosociological units (associations
or even their geographical forms) or for higher syntaxonomic units (alliances,
orders or even classes). Depending mainly on the available material, the val-
ues obtained for single units were much more precise and of greater statisti-
cal significance.
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3. The most meaningful results were obtained for forest communities, in
most cases determination coefficient 7’ exceeded 0.8 and its statistical sig-
nificance was very high. Within well-defined and properly described forest
communities the influence of area per se explains 90% of its number of higher
plant species per plot.

4. The highest determination coefficient was obtained for communities with
a relatively long history of spontaneous evolution, and of almost natural ori-
gin, in most cases protected in nature reserves or within areas with relatively
low forestry impact. Such communities have at the same time lower inter-
cept of the curve A compared to more intensively managed communities.

5. Among the non-forest natural communities the best results of high statisti-
cal significance were obtained for some rush, sedge and rock-dwelling communi-
ties. The determination coefficient 7 also exceeded 0.72 for these habitat types.

6. The SPAR relationships of seminatural and synanthropic communities
were in most cases weaker than for the forests and natural non-forest com-
munities. The number of plant species per plot size depended on the level of
anthropopressure in each habitat patch, and many satellite species occurred
there.

7. The relationship between the number of habitats and the number of common
species had allometric properties. The value of coefficient  varied from 0.24
to 0.32.

8. A simple y-diversity prediction model was proposed, explained and tested
based on 18 equal-sized plots in the Stotowe Mts. and 13 unequal-sized areas
(south-western Poland nature reserves). For the equal-size areas (®=0.29 or
®=0.3) the difference the actual and predicted species number did not exceed
12%. For the unequal-sized areas (©=0.30-0.32) the difference did not ex-
ceed 12% either.

9. The 4 coefficient for the analysed data varied from 20.08 to 243.63, and
¢ varied from 1.33 up to 3.12. Their values are crucial for distinguishing be-
tween poor and rich communities. The intercept of the curve (or initial tra-
Jjectory in power law) is significantly positively correlated with the number of
core species and is responsible for the a-diversity.

10. The A4 coefficient is a better approximation of community plant species
richness, than the mean number of species per releve, used previously in phy-
tosociology.

11. The slope coefficient B in the investigated cases varied from 5.38 to
109.24, and z varied from 0.11 to 0.95. The maximum z value was higher than
ever described in pertinent literature. I did not study the problem of core/sat-
ellite species, and thus have no grounds to claim that the slope coefficient is
correlated with the number of satellite species. However 4 and B coefficients
are highly positively correlated (»=0.82), and ¢ and z are correlated in the same
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way (r=0.68). It means that they are inter-dependent, and the slope coeffi-
cient B alone does not play any important role in the explanation of plant spe-
cies richness in the analyzed cases.

12. In the cases analysed there was no distinct difference between the results
obtained with the Gleason plot and the power function (see Table 3). Deter-
mination coefficients 7 calculated from the first and the second equation were
similar. The Gleason plot seemed to be a better predictor of the species num-
ber in more cases, because it gave higher » in 31 relationships (against power
law — better 7 in 23 cases). It means that power law may be useful not only
for patches exceeding 1-3 ha, as described in many papers, but also for very
small ones.

13. All the patches analysed show features of islands beyond the upper
limit of small island effect area, where plant species diversity appears to be
more deterministic and can be predicted based on the area size and ecologi-
cal factors. Probably, the reason is the fact that the data were analysed not
as related to independent islands, but as an element of the habitat, and the habitat’s
capacity for holding the suitable number of species is constant within each
community

14. Since I did not confirm the small island effect concerning the number
of plant species, there is no reason to suppose that the SLOSS problem is relevant
to preserving good quality habitat patches, in their internal species capacity.
Larger areas could hold more species and would be more attractive to core
species, but the patch size is not the only factor determining its biodiversity.
On the other hand, the quality of local flora (ratio of core species to ubiqui-
tous species) was not studied here.
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Streszczenie

Wstep

Sformutowane przez Arrheniusa (1921, 1923a, 1923b) oraz Gleasona (1922,
1925) réwnania opisujace zalezno$¢ pomigdzy przyrostem powierzchni, a wzrostem
liczby gatunkow naleza do najstarszych modeli matematycznych stosowanych
w ekologii, a ich uzytecznos¢ dla tej gatezi wiedzy rzadko bywa kwestionowana.
Pierwsze obserwacje dotyczace takiej zaleznos$ci wystepuja juz w literaturze
XIX wiecznej, jednak dopiero w latach 20-tych ubiegtego wieku zaleznos¢ ta
uzyskata swoje sformulowanie matematyczne.

Popularno$¢ modeli SPAR jest tak szeroka, ze czgsto okresla si¢ je jako
jedno z gtownych praw ekologicznych — znalazty zastosowanie w teorii wysp,
teorii metapopulacji oraz ochronie przyrody, jako jedno z gléwnych narzedzi,
pozwalajacych na przewidywanie prawdopodobienstwa wymierania gatunkow
jako rezultatu postepujacej fragmentacji sSrodowiska przyrodniczego.

W chwili obecnej wyrdzniamy trzy gtowne podejscia do modeli SPAR.

Pierwszy wynika z gtownych zatozen biogeografii wysp, gdzie zaleznos¢
pomigdzy powierzchnia wyspy, a liczba gatunkéw (takze izolowanego fragmentu
siedliska) wynika gtéwnie z samego wzrostu powierzchni wyspy i nie jest zwigzana
dodatkowo z innymi czynnikami.

Druga koncentruje si¢ na zroznicowaniu siedlisk, jako gtownym powodzie
wystepowania takiej zaleznos$ci i zgodno$ci modeli SPAR ze stanem obserwo-
wanym w przyrodzie. Za jej duchowego ojca uwaza si¢ Forstera, przyrodnika
towarzyszacego w podrdzy stynnemu kapitanowi Cookowi.

