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I.INTRODUCTION

Biodiversity patterns and functioning of ecosystems are central topics in both
theoretical and experimental ecology (Huston, 1994). Our current understanding
about plant species diversity and coexistence is almost entirely founded upon
empirical studies of aboveground vegetation. However, the majority of biomass
production occurs belowground in many widespread ecosystems; 50-90% in
grassland, steppe, tundra and desert (Stanton, 1988; Jackson et al., 1997). This
belowground component of vegetation contributes importantly to biodiversity
and ecosystem processes, but it is unclear whether the current understanding of
these processes based on aboveground communities also hold true for the large
belowground portion.

Studies of plant belowground communities were previously inhibited by
methodological constraints: generally the roots and rhizomes of different
species are morphologically indistinguishable. Thus, previous methods have
included laborious and time-consuming excavation of root systems in order to
trace their linkage to aboveground parts (Wildova, 2004). New DNA-based
techniques allow identification of roots and rhizomes in field samples (Frank et
al., 2010; Kesanakurti et al., 2011; Jones et al., 2011), although certain metho-
dological challenges remain. Challenges include the ability of particular marker
regions to discriminate between taxa, the effectiveness of primers in amplifying
a range of taxa and the correspondence between taxon biomass and sequence
read abundance (I). Once these challenges are met, and as studies measuring
belowground richness and abundance start to accumulate, major differences in
above- and belowground community patterns are likely to emerge, especially in
vegetation types where belowground productivity dominates. We expect this
new information to have a great impact on our understanding of mechanisms
governing coexistence of plant species and their interactions with organisms
from other trophic levels (e.g. bacteria, fungi).

There are several lines of indirect evidence that support the notion that
belowground richness exceeds that aboveground. First, most perennial plants
have belowground storage organs and meristems that allow short- or long-term
dormancy for up to decades without producing aboveground shoots (Klimesova
& Klimes, 2007; Reintal et al., 2010). Second, roots and rhizomes tend to be
laterally more wide-spread than aboveground plant parts (Schenk & Jackson,
2002) resulting in greater belowground overlap with other individuals and
species. Third, the diverse nature of the soil environment including its variety of
heterogeneous soil resources (Hutchings & John, 2004) and the abundance of
soil symbiotic micro-organisms (Bever et al., 2010) may lead to higher richness
belowground. Fourthly, relatively more symmetric belowground competition for
nutrients compared with asymmetric aboveground competition for light
(Weiner, 1990) might allow more species to coexist belowground.

Thus, roots, rhizomes and belowground meristems can survive during un-
favourable environmental conditions, seasons and years in the absence of



aboveground shoots, in a state called vegetative dormancy (Shefferson et al.,
2005). Shoots may be missing in one year but present in another, resulting in
>30 % of turnover in aboveground richness between years (Pértel & Zobel,
1995; Wilson & Tilman, 2002). Consequently, the average aboveground species
richness within years stays the same, but the cumulative number of species
observed in an area over several consecutive years increases — a phenomenon
referred to as the ‘Carousel Model’ (van der Maarel & Sykes, 1993). Originally
this was explained by short longevity of plant individuals (van der Maarel &
Sykes, 1993), but many species persist belowground and produce aboveground
shoots only during some years (Wilson & Tilman, 2002). Missing species could
be detected through repeated aboveground inventories over many consecutive
years, but this method could not separate real changes in species composition
from the temporary absence of dormant species. An advantage of belowground
measurements is that a relatively short-term single-year study can detect all
members of the community. It could be assumed that differences in above- and
belowground richness are greatest at the plant neighborhood scale measured.
However, belowground richness may still exceed aboveground at community
scale, if the process influencing dormancy act at that scale.

The belowground parts of most terrestrial plants form tight associations with
arbuscular mycorrhizal fungi (AMF), which play a key role in plant nutrient
uptake and have been linked both to plant diversity and primary production (van
der Heijden et al., 1998; Maherali & Klironomos, 2007). However, most studies
report results from manipulated experiments and our knowledge about plant-
AMF diversity relationships and how the interaction between trophic level
relates to plant productivity in natural ecosystems is very limited. I know of one
such study from a natural plant community which found a positive relationship
between AMF spore richness and aboveground plant richness (Landis et al.,
2004). As spore identification can underestimate taxa that do not establish in a
pot culture or rarely sporulate (Sanders, 2004), this relationship needs to be
confirmed based on identification of AM taxa directly from roots using
molecular methods.

Previous knowledge about how above- and belowground richness vary with
increasing sample size is very limited. One of the most commonly observed
relationships in ecology is that species richness increases with increasing
sample size (Williamson, 2003). However, DNA-based methods are likely to
reveal new information about species-diversity relationships. It can be assumed,
that the rate of increase in richness with sample area is greater belowground
compared with aboveground, because belowground species richness is a much
more complete measure of plant species actually present in a community.

Belowground and aboveground plant richness may also respond differently
to environmental gradients. The unimodal relationship between aboveground
plant richness and habitat productivity (often measured as soil fertility) is
among the most well-known patterns in temperate herbaceous communities
(Grime, 1979). At very low soil fertility, both above- and belowground richness



should be relatively low due to the small size of the species pool (Zobel &
Pirtel, 2008), which includes the few species that are able to survive harsh
conditions. As soil fertility increases the species pool may be larger, but
eventually competition for light starts to reduce aboveground richness. In fertile
habitats asymmetric light competition is the main cause of competitive
exclusion (Weiner, 1990). This means that larger plants gain a disproportionate
share of the limiting resource (light), thereby increasing size differences which
potentially results in exclusion of smaller plants. It can be hypothesized
however that belowground richness is less affected by competitive exclusion
resulting from increased soil fertility. In contrast to competition for light, soil
resource competition is size-symmetric, and thus less likely to cause
competitive exclusion belowground (Cahill & Casper, 2000).

