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...aga mina ei hooli ilust, mida ma ei ole leidnud oma silmaga. .. Pentti Saarikoski

INTRODUCTION

Macroecology

“Spectacular advances have been made in ecology, biogeography, systematics,
paleontology and evolutionary biology in just the last two or three decades.
Much has been learned about the processes that regulate the abundance, distri-
bution, and diversity in local habitats, the effects of history and contemporary
environment on the geographic distribution of species; the phylogenetic
relationships among organisms, and the fossil history of life on earth. Most of
this progress is due to advances within traditional disciplines: to application of
mathematical models and rigorous experimental methods in ecology, to new
conceptual approaches to historical and ecological biogeography, to develop-
ment of robust theoretical and molecular methods to reconstruct phylogenetic
history, and to insights into the processes of diversification and extinction
obtained from fossil record.” This compendious paragraph is taken from James
H. Brown’s Macroecology (1995, pp 6) — a book which proposes a radical new
agenda, called “macroecology”, designed to broaden the scope of ecology to
encompass vast geographical areas and very long time spans.

Macroecology is generally considered to be part of biogeography (Lomolino
et al 2006, but see Blackburn & Gaston 2002); a branch which studies broad,
consistent patterns in the ecological characteristics of organisms and eco-
systems. In their textbook on biogeography (Lomolino et al 2006), macro-
ecology is defined as follows: “A fop-down and multi-scale approach to
investigating the assembly and structure of biotas, which identifies general
patterns and underlying mechanisms by focusing on the statistical distributions
of variables across spatial and temporal scales, and among large numbers of
equivalent (but not identical) ecological particles (e.g., particles can include
individual organisms within a local population or entire species, replicated
sample areas or patches of habitat, or species within local communities or
larger biotas).” (Lomolino et al 2006, pp 763).

In 1999, a scientific journal, Global Ecology and Biogeography Letters,
shortened its name to Global Ecology and Biogeography and added a signi-
ficant subtitle — Journal of Macroecology. Since then there has been rapid
growth in the publication of scientific articles concerning macroecology (Fig 1),
not only in Global Ecology and Biogeography, but also in other prominent
biology journals, such as Ecology, Journal of Ecology etc.
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Figure 1. Number of scientific articles published since 1989 that have macroecology (or
variants: macroecological etc) included in title, abstract or keywords (data from ISI
Web of Knowledge, search string: macroecol*®).

Although the term “macroecology” was coined by James H. Brown and Brian
A. Maurer about two decades ago (Brown & Maurer 1989), similar studies have
been made throughout the history of natural sciences. For example, global
diversity patterns were explored by Karl Linné (Carolus Linnaeus), Georges-
Louis Leclerc Comte de Buffon, Augustin Pyramus de Candolle, Alexander von
Humbolt and many others. Despite biases in their view of the world and
significantly less scientific knowledge available at the time, they managed to
describe several global patterns in ecology, biogeography, paleontology etc. (for
example, Buffon’s law, plant species distribution centers, the influence of
elevation on climate).

Despite centuries of progress in biology, especially within specialized,
narrow disciplines, many fundamental questions have remained unanswered and
many new ones have been raised. For instance, patterns of abundance, diversity
and distribution are among the oldest and best known phenomena in ecology,
but it is apparent that the answers to many of these questions lie beyond and
across the boundaries of the traditional disciplines (Brown 1995). In addition to
disciplinary barriers, geographical limitations still play a surprisingly important



role in our scientific range, as most ecological studies and experiments are
restricted to either Europe or North-America, i.e. the temperate zone (Pértel
2006).

Over time, and especially during the last few decades, scientific information
has accumulated exponentially, thereby making it possible to carry out global
analyses with exact and specific, comparable data. One way of doing
comprehensive ecological surveys is to perform meta-study or meta-analysis,
which combines the results of several studies that address a set of related
research hypotheses. The difference between meta-study and meta-analysis is
that meta-analysis entails the reanalysis of an aggregate of data from similar
experimental studies, whereas meta-study concerns the analysis of the original
data extracted from case-studies in a novel context (Osenberg et al 1999, Pértel
2006). Although the first meta-analysis was performed by Karl Pearson more
than hundred years ago (Pearson 1904), publication of meta-results escalated
not until the 1990s. Pearson’s first meta-analysis was done on typhoid fever
inoculation results of soldiers of British Empire, in an attempt to overcome the
problem of reduced statistical power in studies with small sample sizes
(O’Rourke 2006). Applying global analyzes, however, often falters, not only
because of spatial patchiness of published cases, but also because the original
analyses in published case-studies suffer from methodological and statistical
problems (Mittelbach et al 2001) and lack of background descriptive data
(Partel 2006).

In addition to technical and methodological advances, macroecological
studies also required a change in philosophical approach. With the development
of community ecology as a mature discipline in the 1960s, a mechanistic
understanding of nature began to prevail. Species richness was regarded as a
general feature of biological systems regulated locally by processes with
deterministic outcomes (MacArthur 1965). Local determinism emerged
vigorously because local population interactions seemed to achieve equilibrium
within tens of generations, and were thought, therefore, to be fast enough to
override regional and evolutionary processes, such as long-distance dispersal,
geological history of landmass etc. (Ricklefs 1989, 2006). This mindset resulted
in theoretical constructs wherein biological interactions in a community limited
membership of ecologically similar species (May 1975, Morton et al 1996).
Accordingly, differences in the number of species between communities ref-
lected the different outcomes of species interactions under particular environ-
mental conditions (Ricklefs 2006). With this kind of local dogmatism
determining the approach towards science, it is rather inconceivable to gain
meaningful macroecological insight, especially when studying a concept as all-
embracing as biodiversity and its patterns.



Aspects of biodiversity patterns

Biodiversity — the variation of forms of life — is one of the most extensive topics
in macroecology. Biodiversity pertains essentially to ecosystems, giving them
both quantitative and qualitative magnitude. Biodiversity is a considerably
wider concept than just species richness, which is the most common measure of
diversity in ecology (Huston 1994). Diversity at the molecular level of
organisms has gained increasing significance since the discovery of DNA struc-
ture in 1953, but biodiversity is also recognized in the structure of a community:
is it a forest, shrubland or grassland?; what life forms dominate?, etc. Yet the
number of species found in given area — species richness — is the prevalent
measure of biodiversity (Gaston & Spicer 2004).

Understanding species richness patterns has been a central quest for bio-
logists since at least the times of von Humbolt, Darwin, and Wallace (Gillman
& Wright 2006). Although species richness at the large scale is primarily
regulated by abiotic environmental gradients, explanations of diversity patterns
have traditionally relied on small-scale, local processes occurring in ecological
time (Tilman 1989, Huston 1994, Rosenzweig 1995). Mechanisms by which
species avoid competition have received most attention and the availability of
species has been largely disregarded (Zobel 1997). As well as the possible
contribution of species dispersal, recent works in evolutionary ecology have
opened new perspectives on diversity studies. The outcome of large-scale
processes that control the speciation and distribution of species within regions
has a significant influence on the number of species in local assemblages
(Ricklefs 2006).

The importance of species dispersal has been accentuated especially in the
context of island biogeography (Whittaker & Fernandez-Palacios 2007), and is
a central component of the theory of island biogeography (MacArthur & Wilson
1967) as well. Additionally, several population and community ecological
theories have also underlined distribution as an significant aspect in shaping
species richness patterns, for example, the theory of metacommunities — sets of
local communities that are linked by dispersal of multiple potentially interacting
species (Hanski 1999, Leibold et al 2004), unified neutral theory of biodiversity
and biogeography (Hubbell 2001), which aims to account for the diversity and
relative abundance of species in ecological communities, assuming that the
differences among members of an ecological community of trophically similar
species are neutral, or irrelevant to their success.

Evolutionary aspects, such as the phylogenetic background, have been
emphasized particularly by Robert Ricklefs (Ricklefs 1987, 1989, 2006).
According to the niche conservatism theory (also known as phylogenetic
inertia) species have a tendency to retain ancestral ecological characteristics
(Peterson et al 1999, Wiens & Graham 2005, Ricklefs 2006). Several other
theories consist of a similar kernel, for example, biogeographical affinity theory
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(Harrison & Grace 2007), tolerance hypothesis (Currie et al 2004), and tropical
conservatism theory (Wiens & Donoghue 2004). Consequently, the dispersal,
evolutional and ecological processes should not be treated as mutually
exclusive, and the patterns and origins of diversity ought to be studied in the
context of some sort of unified theory.

The species pool concept

The species pool concept (Partel et al 1996, Zobel 1997, Pértel 2002) unifies all
three approaches necessary to study adequately species diversity patterns:
ecological, evolutionary and dispersal processes. Species pool is the set of
available species that are potentially capable of living in given ecological
conditions (Eriksson 1993). According to the species pool concept, the species
richness of local communities is determined mainly by the size of the pool of
available species (the pool of species able to grow under given environmental
conditions and that can migrate to a particular site) (Taylor et al 1990, Zobel
1997). Three types of species pool have been distinguished. The regional
species pool is defined as the set of species capable of coexisting in a target
community, and that are occurring in a certain region. The local pool is defined
as the set of species occurring in the landscape around a target community that
are capable of coexisting in that community. The actual species pool (or
community species pool) is defined as the set of species present in a community
(Partel et al 1996, Zobel 1997). Consequently, according to the species pool
paradigm, species richness of a certain community depends, in addition to
ecological processes, on evolutionary aspects and dispersal as well.