Trzecia koncepcja, znana pod nazwa ,,passive sampling hypothesis”, uznaje
za gléwna przyczyng funkcjonowania modeli SPAR losowe rozmieszczenie
osobnikéw badanych grup w przestrzeni — jest rzecza oczywista, ze wigksze
fragmenty przestrzeni (wyspy lub platy siedliska) beda zawieraty wigkszg liczbe
osobnikdw, a co za tym idzie takze i gatunkow.

Szeroka zgoda panuje tylko co do dwoch podstawowych twierdzen: ze liczba
gatunkow faktycznie wzrasta wraz z wielkos$cia powierzchni oraz, ze szybko$¢
tego przyrostu maleje wraz ze wzrostem tejze powierzchni. Jednak natura oraz
szczegdlowy opis tej zaleznosci pozostaja nadal przedmiotem wielu dyskusji
1 sporow.

1. Glowny cel badan

Mozliwa korelacja pomigdzy liczba gatunkéw a powierzchnig poszczegolnych
zbiorowisk roslinnych oraz ich mozaiki, posiada nie tylko znaczenie teoretyczne,
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ale takze donioste znaczenie praktyczne, umozliwiajace wykorzystanie
uzyskanych modeli w planowaniu ochrony réznorodnosci gatunkowej obszarow
o niedostatecznie poznanej roslinnosci oraz dla okreslenia stopnia degeneracji
poszczegdlnych obszarow pod wptywem antropopres;ji.

Do najwazniejszych celow niniejszej pracy nalezy wige zaliczy¢:

¢ okreslenie mozliwosci sformutowania modelu, ktory pozwoli na przewidy-
wanie liczby gatunkow rosélin naczyniowych w zroznicowanych uktadach
zbiorowisk roslinnych o réznych powierzchniach — zaréwno poszcze-
gblnych zbiorowisk, jak i roznych powierzchniach catkowitego obszaru;

e opis modeli SPAR dla poszczegdlnych zbiorowisk roslinnych znanych
z terenu Polski pd.-zach., z maksymalna doktadno$cia, jaka mozna wysnué
ze zrdéznicowanych danych podstawowych;

e weryfikacja proponowanego modelu predykcyjnego przy uzyciu danych
uzyskanych z poszczegdlnych relacji SPAR dla dobrze rozpoznanych
florystycznie i fitosocjologicznie obszarow z terenu Polski pd.-zach.

¢ dyskusja nad konsekwencjami zaprezentowanego modelu i jego funkcjono-
wania w praktyce, w kontekscie roznych aspektow zaleznosci SPAR
omawianymi obecnie w $wiatowej literaturze dotyczacej tego zagadnienia.

2. Modelowanie a- i y-réznorodnosci

2.1. Krok pierwszy — czy zawsze mozliwe jest bezposrednie zastosowanie
modeli SPAR

Wszystkie dotychczas badane modele species-area relationship posiadaty
wyraznie okreslony obszar oraz grupe istniejacych (a czasem wymartych)
organizmow i w wigkszosci przypadkow modele wykazywaty istotny statystycznie
wzrost liczby gatunkow zgodnie z powigkszaniem sig obszaru. Za kazdym razem
mozna przyjac takze, ze modele te posiadaly swoja warto$¢ prognostyczna,
jednak kazdorazowo wartos$¢ ta dotyczyta wybranego obszaru i wybranej grupy
gatunkéw — nie miata wigc charakteru predyktywnego, gotowego do przeniesienia
na inny teren. Latwo udowodnié to twierdzenie podstawiajac do klasycznego
wzoru Gleasona, przedstawiajacego zalezno$¢ SPAR w formie logarytmiczne;j,
zbior niejednorodnych danych dotyczacych obszardéw o réznej powierzchni i
roznej florze naczyniowej (tabela 1). Jak wynika z rysunku 1 oraz rysunku 2 —
proba okreslenia zaleznosci SPAR dla wybranych 28 dobrze zbadanych
powierzchni na terenie Polski pd.-zach. wydaje si¢ nie spetnia¢ przewidywanej
zalezno$ci. Nawet jesli przygladamy sig rys. 1 i rys. 2 zaleznos¢ ta wyglada
stabo, natomiast proba okreslenia rownania regresji dla modelu (przy zalozeniu
logarytmicznej zalezno$ci obu warto$ci) wykazuje nie tylko bardzo niski
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wspotczynnik determinacji, ale takze brak jego istotnosci statystycznej (p=0.087,
r’=0.1). Nie znaczy to oczywiscie, ze zalezno$¢ opisywana przez setki
naukowcoéw od 80 lat nie istnieje dla tego zbioru danych — jednak jej opis nie
jest prosta pochodna obszaru badanych obiektow.

Wigkszos¢ dotychczas badanych obszardéw dotyczyta obiektow o charakterze
jednorodnym pod wzgledem siedliskowym — kiedy badane sa uktady, na ktore
sktada sig wiele roznych zbiorowisk roslinnych, zalezno$¢ ta staje si¢ bardziej
ztozona.

2.2. Krok drugi — kazde zbiorowisko roslinne posiada wlasny model
species-area relationship.

Podczas gdy zdefiniowanie podstawowych cech zaleznosci SPAR nie jest
rzecza trudna, to doktadne okreslenie tego, co jest, a co nie jest siedliskiem,
jakie nalezy rozpatrywaé¢ w odniesieniu do roznych grup organizmow, nie jest
juz takie proste. Po pierwsze, zdefiniowanie siedliska zalezy od samego charakteru
grupy taksonomicznej, dla ktorej staramy sig okresli¢ zaleznos¢ SPAR. Czym
innym jest siedlisko duzego gatunku ssaka, przekraczajace nieraz 1000 km?,
a czym innym ladowego migczaka, ktory moze spedzi¢ cate zycie na obszarze
nie przekraczajacym powierzchni kilku metrow kwadratowych.