This paradigm has its roots in the species reservoir idea by Philip J. Grime
(Grime 1979), along with Hodgson’s (1987) observation that the present-day
abundance of productive habitats is in evolutionary terms a novel situation
without precedence in the evolutionary history of British flora. Rather similar
ideas were proposed by Keddy (1992) and Diaz and others (1998), who called it
“environmental filtering”. The term “species pool hypothesis” was coined by
Taylor and others in 1990, and since advancing from a hypothesis into a concept
or paradigm at the end of 1990s, this approach has fostered several develop-
ments, such as the dynamic equilibrium theory (Huston 1994) , quasi-neutral
concept of plant community diversity (Zobel 2001), and the shifting limitation
hypothesis (Foster et al 2004).
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Plant species richness-productivity relationship

In addition to knowledge of species richness, it is also important to know how
richness varies along environmental gradients. The relationship between species
richness and net primary productivity has been one of the central topics in
ecology for several decades. The first one to imply a possible importance of a
relationship between diversity and productivity was G. Evelyn Hutchinson in
his seminal essay Homage to Santa Rosalia (1959). The first actual
observations were made in the 1960s (eg Whittaker 1966), but truly intensive
research in this field began after J. P. Grime introduced the unimodal or
“hump(ed)-back” species richness-productivity relationship for British
herbaceous vegetation (Grime 1973, Al Mulfti et al 1977, Grime 1979).

Unimodal curved relationships between species richness and productivity
have remained the most common for plants (Waide et al 1999, Mittelbach et al
2001), although some case-studies have revealed positive, negative and
U-shaped response patterns as well. The unimodal relationship became very
popular and during the 1980s and 1990s it was considered almost ubiquitous, to
quote, for example Begon, Harper, Townsend’s prominent textbook in ecology:
“The evidence, especially from plants, suggests that a decrease in species
richness with resource enrichment is most common, or at least that a humped
curve of species richness will be found if the whole productivity range is
examined.” (Begon et al 1996, pp 893).

When considering the entire productivity range, few organisms are expected
to survive at the extremely low productivity due to a lack of resources.
Simultaneous increase in number of individuals and species has been observed
along increasing gradients of productivity (Waide et al 1999, Mittelbach et al
2001), but the main question remains: what happens to diversity at high
productivity levels?

Grime originally proposed that competition becomes too intensive for
species to co-exist at the higher productive end (Grime 1973). Competition has
remained the most frequent explanation, and, although dozens of other possible
reasons have been proposed, the majority of these theories have emphasized the
effects of local scale processes in ecological timescale (reviewed in Rosenzweig
& Abramsky 1993, Scheiner & Willig 2005). However, a few large-scale
interpretations attributing the impact of distribution or evolutionary aspects to
productivity-diversity patterns have been proposed. For example, seed addition
experiments combined with local disturbances (Foster 2001, Foster et al 2004)
have cemented the effects of dispersal (together with disturbance) to the
species-richness productivity relationship. Variation in dispersal probability can
influence the shape of productivity-diversity relationship as well (Partel &
Zobel 2007).

From an evolutionary point of view the theories considering productivity-
diversity relationship are mainly linked with phylogenetic background of
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species (Ricklefs 2006, Harrison & Grace 2007), but also with differences in
diversification rates of evolutionary lineages (Bruun & Ejrnaes 2006). The
theory of niche conservatism (also called phylogenetic inertia) states that
species are likely to maintain their niche characteristics after migrating to a
different climatic zone (e.g. from the tropics to the temperate zone or vice
versa) (Ricklefs 2005, 2006).

Since the size of the species pool is determined by speciation and historical
migration, environmental conditions for speciation should be considered.
Productive habitats have been rare in the temperate regions, and relatively few
species have evolved for such conditions (Hodgson 1987, Taylor et al 1990,
Aarssen 2004). Therefore, at high productivity levels, species richness is
expected to be less, and unimodality of species richness-productivity relation-
ship can be assumed. In contrast, productive habitats have been common in the
tropics (Beerling 1999), and the species pool for such conditions should be
relatively large, resulting in positive species richness-productivity relationships.
For example, due to differences in evolutionary history, plant diversity is related
positively with soil pH at higher latitudes, but negatively in the equatorial zone
(Péartel 2002). When taking into account the geological and evolutionary diffe-
rences between tropical and temperate zones, one can assume that the shape of
species richness-productivity relationship could vary in different locations as
well, depending on the terrestrial geological history and evolutionary history of
(plant) species.

One way to ascertain the causes underlying an ecological relationship is to
study different functional groups. Peter J. Grubb noticed that the plant species
richness-productivity relationship differs between woody and herbaceous
species: in Northern Hemisphere, unimodal species richness-productivity
relationship was common for herbaceous species, but woody species tended to
have positive productivity-diversity relationships (Grubb 1987). This theory
was later tested by William K. Cornwell and Peter J. Grubb (2003) on European
plant communities and similar relationships emerged. Grubb’s original expla-
nation pointed out dissimilarities in clonality between herbaceous and woody
species as the cause of different “behavior” of the species richness-productivity
relationship (Grubb 1987). Indeed, clonality, which has evolved several times in
several phylogenetic clades (Klimes et al 1997), has a wide array of ecological
and evolutionary consequences (Stuefer et al 2002). In a broad sense, clonal
growth is considered to lead to competitive advances (Sackville-Hamilton et al
1987, van Groenendael et al 1996, Peterson & Jones 1997, Svennson et al
2005), especially at higher productivity levels, where competition is considered
generally more intensive. Unlike herbaceous species, few trees are clonal
(Aarssen 2007), and moreover, clonal woody and clonal herbaceous species
have evolved in rather different regimes of natural selection (Peterson & Jones
1997) and several benefits of clonality in herbaceous species may not be
beneficial for woody species (Jenik 1994). Furthermore, the evolutionary
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history of woody and herbaceous species is essentially different. Most
temperate zone trees originate from tropical lineages (Axelrod 1966, Richards
1996, Ricklefs, 2005, 2006). Due to niche conservatism, woody species may
continue to possess characteristics that were ecologically needed by their
ancestors (Ricklefs 2005, 2006). Hence, the shape of species richness-
productivity relationship in plants may depend on the phylogenetic background
of species of which community is assembled.

Consequently, both the dispersal-related and evolutionary explanations join
closely together with the outcome of ecological processes in the context of
species pool concept. Patterns of diversity represent the regional increase of
species through immigration and diversification, their loss through extinction,
and the sorting of species ecologically within the region (Ricklefs 2007). The
species richness-productivity relationship needs a comprehensive approach on
both macro- and microscale.

Contrasting soil heterogeneity patterns

One of the broadest divisions of vegetation is classification according to the
main characteristics of dominant species, i.e. whether they are woody or
herbaceous; e.g., woodlands (including forests and shrublands) and grasslands.
As noted earlier, the difference between woodlands and grasslands, from an
evolutionary point of view, can be rather significant, as temperate and tropical
tree species are closely related, but herbaceous species are not. It would be
interesting to know how woodlands and grasslands operate along climatic
gradient. At large scales, the balance between woodlands and grasslands is
defined by climate (Whittaker 1975, Woodward et al 2004), but at fine scales,
local conditions, management and biotic interactions are also important (Wilson
1998, Pirtel & Wilson 2002, Pértel & Helm 2007). Consequently, both
woodlands and grasslands can be found in almost every region in the world.
One of the most important issues concerning the interactions between
woodlands and grasslands is the ongoing and continuous repartition of land.
Woody species are invading grasslands throughout the world, resulting in a
major change in global vegetation (Van Auken 2000, Schroter et al 2005,
Hobbs et al 2006). Disappearing grasslands leads to disappearing plant species
(Pértel et al 1999, Watkinson & Ormerod 2001, Motzkin & Foster 2002,
Gauthier & Wiken 2003). Apart from several factors related to the expansion of
woody species (for example, fire control, nitrogen pollution, increasing
atmospheric carbon dioxide etc.), the invasion of woody plants into grasslands
in temperate climatic zone is often attributed to an increase in soil resource
heterogeneity (Schlesinger et al 1990, Schlesinger et al 1996, Kleb & Wilson
1997, Pirtel & Wilson 2002, Pirtel & Helm 2007).
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The differences in soil heterogeneity of vegetation types has been attributed
to the variance of root architecture of the dominating life form: woody species
have widespread root systems especially competitive in heterogeneous soils
(Campbell et al 1991, Grime 1994); herbaceous species tend to prefer more
homogeneous soils, because their roots are short and therefore their exploring
range in not as extensive as that of woody species (Farley & Fitter 1999).
Furthermore, plants are able to change soil heterogeneity according to their soil
resource distribution preferences; woody species turn soil more patchy (Garcia-
Moya & McKell 1970, Kleb & Wilson 1997, James et al 2003), while
herbaceous species homogenize soil (Pirtel & Wilson 2002, Lane & BassiriRad
2005).