Z praktycznego punktu widzenia, najprosciej jest definiowaé siedliska
gatunkow roslin naczyniowych, bedacych przedmiotem zainteresowania niniejszej
pracy, po prostu jako poszczegdlne zbiorowiska roslinne. Nasza obecna wiedza
na ich temat pozwala wigkszo$¢ ze zbiorowisk (lub ich zespotow) okresli¢ jako
unikalne ,,jednostki biotyczne”, ktorych struktura gatunkowa jest rezultatem
warunkow abiotycznych, wzajemnych zalezno$ci pomigdzy gatunkami, historia
flory danego regionu, stopnia antropopresji oraz szeregu innych czynnikow.
Zbiorowiska roslinne stanowig wigc swoista odpowiedz przyrody na czynniki
srodowiskowe i antropogeniczne, co czyni z nich (niezaleznie od stopnia izolacji
i charakteru samego zbiorowiska) przyktady ,,wysp srodowiskowych” w sensie
powszechnie nadawanym temu pojgciu w literaturze przedmiotu.

Wigkszo$¢ autoréw badajacych zaleznosci pomigdzy wystgpowaniem liczby
gatunkoéw a zmienno$cia siedliskowa (cho¢ z uwagi na rozbieznosci badanych
grup systematycznych definicje ,,siedliska” bardzo roéznity si¢ w poszczegolnych
pracach) dowiodto wystepowania takiej zaleznosci, a jedynie pojedyncze prace
zaprzeczaty jej wystgpowaniu. W wielu wypadkach dotyczyto to ptatow lub
wysp o niewielkich rozmiarach, na ktorych wystepuja naturalne fluktuacje liczby
osobnikow (a wigc takze gatunkéw) powodowane przez ,,small island effect”.

Wigkszos¢ z danych zawartych w literaturze przedmiotu, szczeg6lnie od czasu
sformutowania hipotezy ,,metacommunity”, zdaje si¢ potwierdza¢ fakt, ze kazda
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wyspa siedliskowa, a wigc w omawianym przypadku — sasiadujace ze soba
zbiorowiska roslinne, posiadaja wtasny, specyficzny zbior gatunkéw o liczbie
dazacej do osiagnigcia wysycenia (saturation), z ktéorych przynajmniej czg$¢
jest swoista dla danego zbiorowiska. Pozwala to sformutowac hipotezg, iz dla
kazdego ze zbiorowisk mozliwe jest opisanie immanentnego modelu species-
area relationship. Co wigcej — zatozenia hipotezy ,,metacommunity ” oraz niektore
z wynikow badan prowadzonych na wyspach oceanicznych, pozwalaja takze
zatozy¢, ze liczba gatunkow wystepujacych na sasiadujacych ze soba, lecz
komunikujacych si¢ ,,wyspach”, jest w przyblizeniu réwna liczbie gatunkow
wystepujacych na obszarze, stanowiacym rownowarto$¢ obszaru potaczonych
ze soba wysp.

2.3. Krok trzeci — wstegpne uwagi do mozliwosci przewidywania
roznorodnosci gatunkowej w zlozonych ukladach siedliskowych.

Przejscie od roznorodnosci gatunkowej wybranego ekosystemu (siedliska,
zbiorowiska roslinnego) do sumy liczby gatunkdéw na bardziej ztozonym obszarze,
nie jest prosta suma gatunkow wystepujacych w badanych pojedynczo
zbiorowiskach. Najwazniejszymi problemami, jakie nalezy rozwiaza¢ przy
modelowaniu y-r6znorodnosci sa:

- zalozenie istnienia miary réznorodnosci gatunkowej zaleznej od liczby
siedlisk;

- rozpoznanie duzych réznic w bogactwie gatunkowym poszczegdlnych
zbiorowisk, zaleznym od warunkéw abiotycznych i stopnia antropopres;ji;

- wystgpowanie gatunkéw wspolnych dla réznych typow zbiorowisk
roslinnych, co uniemozliwia przedstawienie liczby gatunkow wigkszego,
niejednorodnego obszaru jako sumy gatunkéw w poszczegdlnych
zbiorowiskach

- ,small island effect”, ktory moze by¢ zrédtem btedow w okreslaniu liczby
gatunkoéw w zbyt matych lub izolowanych ptatach.

2.4. Krok czwarty — od réznorodnos$ci gatunkowej pojedynczego
zbiorowiska do roznorodnosci gatunkowej ukladow wielozbioro-
wiskowych.

Jak podkreslano w poprzednim rozdziale, obliczenie liczby gatunkéw
w dowolnym obszarze przez proste okreslenie mozliwej liczby gatunkéw dla
pojedynczych typow zbiorowisk, a nastepnie ich sumowanie w uktadach
wielozbiorowiskowych nie jest mozliwe wskutek wystepowania duzej liczby
gatunkoéw wspolnych.
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Jako miare ré6znorodnosci gatunkowej, usrednionej dla zbiorowisk wystepu-
jacych na danym terenie, zaproponowano srednia liczbg gatunkow na zbiorowisko.
Nie mowi nam ona wiele o realnej réznorodnosci kazdego z typow siedlisk,
jednak jest dobrym przyblizeniem pozwalajacym na uzycie w nastgpnych etapach
wnioskowania.

Oczywiscie miara ta ma swoje wady. Mozna bowiem wyobrazi¢ sobie uktad
wielozbiorowiskowy, w ktorym poszczegdlne typy zbiorowisk sa tak rdzne, ze
nie maja zadnych gatunkow wspdlnych, ponadto znaczaco réznig sig liczba
gatunkow (np. platy torfowisk sasiadujace z murawami kserotermicznymi). Na
szczgscie w przyrodzie uktady takie sa bardzo rzadkie.

2.5. Krok piaty — liczba gatunkow wspolnych jest zwiazana z liczba
zbiorowisk.

Tylko skrajnie nieliczne gatunki roslin naczyniowych sa $cisle zwiazane
z okreslonym typem siedliska. Duza cz¢$¢ z nich wystgpuje w obrebie jednego
ze zbiorowisk (core species), sporadycznie jednak przechodzac takze do innych,
a wiele wystgpuje jako gatunki towarzyszace, niespecyficzne dla zadnego
okreslonego zbiorowiska lub tylko dla ich grupy (np. gatunki ogolnolesne, czy
pospolite gatunki termofilne). Gatunki te okreslone sa w niniejszej pracy jako
,»Wspolne” (common species).

Jak wielokrotnie udowodniono to w literaturze przedmiotu, wystgpowanie
gatunkdéw wspdlnych lub tez ich niewielkich grup bardzo utrudnia przeprowadzenie
aproksymacji roznorodnosci gatunkowej dla wigkszych obszarow.

Przyjeto wige, ze liczba gatunkdéw wspolnych jest zwiazana z liczba zbiorowisk
na badanym terenie, oraz ze zalezno$¢ ta przybiera charakter allometryczny.
Zaleznosci allometryczne wielokrotnie wykazaly swoja skuteczno$¢ w badaniach
ekologicznych, a poczynajac od rownania Arrheniusa maja takze dtuga tradycje
w badaniach geobotanicznych i wielokrotnie byty tu stosowane.

Zaproponowano wspotczynnik @ o wartosci zblizonej do kanonicznej wartosci
wspotczynnika z w rownaniu Arrheniusa (0.26), zaktadajac, ze wspotczynniki
te posiadaja wspolne cechy zwiazane ze wzrostem liczby gatunkéw w zaleznos$ci
od obszaru lub liczby siedlisk.

2.6. Krok ostatni — najprostszy mozliwy model.

Zaproponowano prosty model wiazacy teoretyczna liczbe gatunkoéw uzys-
kanych z modeli SPAR dla kazdego z typow zbiorowisk, dla ktérego mozliwe bedzie
pozyskanie danych z liczba gatunkéw wspdlnych i liczba siedlisk (réwnanie 5).
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3. Testowanie modelu

Dla sprawdzenia mozliwosci predykcyjnych przewidywanego modelu
konieczne byto:
- okreslenie modeli species area-relationship dla poszczegdlnych typow
zbiorowisk, w oparciu o zbior danych pozyskanych z literatury zrodtowe;j;
- wybor dobrze zbadanych obszaréw, skad znana jest zarowno liczba
gatunkow roslin naczyniowych, jak i mapy roslinnos$ci rzeczywistej;
- sprawdzenie funkcjonowania modelu poprzez podstawienie do niego
danych pochodzacych z badan terenowych.

3.1. Zasieg geograficzny obszaru pochodzenia danych

Badania zaleznosci pomigdzy powierzchnia siedlisk, a wystepujaca na niej
liczba roélin prowadzitem dla obszaru Dolnego Slaska i Opolszczyzny (Polska
pd.-zach.). Obszar ten obejmuje okoto 33.000 km?, co stanowi okoto 10%
powierzchni Polski.

Badania postanowitem ograniczy¢ do jednego, okreslonego regionu
geograficznego i wylacznie do roslin naczyniowych z uwagi na:

- wzgledna jednorodno$¢ pochodzacych z jego obszaru danych;

- zblizone warunki klimatyczne catego obszaru;

- jednorodne i dobrze rozpoznane “species pool”, sktadajace si¢ z gatunkow
typowych dla niewielkiego wycinka szeroko$ci geograficznej, co jest istotne
dla uzyskania jednorodnych rezultatow w badanych modelach;

- zmienng liczbg gatunkow mszakdw 1 watrobowcow w tabelach fitosocjolo-
gicznych.

A. Jednorodnos$¢ danych

Dany teren badany jest od wielu lat przez zespot geobotanikow wywodzacych
si¢ z jednego osrodka (Uniwersytet Wroctawski), co pozwala zatozy¢, ze
stosowane przez nich techniki i podejscie metodyczne do prac terenowych
i opracowania kameralnego danych sa, jesli nie identyczne, to bardzo do siebie
zblizone. Mtodzi pracownicy naukowi kazdego osrodka ucza si¢ podstaw
geobotaniki od starszych kolegéw i sami nastgpnie przekazuja je nastgpcom.
Gwarantuje to ciagtos¢ metody i sposobu interpretacji danych, czemu sprzyja
ponadto stala wymiana informacji, takze niepublikowanej. W przypadku badan
nad SPAR uzyskanie jednorodnych metodycznie danych wyjsciowych jest
szczegoOlnie istotne, gdyz dane pozyskane réoznymi metodami moga doprowadzié¢
do btednych wnioskow.

B. Klimat
Polska potudniowo-zachodnia jest regionem zroznicowanym pod wzglgdem
klimatycznym, jednak na tle klimatycznej mapy Polski ujawnia pewne cechy
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wspolne. Naleza do nich przede wszystkim wyrazne wpltywy klimatu
oceanicznego, przejawiajace si¢ w postaci podwyzszonych opadow i wyzszych
$rednich temperatur rocznych. Cechy te Polska pd.-zach. dzieli z Ziemia Lubuska
i Pomorzem Zachodnim. Jednocze$nie Luk Hercynski, ostaniajacy caty region
od strony potudniowej, jest przyczyna powstawania zjawisk klimatycznych
specyficznych dla potudnia Polski (a wigc takze dla tuku Karpat) jak wiatry
fenowe lub inwersje temperatury. Powoduje to, ze szata roslinna Polski pd.-
zach. charakteryzuje si¢ m.in. duzym udziatem gatunkoéw elementu atlantyckiego
oraz wspotwystepujacych z nimi gatunkdéw gorskich, a takze obecnoscia szeregu
zbiorowisk roslinnych o charakterze zachodnio- i potudniowoeuropejskim. Mimo
niewatpliwej réznorodnosci, zwiazanej gtownie z wysokoscia nad poziomem
morza przyjatem, ze badany obszar stanowi zdefiniowana i zamknigta jednostke
biogeograficzna. Zr6znicowanie obszaru (pod wzgledem topograficznym,
klimatycznym, wysokosciowym i siedliskowym) zapewnia jednocze$nie, iz
ewentualne modele beda odnosity si¢ do terenu bardziej urozmaiconego niz
jedna tylko jednostka geobotaniczna i pozwola na przesledzenie zaleznosci
obszaru i liczby gatunkéw dla roznych typow siedlisk nizinnych i gorskich.