Most studies concerning soil heterogeneity of woodlands and grasslands
have been done in temperate zone, and the results from moderate climatic
conditions dominate our scientific knowledge. However, ecological patterns
should be tested for generality in different conditions and regions (Knapp et al
2004). For example, plant root morphology varies significantly in different
biomes and regions (Jackson et al 1997, Craine et al 2005), and that variation is
at least partly attributed to the geological age of soils: older soils are often
phosphorus (P)-limited whereas younger soils are mostly nitrogen (N)-limited
(Walker & Syers 1976, Vitousek & Farrington 1997, Lambers et al 2008).
Differences in N and P availability result in differences of dynamics and
importance of mycorrhiza (Fitter et al 2002, Craine et al 2005), thus the
coevolutionary history of woody and herbaceous species and mycorrhiza may
influence global patterns of soil heterogeneity.

Hypotheses

The purpose of this study was to examine the generalities of two ecological
relationships: the relationship between plant species richness and productivity,
and the relationship between vegetation type and soil heterogeneity. Both
relationships were explored at the global scale, along a latitudinal gradient. The
objectives of this thesis were as follows:

1. to examine the species richness-productivity relationship for plants across
climatic and geographical gradients at the global scale (Paper I),

2. to test whether the unimodal species richness-productivity relationship is
globally less common in woody species and in forests than in herbaceous
species and grasslands (Paper II),

3. to test whether unimodal species richness-productivity relationship is
more common if the dominant species in the productive sites are clonal or
have a temperate evolutionary background (Paper II),

4. to test whether woodland and grassland soil heterogeneity varies in the
same way with latitude, temperature and precipitation (Paper I1I).
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MATERIAL AND METHODS

All three papers presented data collected from case-studies published in peer-
reviewed journals, i.e. meta-studies. There were several common metho-
dological aspects concerning all three studies: 1) metadata was extracted from
published scientific literature by searching the most popular web databases
(Blackwell-Synergy, JSTOR, ISI Web of Knowledge, ScienceDirect, Google
Scholar etc.) and included inspection of citations of published articles to locate
papers not included in the electronic databases; 2) geographical coordinates
were extracted, mean annual temperature and annual precipitation were
determined for each case-study from CLIMATE database version 2.1 (W.
Cramer, personal communication; http://www.pik-potsdam.de/~cramer/ climate.
html); 3) all statistical analysis were performed using Statistica 6.1 (StatSoft
2004). In a result, all vegetated continents and all major climatic zones were
represented in each meta-study.

Paper I — Generality of species richness-productivity
relationship

Species richness-productivity data were extracted from scientific literature. We
selected studies in which terrestrial, experimentally not manipulated plant
ecosystems were studied. The measure of diversity was species richness, i.e.,
the number of species present in an area. Productivity was defined as the rate of
energy flow to a system, but as this rate is rarely measured in nature, we used
several indirect measurements that are known to correlate quite strongly with
productivity. We accepted indirect measures and estimates of productivity since
species richness-productivity relationship is generally independent of the
productivity measure (Groner & Novoplansky 2003).

Mittelbach and others (2001) classified the shape of species richness-
productivity relationship into five patterns: positive, negative, unimodal, U-
shaped, or no significant relationship. We simplified that classification, and
divided cases into three groups: unimodal, positive, and no relationship. The
negative productivity—diversity relationship was merged with the unimodal
relationship because most studies reporting a negative correlation focused on
intermediate and high productivities. Because the U-shaped relationship has
been reported so infrequently, and no viable biological explanation for it has
been proposed, it was merged with the group with no relationship.

Multinomial logit regressions were used to test whether the shape of the
productivity—diversity relationship was related to latitude, temperature and
precipitation. Regressions were calculated and the best model was selected
according to the Akaike Information Criterion (Akaike 1973).
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Additionally, we studied how proportions of unimodal and positive
relationships vary across latitudes. Latitudinal gradient was divided into 10°-
wide zones from the equator to latitude of 70°, and looked for proportions of
different species richness-productivity relationships within each zone. Each
latitudinal zone contained at least 11 studies. Logratios for positive and
unimodal relationships (both divided by cases with no relationships) were used
for statistics in order to derive independent and normal distributions from the
compositional data (Aitchison 1986). Polynomial regressions were used to
relate logratios to latitudinal zones.

Paper II — Species richness-productivity relationship
for woody species

The metadata for this paper was based directly on metadata of paper I, so the
methods of choosing case-studies and classifying parameters are the same as
those in paper I. Additionally, we recorded whether each case-study was done
in forests or open communities. Some studies were done in forest ecosystems,
but only herbaceous species were studied, therefore, some forests in our dataset
are dominated by herbs.

We divided the sites or plots used in each case-study into three relative
productivity classes: low, intermediate and high. Of the case-studies used in
paper I, we extracted information on the dominant species at the highest
productivities. When the dominant specie or species were not identified, we
used species biomass, frequency or abundance as the estimate dominance. For
dominant species, we determined life-form (woody or herbaceous), clonality
(species that reproduce mainly with seeds, equally with seeds and vegetatively,
or mainly vegetatively), and the evolutionary background of its lineage
(temperate, global or tropical). Information concerning dominant species was
available only for less than quarter of case-studies included in the metadata of
paper L

Data concerning the life-form and clonality were gathered from different
databases, such as BiolFlor (http://www.ufz.de/biolflor/), the Fire Effects
Information System (http://www.fs.fed.us/database/feis/), the PLANTS data
base (http://plants.usda.gov/) etc. Evolutionary history was determined on the
basis of the geographical distribution of species clade (mostly at the subfamily
level) using descriptions from the Angiosperm Phylogeny Website (http:/
www.mobot.org/MOBOT/research/Apweb). This database is based on the latest
phylogeny of plants and includes data on geographical distribution.

We used 2x2 Fisher exact tests on the paper I data set to verify whether the
unimodal species richness-productivity relationship is globally less common for
woody species and in forests than for herbaceous species and in grasslands.
Similarly, we used a 2x3 Fisher exact test to check whether the cases with
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dominant species from the species richness-productivity relationship case
studies show dependence between life-form and clonality.

To analyze the dominant species, we used generalized linear models
(binomial distribution, Type 1 likelihood-ratio test) linking species richness-
productivity relationship type to life-form, clonality and evolutionary
background, based on individual parameters and in a single model including all
pairwise interactions.

Paper I1I —
Soil heterogeneity in woodlands and grasslands

Metadata was extracted from the literature on the requisite that each case-study
contained the following: 1) paired woodland—grassland stands with similar
edaphic conditions and sampled in a similar way (scale, number of replicates,
methods of soil analyses). We omitted studies in which small woody patches
were studied in grasslands or vice versa. Similarly, early successional stands
were omitted (e.g., young plantations, old-field series, recent forest clear-cuts).
If multiple locations were reported within a single case study, all locations were
included; replicated measures of soil nitrogen (N; total nitrogen was used when
reported) or carbon (C; organic matter content was used as an alternative) in the
topsoil (mostly the upper 10 cm); coefficients of variation (CV = SD/mean; Zar
1996), or data that allowed us to calculate the CV of N and C.

We used the CV to estimate soil heterogeneity since it is unitless and can be
used with different original units of measurement (e.g., percentage, g/m’, etc.).
The CV is also independent of the average value of soil N or C, and thus
relative variability at both low and high resource conditions can be compared.
In most cases, CVs were between 0 and 1. The CV rarely exceeded 1, and such
cases were omitted due to extreme heterogeneity.

The CVs were arcsine-square root transformed, and the scale and number of
replicates were logo-transformed in order to get normal distributions, confirmed
by the Kolmogorov—Smirnov test (Zar 1996). We related CVs in grasslands to
CVs in woodlands using Model II (reduced major axis) regression, since we
cannot distinguish independent and dependent variables (Sokal & Rohlf 1995).

In order to study the deviance from a null model we used Model II
regression residuals. Residuals of CVs were tested for relationships to latitude,
annual precipitation, mean annual temperature and number of replicates. We
used generalized linear models (normal distribution, identity link function)
separately for residuals of N and C heterogeneity. The best model was chosen
according to Akaike Information Criterion (Akaike 1973). Similar generalized
linear model analyses were performed separately for CVs of woodlands and
grasslands.
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RESULTS

Paper I — Generality of species
richness-productivity relationship

Altogether 163 case-studies qualified for inclusion in the meta-study concerning
the shape of species richness-productivity relationship (I, Appendix). All cli-
matic zones and continents (except Antarctica) were represented in the dataset
(Fig 2). Of these 163 cases, 57 featured a unimodal relationship (including 20
that reported a negative relationship), 46 found a positive relationship, and 60
found no relationship (including six U-shaped relationships).

"

Fig. 2. Locations of plant productivity-diversity case-studies throughout the world.
Symbols indicate the relationship shape (triangles = unimodal; circles = positive; points
= no relationships). Some locations are slightly shifted for better visibility.