C. ,,Species pool”

Modele SPAR umozliwiajace prognozowanie liczby gatunkow na obszarach
ladowych sa z reguly ograniczone w swoim zasiggu do obszaréw o jednolitym
charakterze siedliskowym i jednoznacznie okreslonym charakterze geogra-
ficznym. Kazdy z modeli posiada inne wspotczynniki rownan, ktére otrzymuje
si¢ poprzez analiz¢ danych empirycznych. Model stuzacy do prognozowania
musi, bazujac na danych empirycznych z okreslonego terenu, zamykac sig
jednoczesnie w jego granicach. Dopiero po sprawdzeniu modelu w danym terenie
mozliwe sa proby jego aplikacji na obszary sasiadujace.

D. Liczba gatunkéw mszakéw i watrobowcow

Badania ograniczytem do ro$lin naczyniowych, gdyz wzory rozmieszczenia
ro$lin naczyniowych i zarodnikowych bardzo si¢ r6znia, ponadto tylko niewielka
cze$¢ badan fitosocjologicznych prowadzona byta z udziatem specjalistow
z zakresu bryologii. W tym przypadku tabele fitosocjologiczne sa znacznie
bogatsze w gatunki ro$lin zarodnikowych.

3.2. Dane zrodlowe

Cze$¢ pracy oparta o dane zrodtowe, ktorej wyniki prezentowane sa w tabelach
i zalacznikach, obejmuje okreslenie relacji pomigedzy powierzchnia, a liczba
gatunkow roslin naczyniowych, jaka wystepuje w poszczegodlnych zbiorowiskach
roslinnych lub typach zbiorowisk, pojmowanych jako wyzsze jednostki
fitosocjologiczne (w randze zwiazku, wyjatkowo rzedu lub nawet klasy).
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Badania rozpoczatem od stworzenia bazy danych, w ktorej zawartem
podstawowe dane z tabel fitosocjologicznych opublikowanych z terenu Polski
pd.-zach. w latach 1960-2002. Nie uwzglgdniatem sporadycznie dokumento-
wanych w literaturze zbiorowisk kadlubowych, klasyfikowanych na poziomie
klasy lub rzedu, badz niemozliwych do umiejscowienia w systemie zbiorowisk
roslinnych Polski. Dane te obejmowaty: nazweg zespotu lub zbiorowiska, taczna
liczbe gatunkéw w tabeli, aczna powierzchnig zdj¢¢ fitosocjologicznych oraz
— dodatkowo s$rednie liczby gatunkéw w zdjeciu i srednie powierzchnie zdjgc.
Ze wszystkich tabel kazdorazowo wytaczylem rosliny zarodnikowe, co wymagato
przeliczania i odjgcia ich liczby i udziatu w poszczegolnych zdjeciach. Badaniami
objatem wszystkie udokumentowane w literaturze zbiorowiska roslinne z terenu
Polski pd.-zach. — tacznie 750 tabel fitosocjologicznych reprezentujacych 223
zespoly i zbiorowiska ros§linne. W analizie wykorzystano dane dotyczace 173
syntaksonow zebrane w 667 tabelach — pozostale reprezentowane byly w postaci
pojedynczych tabel (mniej niz 5) lub w tabelach o niedostatecznej liczbie zdjgc¢
fitosocjologicznych (trzy i mniej). Podsumowanie danych o tabelach uzytych
w analizie oraz z niej wykluczonych znajduje si¢ w Appendix VII do niniejsze;j
pracy.

Przyjatem, ze liczba gatunkéw w danym zespole lub zbiorowisku pozostaje
w zalezno$ci od powierzchni, niezaleznie od tego, czy stwierdzone ptaty
zbiorowiska znajduja si¢ obok siebie, czy tez sa rozdzielone terytorialnie —
podstawy takiego zalozenia wynikaja z teorii ,,metacommunity” oraz kilku prac
naukowych, w ktorych wykazano, iz liczba gatunkéw wystepujacych
w archipelagu izolowanych wysp jest zblizona do liczby gatunkow wystepujacych
na jednolitym obszarze o powierzchni réwnej tacznej powierzchni wysp. Tym
samym kazda tabela fitosocjologiczna reprezentuje tu jedna wyspg siedliskowa,
a ich warto$¢ dla analiz SPAR powinna by¢ rownowazna z jednolitym obszarem
o podanej powierzchni, zajetym przez jednorodny zespot roslinny.

Jedyna mozliwa w zastosowaniu miara roznorodnosci byta liczba gatunkow
roslin naczyniowych. Tabele fitosocjologiczne nie zawieraja danych wystarcza-
jacych dla obliczenia indeksu Fishera, wspolczynnika koncentracji Simpsona
lub innych miar ré6znorodnosci biologicznej. Liczono wszystkie wystepujace
w tabelach taksony roslin naczyniowych, poza nieutrwalonymi mieszancami
oraz taksonami oznaczonymi tylko do rodzaju. Rodzaj Taraxacum w dostgpnym
materiale literaturowym jest podawany z doktadnoscia do sekcji, podobnie jak
niektore wystgpujace w tabelach notowania rodzaju Rubus. W tym przypadku
notowano wystapienie jednego taksonu. Inne rodzaje o trudnej systematyce
(Alchemilla, Rosa, Hieracium) sa w tabelach z badanego terenu oznaczane
z doktadnoscia do gatunku, zgodnie z dostgpnymi w danych okresach kluczami
lub listami gatunkow (Szafer et al. 1979, Tutin et al. 1964—1979, Mirek et al.
2003), co pozwolito na uwzglednienie ich pelnej zmiennosci gatunkowej. Roznice
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w nomenklaturze dotyczacej poszczegdlnych gatunkow nie sa w tym przypadku
znaczace, gdyz kazdorazowo pod okreslona nazwa notowany byt tylko jeden
takson.