The shape of the species richness-productivity relationship was significantly
different between tropical and temperate regions, as it was significantly related
to mean annual temperature (x> = 23.1, df = 2, P < 0.0001), and latitude (y* =
22,7, df = 2, P < 0.0001). According to the Akaike Information Criterion,
annual precipitation was not included in the best model.
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Fig. 3. Results of polynomial regression — significance of unimodal (left) and positive
productivity-plant diversity relationships (right) across latitude. The logratios of
proportions are used for the compositional data.

The proportions of different species richness-productivity relationships were
nonlinearly related to latitude (Fig 3). From the equator to the poles, the
proportion of the unimodal species richness-productivity relationship increases
significantly (R* = 0.72, P = 0.0337), and the proportion of the positive pro-
ductivity—diversity relationship decreases significantly (R* = 0.93, P = 0.0019).

Paper II — Species richness-productivity relationship
in woody species

The analysis of the same 163 case-studies in Paper I revealed a unimodal
species richness-productivity relationship to be significantly more common for
herbaceous than woody species and in grasslands than forests (Table 1). Using
the data set of 46 species from species richness-productivity relationship case
studies (II, Appendix S2), life-form was significantly associated with clonality
class, with herbaceous species being more commonly clonal than woody species
(Table 2).
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Table 1. 2x2 tables showing the relationship between the shape of the species richness—
productivity relationship (SRPR) and a) life form (whether only woody or all species:
woody + herbaceous), or b) ecosystem type (forest vs. grassland) for 163 case studies.

SRPR
Unimodal Other Fisher Exact test

a)

Only woody species 2 25

All plant species 54 82 P =0.0006

b)

Forests 9 45

Grasslands 47 62 P =0.0005

Life-form, clonality and evolutionary background were all associated with
unimodality of species richness-productivity relationship when analyzed
separately (Table 3). In a combined model using all three parameters, however,
only clonality and evolutionary background were significant, with life-form
modifying the clonality effect (Table 3). When clonal species or species
originating from global or temperate evolutionary lineages dominated, a
unimodal species richness-productivity relationship was common. However,
there was a significant interaction between clonality and woodiness. Unimodal
species richness-productivity relationships were associated only with woody
species that are usually or often clonal, but for herbaceous species unimodal
relationships were associated with all clonality classes.

Table 2. Relationship between clonality (capability of vegetative reproduction) and
growth form (woody or herbaceous) of dominant or most abundant species at the
highest productivities.

Clonality*:
Rare Present Common  Fisher Exact test
Woody species 7 12 2
Herbaceous species 2 11 12 P =0.0069

* Clonality values: rare — species that reproduce only or mainly with seeds; present —
equally with seeds and vegetatively; common — vegetatively, or mainly vegetatively.

The complete model was significant (log-ratio x* = 28.61, df = 13, P= 0.0074),
and after the removal of non-significant terms, the significance increased further
(logratio y* = 26.19, df = 7, P = 0.0005). Thus clonality and evolutionary origin
jointly dictate whether the SRPR is unimodal in our dataset, but woodiness is
significant only in interaction with clonality.
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Table 3. Unimodality of species richness-productivity relationship in relation to
clonality, life form (woody/herbaceous) and evolutionary background at the highest
productivities according to GLM.

Single model

Separate models

Df Log- Chi- P Log-  Chi- P

likeli- square likeli- square

hood hood
Intercept 1 2827
Clonality 2 2495 6.69 0.0364 2495 6.69 0.0364
Life form 1 2391 209 0.1480 -25.76 5.01 0.0252
Evolutionary background 2 -19.79 824 0.0163 -2343 9.68 0.0079
Clonality*Life form 2 -15.17 9.24 0.0099
Clonality*Evolutionary 4 -1493 048 0.9753
background
Life form*Evolutionary 2 -1396 194 0.3791
background

Paper III — Soil heterogeneity in woodlands and
grasslands

We found 72 and 81 locations with N and C data, respectively (Fig. 4; III,
Appendix S1). Analyses revealed that the CVs of grassland and woodland
resources were strongly related for both soil N and C (II1, Fig. 2).
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Figure 4. Locations of paired woodland-grassland sites obtained from the literature that
described soil nitrogen (circles) and carbon (squares) heterogeneity. Some points are
slightly shifted in order to decrease overlap.
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Differences between CVs in woodland and grassland pairs (the residuals from
III Fig. 2) were related to geographical and climatic variables. The best model
included only latitude for both soil N (3 = 12.2, df = 1, P < 0.0005) and soil C
(X2 = 6.5, df = 1, P = 0.0103); soils were more heterogeneous in woodland in
temperate regions, but in grassland in tropical regions (Fig. 5).
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Figure 5. Relationships between differences in soil nitrogen (a) and carbon (b)
heterogeneity of woodlands and grasslands, and latitude. Positive values indicates
greater heterogeneity in grasslands; negative values greater heterogeneity in woodlands.

Woodland CV did not vary significantly with any geographical parameters (e.g.
Fig. 6a,b for latitude). Grassland soil N heterogeneity was related to latitude
(Fig. 6¢, x> =22.1,df = 1, P < 0.0001). The same significant relationship emer-
ged for soil C heterogeneity, which was likewise related to latitude (Fig. 6d,
' =8.4,df =1, P=0.0038).
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Figure 6. Relationships between soil nitrogen (a, ¢) and carbon (b, d) heterogeneity
(arcsine-square root transformed Coefficient of Variation) in woodlands (a, b) and
grasslands (c, d), and latitude. Woodland heterogeneity had no significant relationships.
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Latitude (Degree N or S)

Grassland heterogeneity was higher at lower latitudes.

Consequently, tropical grassland soils were more heterogeneous than temperate
grassland soils. The difference between soil heterogeneity in woodlands and
grasslands depends on grasslands, since grassland soil heterogeneity varied with

latitude whereas woodland soil heterogeneity did not.
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DISCUSSION

Significant global variation was found for both ecological relationships:
between plant species richness and productivity, and between soil heterogeneity
and dominating life form (woody vs. herbaceous). Unimodal species richness-
productivity relationship dominated in the temperate zone and positive
relationship was significantly more common in the tropics. Moreover, unimodal
species richness-productivity relationships were globally less prevalent for trees
and in forests than for herbaceous species and grasslands, and also when
community dominant species originated from tropics and were not clonal. Soil
heterogeneity was higher under woody vegetation only in the temperate zone,
but in the tropics grassland soils tended to be more heterogeneous than wood-
land soils. Since both tropical and temperate zones and woody and herbaceous
species have contrasting evolutionary histories, these results can be attributed
collectively to large-scale evolutionary and geographical processes. Conse-
quently, the effects of large-scale processes on local species pools must be
considered when studying local vegetation patterns.

Unimodality of species richness-productivity relationship was restricted
largely to the temperate zone, whereas positive relationships dominated the
tropics (Fig. 3). Latitude was the most significant attribute affecting the species
richness-productivity relationship — it described approximately 80% of the
variation. Our explanation for this variation is based on the dissimilar
evolutionary history of species pools in different climatic zones. Evolutionary
history of tropical and temperate zones show contrasting tendencies: productive
habitats in tropical regions have been more prevalent throughout evolutionary
history (Beerling 1999), while highly productive sites in the temperate zone are
less common or are fairly young (Hodgson 1987).

Our results support a theoretical model (Stevens 2006) in which a unimodal
species richness-productivity relationship was expected when low temperature
or precipitation limit diversity at low productivity and high soil nutrients limit
diversity at high productivity. The tropics feature high temperature and variable
precipitation, though tropical soils are poor in nutrients (Thorp & Baldwin
1940, Grubb 1995, Hartemink 2002).

Grime (Al Mufti et al 1977, Grime 1979) attributed low diversity at very low
productivity to evolutionary processes: very few species have managed to
evolve for highly stressful conditions. The species-pool hypothesis actually
began with the same idea with respect to the high end of the productivity
gradient — species numbers are limited in fertile conditions due to the historical
scarcity of productive habitats in the temperate zone (Hodgson 1987, Taylor et
al 1990). We provide the first support for this hypothesis on the global scale,
comparing species richness-diversity relationships in temperate and tropical
regions, which exhibit completely different evolutionary histories.
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According to Grime (1979), the role of species pools (in his terminology,
species reservoir) determines local diversity primarily at intermediate pro-
ductivity levels and competition remains the main force responsible for low
diversity at high productivity levels. We showed that in addition to the effects
of ecological processes, the differential evolutionary history of species pools
may also affect local diversity at high productivity. There is increasing evidence
for the important role of the evolutionary history of species pools for local
biodiversity patterns; for example, the relationship between diversity and soil
pH is different between tropical and temperate regions as well (Partel 2002).

However, our evidence for large-scale processes does not rule out ecological
effects, since both evolutionary and ecological determinants of the response
pattern act in unison (Huston 1999, Pirtel et al 2000, Foster et al 2004, Bruun &
Ejrnaes 2006). Zobel and Liira (1997) used relative richness (the ratio of local
richness to species pool size) — thus eliminating the possible effect of the size of
the species pool — and still found a unimodal (albeit weaker) species richness-
productivity relationship in field-layer communities in the temperate zone.