Dane zebrane w tabeli zbiorczej (Appendix VII), obejmujacej podsumowanie
danych uzyskanych z 667 tabel fitosocjologicznych, zostaty nast¢pnie podzielone
na tabele potomne, z ktorych kazda reprezentowata jeden zespoét roslinny lub,
w przypadku mniejszej liczby danych — wyzsza jednostke fitosocjologiczna.
Analizowalem wylacznie zaleznosci dla 5 i wigcej dostgpnych tabel. Nazwy
zbiorowisk roslinnych i klasyfikacja syntaksonomiczna wg W. Matuszkiewicza
(2001) 1 J. M. Matuszkiewicza (2001), poza ujeciem klasy Asplenietea
trichomanis (Swierkosz 2004). Pojedyncze tabele zostaly wytaczone z analizy,
wskutek wystepowania znacznych odchylen od typu zbiorowiska — szczegdlnie
dotyczy to stabo zbadanych zespolow, ktore wymagaja dalszych badan
fitosocjologicznych nad ich wewngtrznym zréznicowaniem. Kazdorazowo
wylaczenie takie jest uzasadniane.

3.3. Metody analizy

Analizy statystyczne wykonywano przy wykorzystaniu narzedzi programu
Statistica 7.1, w modutach Estymacja nieliniowa, Statystyki nieparametryczne
oraz Podstawowe statystyki i tabele.

Analizy stosunku liczby gatunkow do powierzchni dla poszczegolnych
zbiorowisk roslinnych lub wyzszych jednostek syntaksonomicznych prowadzitem
w module Estymacji nieliniowej programu Statistica 7.1, przy zastosowaniu
rownania Gleasona (1922) w modyfikacji Maya (1975), oraz rownan Arrheniusa.

Przy opisie kazdego zbiorowiska (Appendix I i II) podano Zrodta danych
oraz niezbgdne dane statystyczne (V, $rednie, rozklad S i 4). Kazdorazowo
przeprowadzono analizg¢ reszt w zakresie rozktadu reszt (oczekiwany rozktad
normalny) oraz sprawdzono rozkltad wartosci przewidywanych wzgledem
resztowych (oczekiwany rownomierny rozrzut wokot x=0).

W rownaniach Arrheniusa i Gleasona mozliwe jest wykorzystanie dowolnego
logarytmu. Czgsto uzywany jest tu logarytm naturalny (jak w klasycznych
rownaniach), jednak uzycie logarytmu dziesigtnego pozwala na tatwa interpretacjg
wspotczynnikow rownania w odniesieniu do powierzchni, ktorej jednostki
pochodza z systemu dziesi¢tnego.

Jednostka powierzchni, w ktorej prowadzono obliczenia jest hektar. Jednostke
te przyjatem réwniez ze wzgledow praktycznych, gdyz umozliwia ona prosta
aplikacje¢ otrzymanych wynikéw do badan terenowych.

Po uzyskaniu wspolczynnikow wynikajacych z rownan Gleasona i Arrheniusa,
wyniki przedstawiono w przestrzeni semi-logarytmicznej, co pozwala na okres-
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lenie rownania regresji oraz wspotczynnika determinacji (Appendix I i II).
Procedura ta, mimo, ze liczba gatunkéw jest zmienna dyskretna, jest powszechnie
stosowana w badaniach SPAR i jej zastosowanie ma dostateczne poparcie
w literaturze przedmiotu. W oparciu o prace Prestona (1960, 1962a) przyjeto
zatozenie o normalnym rozktadzie danych.

4. Wyniki

W analizowanym materiale wyrdzniono 58 pojedynczych modeli species-
area relationship, zarowno dla wybranych syntaksonow (a nawet ich lokalnych
odmian geograficznych), jak i dla wyzszych jednostek syntaksonomicznych,
na poziomie zwiazku, rzedu, a w pojedynczych przypadkach takze klasy. Wartosci
uzyskane dla pojedynczych jednostek syntaksonomicznych sa bardziej precyzyjne
1 maja wyzsze istotnosci statystyczne, jednak tylko dla czgsci z nich udalo sig
uzyska¢ wystarczajaca liczbe danych (tabel fitosocjologicznych) dla przeprowa-
dzenia analizy.

Wyniki analiz przedstawione sa w tabeli 2 (nazwy wyr6znionych jednostek,
liczba danych, rownania Gleasona i Arrheniusa) oraz tabeli 3, gdzie przedstawiono
wspoétczynniki 4 i B (dla rownania Gleasona), ¢ i z (dla rownania Arrheniusa)
oraz wspotczynniki korelacji dla obu rownan.

Do testowania modelu teoretycznego zmian y-réznorodnosci wykorzystano
wyniki rownan uzyskane w czgsci pierwszej oraz dane literaturowe dotyczace
roznego typu obszaréw w Polsce pd.-zach., dla ktérych dysponujemy zaréwno
spisem gatunkow roslin naczyniowych, jak i mapa lub szczegétowym opisem
zbiorowisk roslinnych, pozwalajacym na okreslenie bezwzglednej powierzchni
(w ha) zajetej przez poszczegbdlne zbiorowiska lub ich zwiazki. Z koniecznos$ci
ograniczono si¢ do obszar6w w granicach od 1.25 do 137 ha, wsrod ktorych
znajduje si¢ 13 rezerwatow przyrody oraz 18 kwadratow o powierzchni 100
ha, szczegétowo badanych w Gorach Stotowych (Swierkosz 1998). Wigksze
obszary nie posiadaja dostatecznej dokumentacji, ktora mozna bytoby wykorzystaé
w niniejszych badaniach.

Zaréwno dla obszarow o jednolitej powierzchni, jak i dla obszaréw o roznych
powierzchniach uzyskano wyniki rézniace si¢ od uzyskanych z badan terenowych
w granicach +/- 12%, przy wspotczynniku ®, mieszczacym si¢ w przewidywanym
wczesniej przedziale wartosci (0.24 do 0.32).
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5. Dyskusja

5.1. Uproszczenia modelu

Proponowany model jest oczywiscie uproszczeniem stanu rzeczywistego,
poniewaz rzeczywisty wykres przyrostu liczby gatunkow wraz z dodawaniem
kolejnych typdw zbiorowisk przypomina wykres funkcji sigmoidalnej (ryc. 3).
Teoretycznie uproszczenie to powinno zmniejszac si¢ wraz z przyrostem liczby
typow zbiorowisk.