Consequently, these results indicate that the species richness-productivity
relationship is not a universal ecological pattern, and significant differences in
its emergence may appear between regions with different evolutionary histories
(Partel 2002, 2006). This message is important to conservation biology because
regional differences in the basic empirical relationships of diversity should be
considered for predicting potential biodiversity, estimating losses, and planning
conservation areas (Pirtel et al 2004). Contrary to suggestions (e.g., Wohlge-
muth 1998, Hodgson et al 2005, Wassen et al 2005), it is incorrect to pay
greater conservation effort to regions with low and intermediate productivity.
We cannot ‘‘export’’ this conservation knowledge globally, since the unimodal
species richness-productivity relationship is not globally dominant.

When studying the species richness-productivity relationship in woody and
herbaceous species, the unimodal relationship pertained more to herbaceous
species and grasslands (Table 1), which can be attributed to both ecological and
evolutionary processes. Herbaceous species are significantly more clonal than
woody species (Aarssen 2007) and the ability of vegetative reproduction may
increase species competitiveness (Grubb 1987). Additionally, according to the
ideas of niche conservatism (Ricklefs 2005, 2006) or biogeographical affinity
(Harrison & Grace 2007), lineages that have migrated to other climatic
conditions still demonstrate characteristics that were ecological requirements of
their ancestors. Temperate woody species descend from lineages that often
originate from tropical regions (Ricklefs 2006), where unimodality of species
richness-productivity is rare (Fig. 3). According to the dataset (II, Appendix
S2), both clonality and evolutionary background are significantly related to the
pattern of species richness-productivity relationship with woodiness compli-
cating the clonality effect (Table 3); thus there are multiple correlates of
diversity patterns (Partel et al 2000, Foster et al 2004).
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The distinctness of forests and grasslands is quite underrated in ecological
generalizations (Pértel & Wilson 2002, Cornwell & Grubb 2003). On a global-
scale, support was found for the idea that unimodal species richness-pro-
ductivity relationship may not be a suitable model for woody species (Grubb
1987) (Table 1). There were only two cases in which a unimodal species
richness-productivity relationship was described for woody species, and neither
case was truly forest, but shrubland (Table la). Shrubs represent the inter-
mediate ecological form between trees and herbaceous species (Cornwell &
Grubb 2003) and, for example, when growing in open communities, the ecology
of shrubs is considerably more similar to that of herbs than trees (Grubb 1987).
Nine forest ecosystems were found with a unimodal species richness-
productivity relationship (Table 1b), but most of these cases focused only on the
herbaceous species within the forest community and woody species were
excluded from the analyses.

According to Grubb (1987), unimodal species richness-productivity relation-
ships in grasslands and herbaceous species result from the dominant clonality
among herbaceous species, in contrast to woody species, and in agreement with
the dataset (II, Appendix S2), herbaceous dominants also demonstrated a
significantly higher clonality rate than woody species on the global scale (Table
2). The significance of clonality may manifest through the higher competitive
abilities of clonal species (van Groenendael et al 1996, Peterson & Jones 1997,
Svennson et al 2005), especially for herbaceous species (Jenik 1994, Reynolds
et al 2007). Clonality of dominant species was indeed significantly related to the
unimodality of species richness-productivity relationships (Table 3). Conse-
quently, indirect support was found for the original idea of Grime (1979) that
the decline of species richness at high productivity may be due to competitive
exclusion. In contrast, a meta-analysis by Goldberg and others (1999) suggested
that the intensity of competition often declines significantly with productivity,
instead of increasing with it. Therefore, clonality itself may be more important
than general competitive ability, and the linkage between clonality and vege-
tation patterns needs to be explored further.

Furthermore, in addition to clonality, evolutionary history may affect species
richness-productivity relationships as well. As the results from Paper I suggest,
unimodal species richness-productivity relationships are largely restricted to the
temperate zone (Fig. 3), where highly productive habitats have been scarce
throughout evolutionary history. Temperate tree species originate mainly from
tropical lineages (Axelrod 1966, Richards 1996, Ricklefs, 2005, 2006). Niche
conservatism theory asserts that species tend to retain the characteristics of their
ancestors and therefore dominant tree species from the temperate zone have
maintained their tropical niche characteristics (Ricklefs 2006) resulting in non-
unimodal species richness-productivity relationships. Analysis of the dataset
shows (Table 3) that evolutionary background is related significantly to the
species richness-productivity relationship, regardless of whether the dominant
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species is woody or herbaceous. Consequently, niche conservatism can explain
why some unimodal species richness-productivity relationships can still be
found in the tropics. As a result, niche conservatism may adequately account for
the shape of some species richness-productivity relationships.

Similar global variation was found in studies of soil heterogeneity in wood-
lands and grasslands. The previously described higher soil heterogeneity under
woody vegetation (Schlesinger et al 1996, Kleb & Wilson 1997, Pértel & Helm
2007) was restricted to temperate regions. In the tropics, grassland soils tended
to be more heterogeneous than woodland soils (Fig. 5). This variability in the
relationship was due to grasslands (Fig. 6), since grassland soil heterogeneity
varied across latitudinal gradients (latitude described up to 30% of variation in
grassland soil heterogeneity), whereas woodland soil heterogeneity did not.
Although both soil N and C heterogeneity have significant geographical and
climatic variation on a global scale, the relationship between soil heterogeneity
and vegetation type is still significantly dependent on region, and the conse-
quences of a global vegetation change may differ between temperate and
tropical regions.

There is a diverse array of possible mechanisms underlying the given results:
topographical variation, grazing, disturbance by burrowing animals, litter
quality and effects of roots on soil resources (Stark 1994). Unfortunately, our
dataset was too robust and descriptive to isolate any of these mechanisms,
although one factor, the spatial redistribution of carbon and nutrients by root
activity, is extremely important to all types of vegetation (Jobbagy & Jackson
2001). The possible contribution of roots to global patterns of soil heterogeneity
was investigated. Soil may become heterogeneous if fine roots are distributed
heterogeneously in space (horizontally or vertically) or in time (through root
turnover).

Unfortunately no comparable data on the horizontal distribution of fine roots
was available for each climatic zone. However, in addition to horizontal root
distribution, vertical distribution may also influence soil patches. Rooting depth
is related to the upward transport of nutrients (Jobbagy & Jackson 2001), which
may create local resource-rich patches. In temperate grasslands, 95% of roots
reach a depth of 89 cm, which is significantly less than in temperate woodlands
(123 cm). In tropical grasslands, 95% of roots reach 123 cm, which is similar to
the depth in tropical woodlands (139 cm) (Schenk & Jackson 2002). Thus,
grassland rooting depth varies considerably with latitude, whilst woodland
rooting depth does not. This may contribute to differences in soil heterogeneity
in temperate and tropical grasslands.

High rates of root turnover would appear as high spatial variability at any
given time.

Heterogeneous woodlands in temperate zone have been found to be
positively correlated with root turnover on a scale of 1 m, whereas more homo-
geneous grassland soils are associated with lower turnover (Partel & Wilson
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2002). In a global survey, grassland root turnover was significantly positively
related to mean annual temperature, but no such relationship was found for
woodland roots (Gill & Jackson 2000). Additionally, fine roots in tropical
grassland had the highest turnover values of all terrestrial ecosystems. Conse-
quently, higher root turnover in tropical grasslands may contribute to relatively
higher soil heterogeneity than in temperate grasslands with longer-living roots.

The contrasting fine root behaviour of temperate (less patchy) and tropical
(more patchy) grassland species may be related to their contrasting evolutionary
backgrounds. Most temperate woody species originate from tropical ancestors
(Ricklefs 2006). Thus, tropical and temperate woody species may be similar in
their fine root behaviour due to common evolutionary history. In contrast, there
is little overlap between phylogenetic lineages of tropical and temperate
grassland; tropical grasslands are dominated by C4 taxa and temperate
grasslands by C3 taxa (Woodward et al 2004). Thus, rooting traits in temperate
and tropical grasslands may be different simply because of their dissimilar
evolutionary histories.
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CONCLUSIONS

Most common knowledge in ecology comes from well-studied temperate
regions. Ecologists from Europe and Northern America carry out their
experiments and observations mostly in suitable communities surrounding their
universities and institutes. In the light of novel macroecological approach, this
tendency has created some serious biases in our understanding of several
ecological relationships.

When scientific research dominates in one region, it is rational to assume
that evolutionary and geological history plays a significantly lesser role in the
context of extracting new knowledge from them, than from local ecological
processes. The problem is that the results from temperate zone are often extra-
polated all over climatic gradients, without considering regional and evolutio-
nary differences in other climatic zones.

The results of the three global scale meta-studies discussed in this thesis
show that even well-known and seemingly thoroughly explored ecological
relationships vary significantly in different climatic zones, and this variation is
much more pertained to large-scale and evolutionary processes than assumed by
the majority of scientists exploring this field. Although the macroecological
approach was launched in order to find global generalities and patterns of life, it
acts as a sort of warning signal as well, proving that ecological relationships are
not as ubiquitous as sometimes expected.

According to the hypothesis, the following conclusions were made:

1. The unimodal plant species richness-productivity relationship is not a
global phenomenon, but is merely prevalent in the temperate zone,
whereas the positive relationship is more common in the tropics.

2. Furthermore, unimodal species richness-productivity relationship was
globally less common in woody species and in forests than in herbaceous
species and grasslands.