Proponowany model nie moze by¢ takze uzyteczny w rzadkich, jednak
spotykanych w przyrodzie przypadkach, gdy sasiadujace ze soba typy zbiorowisk
sa tak silnie izolowane ekologicznie, ze nie beda posiadaty zadnych gatunkow
wspolnych.

5.2. Porownanie modelu z innymi, pozwalajacymi na przewidywanie
roznorodnosci gatunkowej

Poréwnano prezentowany model z wieloma innymi proébami przewidywania
roznorodnosci gatunkowej, opartymi na réznych modelach matematycznych
i metodach wnioskowania oraz pozyskiwania i obrobki danych. W literaturze
przedmiotu nie znaleziono rozwiazania podobnego do zaprezentowanego w ni-
niejszej pracy — natomiast najbardziej precyzyjne z dotychczas zaproponowanych
modeli maja podobna skal¢ doktadnosci (do 10%).

5.3. Informacje na temat typow zbiorowisk, ktore mozna uzyskac ze
wzoru Gleasona

5.3.1. Zbiorowiska bogate i ubogie w gatunki
Pierwsza z waznych informacji, jakiej dostarcza réwnanie Gleasona, jest

wartos¢ wspolczynnika A, w wielu pozycjach literatury wskazywana jako wysoce
skorelowana z liczba ,,core species”. Niska warto§¢ wspotczynnika 4 charakte-
ryzuje zbiorowiska o wysokim stopniu specjalizacji wchodzacych w ich sktad
gatunkow (torfowiskowe, naskalne, wodne). Wysoka wartos¢ wspotczynnika
zauwazy¢ mozemy w dwoch réznych grupach zbiorowisk. Z jednej strony sa
to zbiorowiska charakteryzujace si¢ wysoka wewngtrzng ztozonoscia mikro-
siedlisk (zbiorowiska cieptolubne, lasy stokowe), z drugiej zas zbiorowiska
o charakterze otwartym dla gatunkow pospolitych, czy to wskutek niewielkiej
powierzchni ptatow, utatwiajacej wnikanie gatunkow ze zbiorowisk sasiadujacych,
czy tez stopnia antropopresji, ulatwiajacej wkraczanie gatunkow pospolitych.
Doskonata egzemplifikacja tego zjawiska jest wystgpowanie trzech roznych
modeli species-area realtionship dla trzech odmian geograficznych Galio
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sylvatici-Carpinetum, od ubozszych w gatunki, lecz z przewaga ,,core spe-
cies” gradow doliny Odry, az po bogate w gatunki niespecyficzne grady Pogorza
i Przedgorza Sudeckiego, podlegajace intensywnej gospodarce lesnej i o nie-
wielkich powierzchniach izolowanych ptatow.

5.3.2. Szybko§¢ przyrostu gatunkéw na jednostke powierzchni (rola
wspotczynnika B oraz z)

Jak wielokrotnie analizowano to w literaturze przedmiotu, wspotczynnik B
oraz z sg silnie zalezne od skali analizowanych ptatow, ich fragmentacji oraz
izolacji. Ponadto sa one silnie skorelowane z warto$ciami wspotczynnika 4 lub
c. Wspoétczynniki te nie niosg wigc samodzielnie dodatkowej informacji
o charakterze zbiorowiska, cho¢ pojawiaty si¢ sugestie, iz sa one skorelowane
z liczba ,,satellite species”.

5.4. Zbiorowiska roslinne — wyrazne czy rozmyte

Uzyskane wyniki sugeruja istnienie wyraznie okreslonych typow zbiorowisk
roslinnych, rézniacych si¢ od siebie sktadem gatunkowym, dla ktérych mozliwe
jest przewidywanie przyrostu gatunkoéw zgodnie z modelami area-species re-
lationship dla kazdego z typoéw zbiorowisk oddzielnie.

5.5. Zastosowanie funkcji Arrheniusa dla malych platow zbiorowisk

Wigkszo$¢ z dotychczas publikowanych prac sugerowala, ze zastosowanie
rownania Arrheniusa dla matych ptatéw (o powierzchniach mniejszych niz 0.25
az do 3 ha, w zaleznoS$ci od autora) nie jest uzasadnione. Wyniki uzyskane
W niniejszej pracy sugeruja, ze rownanie Gleasona czgs$ciej przynosi wyniki
0 wyzszej wartosci wspotczynnika determinacji niz rOwnanie Arrheniusa
(33 versus 21), jednak oba moga by¢ stosowane do ptatow mniejszych niz
dotychczas sugerowano.

5.6. Czy small island effect jest zauwazalny w przypadku typow siedlisk
roslinnych

W niniejszej pracy nie stwierdzono wystgpowania small island effect (SIE)
w obrebie analizowanych ptatow réznych typow zbiorowisk roslinnych, mimo
Ze najmniejsze z analizowanych powierzchni, w przypadku zbiorowisk naskalnych
lub pleustonowych wynosity 1 m?. Wszystkie analizowane ptaty wykazaty
przynalezno$¢ do obszaru powyzej punktu przetamania SIE (7)), co oznacza,
ze kazde ze zbiorowisk roslinnych ma odregbny break point T, ponizej ktorego
efekty STE moga wystapic, 1 ze zbiorowiska o zakresie powierzchni mniejsze;j
niz punkt przelamania S/F nie sg analizowane w literaturze fitosocjologiczne;j.
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5.7. Konsekwencje dla problematyki SLOSS

Wyniki niniejszej pracy sugeruja, ze w przypadku ochrony zbiorowisk
roslinnych, zestaw gatunkoéw typowych dla danego zbiorowiska moze zostac
utrzymany zaro6wno w jednym, duzym placie zbiorowiska, jak i w szeregu wysp
siedliskowych o tacznej powierzchni zblizonej do duzego, jednorodnego ptatu,
jesli tylko ich minimalna powierzchnia umozliwia utrzymanie gatunkéw typowych
dla zbiorowiska.