3. Additionally, clonality and temperate evolutionary background of the
most abundant species in community generates unimodal species
richness-productivity relationships.

4. The soil in tropical grasslands is more heterogeneous than in temperate
grasslands, but no such pattern was found in woodlands.

Unimodal species richness-productivity relationships have probably been
widely discussed in the ecological literature because most relevant studies
involve clonal species of temperate origin. This, however, cannot be generalized
to other species and regions.

Tropical grasslands were more heterogeneous than temperate grasslands, but
there was no such pattern found in woodlands. This pattern is consistent with
global patterns in fine root distribution and turnover. Tropical grasslands are
deep-rooted and characterized by high root turnover. /n situ experiments are
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needed to determine exactly which mechanisms are responsible for high soil
resource heterogeneity in tropical grasslands.

The results discussed in this thesis indicate that ecological relationships
should be tested for their generality across global gradients and climatic zones.
Consequently, care is needed when “exporting” ecological assumptions to other
regions.
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SUMMARY IN ESTONIAN

Makrookoloogiline lihenemine taimkatteteadusele:
okoloogiliste seaduspirade varieerumine
globaalses skaalas

Makrookoloogia, mis uurib organismide ja keskkonna vahelisi seoseid suurtes
ruumiskaalades, on vordlemisi uus teadusharu. Selle olulisimaks ldhtekohaks oli
James H. Browni monograafia “Macroecology” ilmumine 1995. aastal.
Sestsaati on makrodkoloogiliste teadustodde hulk ndidanud pidevat kasvu-
tendentsi (Joonis 1). Touke makrodkoloogia viljakujunemiseks andsid Teise
maailmasdja jargselt loodusteadustes, eriti Okoloogias, biogeograafias,
paleontoloogias ja evolutsioonilises bioloogias tehtud tdhelepanuvéirsed avas-
tused. Pohjalikult kujundati {imber arusaamad sellest, millised protsessid ja
kuidas mojutavad lokaalkooslustes elavate organismide ohtrust, levikut ning
mitmekesisust. Parast aastakiimneid kestnud teadmiskillukeste kogumist tekkis
vajadus need iihtsesse, koikehdlmavasse siisteemi paigutada; algandmeid tundus
olevat kogunenud piisavalt selleks, et lokaalse skaala asemel saaks késitleda
globaalset skaalat. Makrookoloogia pakutigi vélja kui tdiesti uus ldhenemine
okoloogiateadustele, mille abil oleks voimalik oluliselt laiendada 6koloogiliste
protsesside uurimise haaret, seda nii ruumilises kui ka ajalises mottes.

Globaalsed bioloogilised mustrid on makrodkoloogia distsipliini vastsusest
hoolimata teadlasi ammustest aegadest huvitanud; ning kuigi biodiversiteedi
mustreid uurisid juba niiteks Karl Linné ja Georges-Louis Leclerc Comte de
Buffon, kes piilidsid seletada Noa laeval viibinud loomade levimist tagasi iile
kogu maailma, siis véga paljud pdhikiisimused ja nende teatud aspektid bio-
loogias, ja eriti 6koloogias ning biogeograafias on siiani vastuseta. Uks pdhjus,
miks see nii on, peitub arvatavasti teadlaste ja teadusharude liigses spetsiali-
seerituses: on raske eeldada, et inimene, kes uurib aastakiimneid mingit kindlat
parameetrit iithes taksonoomilises {iksuses, voOiks hoomata niivord koike-
hdlmavaid protsesse nagu mitmekesisus, liikide levimine, liigiteke jne, raéki-
mata nende draseletamisest — ning seda koike iileilmsel skaalal.

Viimaste aastakiimnete arengud on teinud teadusliku informatsiooni méirksa
laialdasemalt kéttesaadavaks ning lisaks on teadusliku informatsiooni hulk
eksponentsiaalses tempos kasvanud. Selle tagajirjel on akumuleerunud suurel
hulgal omavahel vorreldavaid andmeid paljudest maailma paikadest, sealhulgas
ka okoloogilisi andmeid taimkatte kohta. Uks vdimalus nende andmete pdhjal
suureskaalalisi makroodkoloogilisi jireldusi teha on viia 14bi metauuringuid.
Kuigi esimese metaanaliiiisi tegi kuulus inglise matemaatik Karl Pearson juba
rohkem kui sada aastat tagasi (1904. aastal), hakati dkoloogiaalaseid meta-
uuringuid usinamalt avaldama alles mé6dunud sajandi viimasel kiimnendil, sest
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lisaks algandmete vahesusele ei voimaldanud ka arvutustehnika tase neid enne
korralikult 14bi viia.

Lisaks tehnilistele eeldustele ja algmaterjali piisavale akumulatsioonile oli
adekvaatsete makrodkoloogiliste uuringute tegemiseks tarvis ka mottelaadi
muutumist 6koloogiateadustes. Nimelt valitses (ja paiguti valitseb siiani) taim-
katteteadustes alates 1960. aastatest saati niinimetatud lokaalne determinism.
Selle paradigma kohaselt valitsesid taimkattes mehhanitsistliku iseloomuga
kohaliku taseme 6koloogilised protsessid (eelkdige liikidevaheline konkurents),
mis kujundasid koiki olulisemaid taimekoosluse omadusi alates biomassi
produktsioonist ja 16petades liigirikkusega. PShjus, miks taoline evolutsiooni-
liselt tasakaaluline motteviis juurdus ning levikut, evolutsiooni ja regionaalset
ajalugu oluliseks ei peetud, seisnes eelduses, et kohalikul tasandil toimuvad
Okoloogilised protsessid on niivord kiired, et “summutavad” pikaajaliste prot-
sesside moju. Pealegi viidi valdav osa dkoloogilistest vaatlustest ja uuringutest
labi Euroopas ja Pdhja-Ameerikas, sest O0koloogiaga tegelevad teaduslikud
uurimisasutused on kogunenud just nendesse piirkondadesse. Selle tagajérjel
uuriti peamiselt parasvootme taimekooslusi, mille evolutsiooniline ja geo-
loogiline ajalugu oli suhteliselt sarnane, mistdttu suureskaalalisi protsesse
polnudki pShjust arvestada. Tekkinud olukorras, kus pShikiisimuseks oli “miks
nii palju litke koos elab?”, ei saanudki kujuneda vilja vastuseid bioloogiliste
siisteemide kodige suurematele ja laiahaardelisematele aspektidele, nagu néiteks
biomitmekesisus, sest kolmest mitmekesisust kujundavast protsesside vald-
konnast arvestati iiksnes okoloogilisi protsesse, kuid levik (mis annab juurde
ruumimodtme) ja evolutsiooniline/geoloogiline tagapdhi (mis annab juurde
ajamodtme) jieti seletuste otsimisel kahe silma vahele.

Biodiversiteet on paljuskaalaline ja mitmetimdistetav omadus, mis on
iseloomulik kdikidele okosiisteemidele. Biodiversiteedi enimlevinuim modt-
ithik, liigirikkus, ja selle kujunemise pdhjused on huvitanud paljusid biolooge
juba sadu aastaid. Kuid nagu eelmises 10igus radgitud, seletuste otsimisel on
teadlased keskendunud eelkdige Okoloogiliste ja kohalikul skaalal toimuvate
protsesside uurimisele ning levimine ja evolutsioon on paljuski korvale jaetud.
Ometigi on kauglevi olulisust rdhutatud juba Robert H. MacArthuri ja Edward
0. Wilsoni kuulsas saarte biogeograafia teoorias (1967); evolutsiooniliste tegu-
rite olulisust on propageerinud peamiselt Robert E. Ricklefs, kes on osutanud
eelkodige litkide flilogeneetilise tausta ja kasvukoha regionaalse ajaloo
olulisusele liigirikkuse mustrite kujundamisel.

1990. aastatel kujunes paljuski Martin Zobeli ja Meelis Péarteli eestvottel
vilja liigifondi kontseptsioon, mille kohaselt kujundab mingi antud koosluse
liigirikkust eelkdige sealne liigifond, see tdhendab, nende liikide hulk, mis on
potentsiaalselt voimelised antud koosluses elama ja sinna ka levima — niisiis
arvestab see kontseptsioon lisaks Okoloogiliste teguritele ka leviku ja evo-
lutsioonilise/geoloogilise ajaloo tegureid. Liigifondi paradigma kiisib pigem:
“miks nii vdhe liike koos elab?”, vastandudes seega otseselt lokaal-
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deterministlikule motteviisile. Liigifondi paradigma on seega sobilik filosoofi-
line 1&hendus uurimaks liigirikkuse mustreid makrodkoloogilisest vaatenurgast.

Uks kdige ldbiuuritumaid, ent ometigi selge vastuseta jdanud kiisimusi
(taime)dkoloogias puudutab liigirikkuse ja koosluse produktiivsuse vahelist
seost. Esimesed sellealased t60d tehti 1960. aastatel, kuid dige hoo said
liigirikkuse ja produktiivsuse seose uuringud sisse pérast seda, kui J. Philip
Grime uuris antud seost Inglismaa rohumaade taimkatte puhul ning avaldas
saadud tulemuste pohjal kuulsa “kiiiiruga kovera” ehk joonise, kus liigirikkuse
ja produktiivsuse vahel on unimodaalne ehk iihetipuline seos (keskmise produk-
titvsuse juures on kdige suurem liigirikkus). Véga viikese produktiivsuse korral
puuduvad ressursid paljude isendite ja seega ka liikide kooseksisteerimiseks
ning on iiheselt selge, miks produktiivsuse skaala alguses liigirikkus véike on.
Oluline oleks teada just seda, miks suure produktiivsuse korral liigirikkus uuesti
langema kipub. Grime ise pdhjendas liigirikkuse langust kdrge produktiivsuse
juures konkurentsiga: mida korgem produktiivsus, seda intensiivsem konkurents
ning seda enam liike vélja torjutakse. Konkurents ja sellega suuremal voi
vihemal méiral seotud lokaalsed ning 6koloogilised pdhjendused ongi jadnud
valdavateks seletusteks liigirikkuse langusele korgete produktiivsuste juures.

Kuigi mitmed uurimistood said ka teisi tulemusi, kus liigirikkus ja
produktiivsus olid seotud kas positiivselt voi negatiivselt voi siis puudus seos
nende kahe vahel sootuks, on unimodaalne produktiivsuse ja liigirikkuse vahe-
line seos jadnud taimkatteuuringutes valdavaks tulemuseks. Mitmed teadlased
markasid, et iihetipuline kdver saadi tulemuseks peamiselt siis, kui uuriti rohu-
rinnet ning tehti seda parasvootmes. Paljud troopikas vdi puurindes labiviidud
uuringud andsid tulemuseks pigem positiivseid seoseid liigirikkuse ja
produktiivsuse vahel. Paraku tehti valdav enamus vaatlustest just parasvootme
rohurindes, mistottu mitteunimodaalse seose leidnud t66d jdid teaduslikus
mottes perifeerseteks ning neid kisitleti kui erandeid, mis kinnitavad reeglit.

Liigifondi kontseptsiooni kohaselt mdjutavad liigirikkust lisaks lokaalsetele
ja okoloogilistele protsessidele ka levimine ning regionaalne ja evolutsiooniline
ajalugu. Seemnete juurdelisamise katsed on ndidanud, et liikide koos-
eksisteerimisel pole looduslikes ja pool-looduslikes kooslustes veel {ilempiirini
joutud, kuid seda eelkdige madala ja keskmise produktiivsuse juures. Oma osa
liigirikkuse ja produktiivsuse seosele voib anda varieerumine erinevate taimede
levikutdendosustes.

Evolutsiooni vaatenurgast on liigirikkuse ja produktiivsuse seose kujunda-
misel rohutatud eelkdige litkide fiillogeneetilise tausta olulisust. Samuti on
osutatud regionaalse ajaloo eripdradele: produktiivsed kasvukohad ei ole
parasvootmele omased ning jddaegade moju on viljakate alade levikut selles
vootmes veelgi piiranud. Seetdttu pole parasvodtmes toimunud liigitekke-
protsessid soosinud selliste taimeliikide arengut, mis kasvaksid koige meelsa-
mini just korge produktiivsusega kooslustes. Samas on troopikas miljoneid
aastaid laiunud d4rmiselt produktiivsed piirkonnad ning olulisi hdiringuid pole
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nendel aladel olnud. Liigifondi paradigma kohaselt on parasvootme liigifondis
lihtsalt vihe korget produktiivsust eelistavaid liike ning seetdttu vaibki eeldada,
et seos liigirikkuse ja produktiivsuse vahel parasvootmes on unimodaalne;
samas voiks troopikas eeldada positiivset seost.

Paraku ei kipu iihetipulised seosed liigirikkuse ja produktiivsuse suhtes
parasvodtme puurindes eriti ilmnema. Seda mérkas ka Peter Grubb, kes seostas
antud néhtust klonaalsusega. Nimelt esineb puittaimedel mérgatavalt harvem
vegetatiivse paljunemise voimet kui rohttaimedel ning Grubbi viitel mojutab
just see puit- ja rohttaimede liigirikkuse ja produktiivsuse seose kuju. Klonaal-
sust peetakse konkurentsieeliseks, eriti produktiivsetes kooslustes, kuna uutel
liikidel on palju raskem kooslusesse tungida olukorras, kus koosluses domi-
neerivad vegetatiivse paljunemisvdimega liigid. Lisaks sellele, et puittaimede
hulgas on klonaalsus oluliselt vihem levinud kui rohttaimede hulgas, on ka
nende rithmade klonaalsus erineva iseloomuga: puittaimede klonaalsus pole
suunatud niivord oma otseste konkurentidega ressursside pdrast voitlemisele
ning levimisele, nagu see on rohttaimedel, kuivord pigem mitmesugustest
héiringutest (tuule-, tule- ja herbivooride kahjustused) taastumisele. Veelgi
enam, parasvootme puit- ning rohttaimede fiillogeneetiline ajalugu on véga
erinev. Nimelt péarineb enamik parasvodtme puittaimede eellasi troopikast,
samas kui rohttaimed on evolutsioneerunud kohapeal. Robert E. Ricklefsi
niSikonservatismi (ehk fiilogeneetilise inertsuse) teooria kohaselt siilitavad
liigid oma eellaste tunnusjooned ning sellest ldhtudes vdivad parasvodtme
puittaimed “kdituda” nii, et produktiivsuse ja liigirikkuse seos tuleb uni-
modaalse asemel pigem positiivne, sest just selline seos on troopikakooslustes
rohkem levinud.

Bioloogiline mitmekesisus ei seisne siiski iiksnes liigirikkuses, vaid avaldub
ka teisiti. Kui eelnevatest 1dikudest selgus, et puit- ja rohttaimede vahel on
maérgatavaid erinevusi, mille 6koloogiateadused tihtipeale kahe silma vahele on
jatnud, siis oleks huvitav teada ka, kas nditeks troopika ja parasvodtme metsade
ja rohumaade Okosiisteemide olulisemates protsessides avaldub kardinaalseid
erinevusi. Looduskaitse on koikjal maailmas hidas sellega, et rohumaad kipu-
vad metsastuma, ning rohumaade kadumisega kipuvad kaduma ka taimeliigid.
Puittaimede invasiooni rohumaadele on kiill seostatud nii pdlengute vihenemise
ning kadumise, lammastikureostuse kui ka siisinikdioksiidi taseme tousmisega
ohus, kuid tihti arvatakse, et antud nihtuse taga on mulla toitainete hetero-
geensuse erinevused rohu- ja metsamaadel.

Puittaimed eelistavad heterogeenset mulda, sest nende juured on pikad ja
ulatuvad suure tdendosusega nende laikudeni, mis sisaldavad ohtralt toitaineid.
Seevastu rohttaimede juured on liithikesed ning seetdttu eelistavad rohttaimed
pigem toitainete homogeenset jaotumist mullas. Lisaks eelistamisele on nii puit-
kui ka rohttaimed vdimelised mulla toitainete sisaldust vastavalt oma soovidele
mojutama; nii muutuvad vdssakasvanud niidualade mullad heterogeensemaks
ning rohttaimede domineerimine koosluses omakorda iihtlustab toitainete
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ruumilist jaotust — kuid seda kdike parasvootme tingimustes. Paraku ei ole
teada, kas samasugused seaduspidrasused kehtivad ka nditeks troopilises
voondis, kus mullad on mirksa vanemad kui parasvodtmes, kuid puuliigid
périnevad samadest troopikas elanud eellastest, kellest parasvootme puuliigidki.

Eelnenut kokku vottes saab Oelda, et makrodkoloogiline 1dhenemine taim-
katteteadusele voib anda véga sisukaid tulemusi eelkdige dkoloogiliste seadus-
péarasuste lldkehtivuse kohta. Nii ruumi- kui ka ajateljel suureskaalalised
protsessid on erinevate piirkondade ja eluslooduse riihmade arengut mdjutanud
viaga erineval viisil ning sellest tingituna tuleb enne Okoloogiliste seadus-
pérasuste lldkehtivaks kuulutamist pohjalikult uurida, kas antud seost leidub
koikides maailma paikades ja ka teiste taksonoomiliste voi funktsionaalsete
riihmade puhul. Kéesolevas t66s on uuritud taimede liigirikkuse ja produk-
tiivsuse seose kuju varieeruvust globaalsel tasandil ning testitud suureskaalaliste
ja evolutsiooniliste protsesside mdju antud seose kujule; samuti on uuritud
mulla toitainete heterogeensuse varieeruvust erinevates keskkonnatingimustes
erinevate kooslusetiiiipide puhul.

Kaéesoleva t66 eesmirkideks oli uurida, kas:

1. taimede liigirikkuse ja produktiivsuse seose kuju varieerub kliima-

gradiendil,

2. liigirikkuse ja produktiivsuse unimodaalne seos taimedel on globaalses
skaalas puittaimedel ja metsades vidhem levinud kui rohttaimedel ja
rohumaadel,

3. koosluse liigirikkuse ja produktiivsuse seose kuju soltub koosluses
domineerivate liikide vegetatiivse paljunemise vOimest ning fililoge-
neetilisest taustast,

4. metsade ja rohumaade mulla toitainete heterogeensus varieerub sarnaselt
ka erinevates klimaatilistes tingimustes.