6. Podsumowanie i wnioski

1. Kazde zbiorowisko roslinne posiada okreslona pojemnos$¢ gatunkowa
(species capacity), zalezna od specyficznego zestawu czynnikow biotycznych
i abiotycznych. Liczba gatunkow roslin naczyniowych okre§lonego typu
zbiorowiska zalezy wytacznie od wielkosci platu. Indywidualne modele spe-
cies-area relationship mozna okresli¢ dla dowolnej jednostki syntaksonomicznej
— zespolu, jego wariantu lokalnego, a takze wyzszych jednostek, takich jak zwiazek
czy rzad.

2. W analizowanym materiale wyr6zniono 58 modeli SPAR dla poszczegdlnych
jednostek syntaksonomicznych roznego rz¢du. Modele o najwyzszej precyzji
okreslono dla pojedynczych jednostek syntaksonomicznych, dla ktorych
dysponowano wystarczajaca liczba danych.

3. Dla zbiorowisk lesnych w wigkszosci przypadkéw uzyskano wysoce
precyzyjne modele o wspotczynniku determinacji 72 przekraczajacym 0.9 i o wy-
sokim poziomie istotnosci statystycznej (p<0.01).

4. Najwyzsze wspotczynniki determinacji uzyskano dla zbiorowisk lesnych
o charakterze naturalnym (lasy chronione w rezerwatach lub tez podlegajace
niskiej presji gospodarki lesnej, z uwagi na specyficzne warunki siedliskowe).
Jednoczesnie lasy te charakteryzuja si¢ nizsza r6znorodnoscia gatunkowa (nizszy
wspotezynnik A) niz lasy wykorzystywane w gospodarce lesnej, z uwagi na
mniejszy udzial gatunkow sporadycznych i satelitarnych, niezwiazanych
bezposrednio z typem zbiorowiska.

5. Sposrod naturalnych zbiorowisk nielesnych najbardziej precyzyjne modele
SPAR o wysokim wspoétczynniku determinacji i wysokiej istotno$ci statystycznej
uzyskano dla zbiorowisk naskalnych oraz szuwarow i trzcinowisk.

6. Modele SPAR uzyskane dla zbiorowisk potnaturalnych i synantropijnych
maja nizsze wartosci wspotczynnika determinacji oraz istotnosci statystyczne,
co wigze si¢ zapewne z trudnym do przewidzenia, nie ukierunkowanym wptywem
antropopresji.

7. Zaproponowano mozliwo$¢ wystgpowania zalezno$ci pomigdzy liczba
gatunkow wspolnych w poszczegdlnych zbiorowiskach i liczba tych zbiorowisk.



Species-area relationships of plant communities 91

Zalozono, ze zalezno$¢ ta ma charakter allometryczny, a potega rownania jest
wspotczynnik o o wartosciach mieszczacych si¢ w przedziale 0.24-0.32.

8. Zaproponowano prosty model umozliwiajacy przewidywanie réznorodnosci
gatunkowej w uktadach wielozbiorowiskowych (y-r6znorodno$c¢). Model
przetestowano na 18 obszarach o powierzchni 100 ha pochodzacych z Gor
Stotowych oraz 13 obszarach o réznych powierzchniach (rezerwaty z obszaru
Dolnego Slaska). Dla obszaréw o jednolitych powierzchniach optymalny
wspotczynnik @ wynidst 0.30, a roznice w liczbie gatunkow znanej z terenu
oraz przewidywanej przez model nie przekroczyty 12%. Dla obszaréw o r6znych
powierzchniach optymalny wspoétczynnik @ wyniost 0.31, a réznice w liczbie
gatunkow znanej z terenu oraz przewidywanej przez model nie przekroczyty 12%.

9. Wspotczynnik A4 (intercept of the curve) z rownania Gleasona waha si¢ dla
analizowanych zbiorowisk pomiedzy 20.08 a 243.63, za$ wspotczynnik ¢ (ini-
tial trajectory) roGwnania Arrheniusa od 1.33 do 3.12. Warto$¢ ta jest podstawa
dla rozréznienia pomigdzy ubogimi, a bogatymi w gatunki zbiorowiskami.

10. Wspolczynnik 4 wydaje si¢ by¢ lepszym wskaznikiem bogactwa
gatunkowego typow zbiorowisk niz powszechnie stosowana w fitosocjologii
miara $redniej liczby gatunkow w zdjgciu fitosocjologicznym.

11. W analizowanych danych wspotczynnik B z réwnania Gleasona waha
sig od 5.38 do 109.24, za$ z z rownania Arrheniusa pomigdzy 0.11 a 0.95.
Wspolezynniki te sa dodatnio skorelowane ze wspotczynnikami 4 i ¢, co pozwala
sadzi¢, ze nie maja one samodzielnego znaczenia dla analizowania bogactwa
gatunkowego badanych platow.

12. W analizowanych danych nie zauwazono istotnych réznic pomiedzy
modelami SPAR dla poszczegdlnych jednostek syntaksonomicznych obliczanymi
wedtug rownania Gleasona i Arrheniusa. Pierwsze z nich odznaczajq si¢ wyzszymi
wspotczynnikami determinacji w 33 modelach, drugie zas w 21. Mimo wigc,
ze rownanie Gleasona daje bardziej precyzyjne rezultaty, to uzywanie rOwnania
Arrheniusa dla matych ptatow (ponizej 1-3 ha) w Swietle uzyskanych wynikow
jest dopuszczalne.

13. Wszystkie analizowane ptaty leza prawdopodobnie powyzej granicy, za
ktora dostrzegalne sa zaburzenia modeli SPAR generowane przez ,,small
island effect”.

14. Poniewaz nie zauwazono oddziatywania ,,small island effect’, wyniki niniej-
szej pracy sugeruja, ze w przypadku ochrony zbiorowisk roslinnych zestaw ga-
tunkow typowych dla danego zbiorowiska moze zosta¢ utrzymany zarowno w jednym,
duzym ptacie zbiorowiska, jak i w szeregu wysp siedliskowych o tacznej
powierzchni zblizonej do duzego, jednorodnego ptatu, jesli tylko ich minimalna
powierzchnia umozliwia utrzymanie gatunkow typowych dla zbiorowiska.