Ulalloetletud eesmirkide saavutamiseks viisime ldbi kolm metauuringut, mis
seisnesid eelretsenseeritavas teaduskirjanduses juba avaldatud samasisuliste
uuringute (teadusartiklite) tulemuste kokkukogumises ja saadud andmemaatrik-
site analiiiisimises. Igast sobilikust artiklist filtreeriti vilja meid huvitanud
andmed: liigirikkuse ja produktiivsuse seose kuju, koosluse dominantliik, mulla
heterogeensuse véirtused, samuti uuritud ala(de) geograafiline asukoht, mille
alusel sai vastavast andmebaasist midrata tolle punkti aasta keskmise
ohutemperatuuri ja sademetehulga.

Enamik uuritavatest parameetritest jaotati diskreetseteks vOi binaarseteks:
liigirikkuse ja produktiivsuse seose kuju oli unimodaalne/positiivne/muu voi
unimodaalne/muu; dominantliigi kasvuvorm jagunes puittaim/rohttaim; domi-
nantliigi klonaalsus jagunes harva voi {ildse mitte klonaalne/monikord
klonaalne/enamasti klonaalne; dominantliigi evolutsiooniline taust: périneb
troopikast/pirineb parasvootmest/globaalse levikuga. Uksnes mulla hetero-
geensuse modtmeks olnud variatsioonikoefitsient (CV=standardhilve/ kesk-
mine) oli pidev tunnus.
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Saadud metauuringute tulemused néitasid ilmekalt, et liigirikkuse ja pro-
duktiivsuse vaheline seos ning mulla toitainete heterogeensuse ja koosluse
struktuuri vaheline seos erinevad laiuskraaditi oluliselt ning parasvootmes
tehtud vaatluste ja eksperimentide tulemusi ei saa késitleda koikjal kehtivatena.

Liigirikkuse ja produktiivsuse seose kuju metauuring, mille tarbeks leiti
kokku 163 sobilikku kirjandusallikat (Joonis 2), tuvastas, et kui parasvodtmes
on iihetipuline seos tdepoolest kdige levinum, siis mida vidiksem laiuskraad,
seda valdavamaks muutub positiivne seos (Joonis 3); seega liigirikkuse ja
produktiivsuse seose kuju toepoolest soltub olulisel méddral sellest, kus paigas
seda parasjagu uurida. Uhest kiiljest saab seda varieeruvust seletada erine-
vustega eri paikade regionaalses ajaloos, mis omakorda on mdjutanud antud
piirkonna evolutsioonilist ajalugu. Vaga produktiivsed kasvukohad pole paras-
vootmes ajaloo viltel véiga levinud olnud ning olemasolevadki on véga noored
ja tihti otseselt inimtegevuse tagajérjel vélja kujunenud. Seevastu troopikas on
korge produktiivsusega kasvukohad laiaulatuslikult levinud juba viga pikka
acga. Taolisest kontrastsest ajaloost tingituna on parasvodtme ja troopika
taimede liigifondid evolutsiooni kédigus kujunenud erinevateks: parasvootme
liigifondis leiduvad liigid eelistavad pigem véikese ja keskmise produk-
titvsusega kasvukohti, samas kui troopikaliigid kasvavad meelsamini véga
produktiivsetes tingimustes.

Vaadeldes liigirikkuse ja produktiivsuse seose kuju varieeruvust metsade ja
rohumaade vahel, selgus, et {ihetipulist seost nende kahe tunnuse vahel leidub
rohurindes ning rohumaadel oluliselt rohkem kui puurindes ja metsades (Tabel
1). Koosluste dominantliikide kasvuvormi, evolutsioonilist tausta ning vege-
tatiivse paljunemise vOimet arvesse vottes selgus, et ka need parameetrid
mojutavad olulisel méddral liigirikkuse ja produktiivsuse seose kuju (Tabel 3).
Kui koosluses domineerisid troopilise taustaga liigid (ehk need, kelle esi-
vanemad on evolutsioneerunud troopikas), puittaimed vOi mitte- ja véhe-
klonaalsed liigid, siis leidus seal unimodaalset seost liigirikkuse ja produk-
titvsuse vahel oluliselt harvemini kui parasvootmelise voi globaalse evolut-
sioonilise taustaga klonaalsete rohttaimede domineerimise korral.

Koik eelmises 10igus mainitud tunnused kokku moodustavad iihtse laia-
ulatusliku konteksti, kus on esindatud nii evolutsioonilised kui ka 6koloogilised
aspektid, samuti levimine. Pika aja jooksul troopikapiirkondadest paras-
vOotmesse levinud puittaimed evivad niSikonservatismist 1dhtudes oma eellaste
omadusi (millest liks vdib olla sugulise paljunemise eelistamine vegetatiivsele
reproduktsioonile), mis realiseeruvad okoloogilistes protsessides ja ajaskaalas,
kujundades vastavalt sellele muuhulgas ka koosluste liigirikkust. Seega on
mitmekesisuse mustritel komplekssed pdhjused ning liigirikkuse ja produk-
titvsuse vahelise seose kuju ei mééra mitte liksnes dkoloogilised parameetrid.

Sarnaselt liigirikkuse ja produktiivsuse seose varieeruvusele laiuskraadi
gradiendil erineb ka troopika ja parasvootme mulla toitainete heterogeensus
metsa- ja rohumaadel. Kui metsade mulla heterogeensus laiuskraadist ei soltu,
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siis rohumaade oma kiill (Joonis 6). Viikestel laiuskraadidel on rohumaade
mulla heterogeensus suurem kui metsaaladel, ent suurtel laiuskraadidel on sama
seos pigem vastupidine. Seega senini suhteliselt {ildkehtivaks peetud seos, et
metsaalade muld on heterogeenne ning rohumaade oma homogeenne, kehtib
peamiselt parasvootmes. Tépseid pdhjuseid, miks see nii on, ei ole kerge vilja
tuua, sest mullaparameetreid ja taimede maa-alust elu on tinu suurtele
toomahtudele ja keerukatele metoodikatele viiga vihe uuritud. Uheks pdhjuseks
voivad olla peenjuurte horisontaalse hargnemise mustrid, mis on teadaolevalt
mulla heterogeensuse olulised mojutajad naiteks PGhja-Ameerika preeriaaladel,
kuid paraku puuduvad vastavasisulised andmed teiste regioonide ja
kooslusetiiiipide kohta. Teisalt voib mulla heterogeensuse erinemist puurinde ja
rohurinde all siduda juurte siigavusulatusega: kui troopika ja parasvootme
puude juured ulatuvad keskmiselt enam-vihem sama siigavale, siis rohttaimede
puhul jadvad juured parasvootmealadel mérksa madalamale kui troopikas.
Voimalikke aspekte antud seose kujundamisel on veel, ent paraku napib
pohjalikumate analiiliside tegemiseks andmeid ning antud t66 kdigus saadud
tulemused peaksidki muuhulgas juhtima tihelepanu sellele puudujidgile
teaduskirjanduses.

Kokkuvdttes selgus kdesoleva t66 tulemusena, et taimede liigirikkuse ja
produktiivsuse vahelise seose kuju varieerub olulisel mééral kliimagradienti
pidi. Parasvootmes on enamlevinud unimodaalne seos, samas kui troopikas
kipub liigirikkus produktiivsusega pigem positiivselt korreleeruma. Lisaks
konkurentsile ja teistele dkoloogilistele protsessidele mdjutavad antud seose
kuju olulisel méiral ka koosluses domineerivate liikide evolutsiooniline taust ja
vegetatiivse paljunemise vOime, samuti see, kas tegemist on metsa v0i rohu-
maaga. Puit- ning rohttaimede erinevused ilmnesid ka mulla toitainete hetero-
geensuse metauuringus, kus selgus, et metsade mulla heterogeensus kliima-
gradiendist ei soltunud, kuid rohumaade mullad osutusid parasvootmes metsade
muldadest homogeensemateks; seevastu troopikas oli antud seos vastupidine.

Meie tulemustest ldhtudes voib oOelda, et meie teadmised ja arusaamad
sellest, kuidas loodus toimib, pirinevad eelkdige histi ldabiuuritud aladelt, kuid
nditeks parasvootmes saadud tulemusi ei maksa vaikimisi iildkehtivateks
pidada, samamoodi nagu troopikas kehtivad seosed ei pruugi kehtida
parasvootmes. Just makrodkoloogilised uuringud saavad siinkohal kummutada
vaga paljud eksiarvamused.

Seetdttu on tarvis dkoloogiliste seoste seletamisel rohkem arvestada suure-
skaalaliste protsesside moju. Piirkonna geoloogiline ajalugu, liikide evolut-
siooniline taust ning kauglevi kujundavad olulisel mairal mingi kindla koosluse
voi piirkonna liigifondi ning 1dbi selle omakorda seal toimuvaid 6koloogilisi
protsesse. Okoloogiliste protsesside olulisust kahtluse alla seadmata tuleks
koosluste uurimisel osutada varasemast suuremat tdhelepanu ka evolut-
sioonilisele ja regionaalsele ajaloole ning liikide levikule.
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