Previous studies have shown that high biodiversity is important in main-
taining the functions of grassland communities (Nacem et al., 1994; Tilman et
al., 1996). The positive effect of biodiversity on primary productivity can be
explained by niche complementarity, whereby plant communities with high
diversity, incorporating different functional groups, are able to access resources
more completely and generate greater net primary productivity than less diverse
communities. Although species diversity is proposed to be linked to plant
primary productivity (Tilman, 1999), previous studies have not accounted for
the diversity of roots and rhizomes. Biodiversity can also be characterized using
measures of phylogenetic diversity, which reflects the variety of different
evolutionary lineages present in a community (Faith, 1992). The effect of
phylogenetic diversity on primary productivity can be stronger than that of
traditional species diversity of plants (Tilman et al., 1997; Cadotte et al., 2009;
Flynn et al., 2011), and AM fungi (Maherali & Klironomos, 2007) because a
greater variety of evolutionary lineages and traits could allow more complete
access to available resources, thus contributing to higher biomass.

Above- and belowground plant communities may differ in the processes that
govern species assembly. Plant community assembly rules can be viewed as
biotic or abiotic processes by which species from the regional species pool are
filtered to the local community (Keddy, 1992). Assembly rules are typically
studied by inferring mechanisms from observed patterns of community
composition, assuming that various processes leave different imprints. Non-
random patterns are usually interpreted as evidence for deterministic assembly
processes (biotic or abiotic processes), whereas random patterns are attributed
to stochastic or dispersal-based assembly processes. A recent review found
limited evidence for deterministic assembly rules (Gotzenberger et al., 2012).
Almost all studies on plant community assembly rules have been conducted
using only aboveground data, due to the methodological difficulties associated
with identifying belowground plant parts. However, belowground communities
might provide new insights into assembly processes because they encompass all
species coexisting in a community. One way in which assembly rules might
differ above- and belowground relates to the relative symmetry of competitive



interactions. Aboveground communities are usually shaped by asymmetric
competition, whereas belowground competition is size symmetric (Weiner,
1990). These interactions should leave different imprints on community
composition. To date, there are only two studies on belowground assembly
rules, reporting mixed results (Frank et al., 2010; Kesanakurti et al., 2011).
These studies, however, did not directly compare above- and belowground
communities.

The following main research hypothesis of the thesis were:

454 sequencing technique is suitable for measuring belowground plant
richness and abundance from bulk root samples (II)

Belowground plant richness exceeds aboveground at various spatial scales
(L, II)

AMF diversity (taxon and phylogenetic diversity, and phylogenetic
dispersion) is positively related to the respective plant diversity measures
and is more strongly related to belowground than to aboveground plant
diversity measures (III)

Above- and belowground plant richness respond differently to soil fertility
(1, 1)

Total grassland primary productivity, including above- and belowground
biomass, is positively related to both plant species and AMF taxon diversity
(110)

Patterns of plant community assembly differ above- and belowground, with
biotic interactions playing more important role aboveground than below-
ground (IV)

10



2. MATERIALS AND METHODS

2.1. Study sites and sampling

Studies were conducted at two temperate grassland sites on different continents.
The study site for paper II was a 2-ha diverse mesophytic grassland in south-
castern Estonia (P3lva County, 58°06 N; 27°04 E). Data collected for paper II
was also used in paper IV. The soil at the study site is predominantly sandy with
a pH (KCI) of 4.6-5.2. Average aboveground biomass is 325 g m >. The most
common plant species at the site are Galium boreale L., Geranium pratense L.,
Elymus repens (L.) Gould, Festuca rubra L., Knautia arvensis (L.) Coult., and
Veronica chamaedrys L. The grassland is mowed once per year and the hay
removed. The study site for paper III was a ca 2-ha site near the northern edge
of the Great Plains, at White Butte Recreational area (50° 28" N, 104 °22" W),
20 km east of Regina, Saskatchewan, Canada. Vegetation in the area is a
combination of native mixed-grass prairie, dominated by Stipa comata Trin. &
Rupr., Carex eleocharis L.H.Bailey and Bouteloua gracilis Lag. with patches of
the shrub Symphoricarpos occidentalis Hook. (Partel & Wilson, 2002).

At both sites, sampling locations were arranged contiguously along ten
randomly-placed 1-m long transects (separated from one another by at least
10 m), with ten samples per transect, resulting in 100 samples. Sample volumes
(10 x 10 cm, 10 cm high) were identical above and below the soil at each
location. Aboveground species richness was determined by identifying all
vascular plant species in each sample. This included species that were rooted in
samples, as well as species that occurred in the sample volumes but were rooted
elsewhere (mean 0.5 species per sample). Belowground plant (papers 11, III)
and AMF (paper III) species richness was measured from roots in soil samples
of the same dimensions as were used to measure aboveground richness (10 x 10
x 10 cm) and located directly below the corresponding aboveground samples.
The litter layer was removed, roots were sieved from soil and dead roots were
removed on the basis of color and physical appearance (Gregory, 2006). In
paper II, soil fertility was determined by measuring total nitrogen (N) content
(Kjeldahl method) adjacent to each transect. In paper III, primary productivity
was measured by collecting the biomass of shoots and roots of each sample
volume (0.001 m?®), biomass was dried and weighed. In both papers II and III,
roots of each sample were crushed using liquid nitrogen, mixed, and a
subsample was used for molecular analysis.

2.2. Molecular analysis

Belowground plant species (papers II, III) and AMF taxa (paper III) were
identified using 454 pyrosequencing technique. Root subsamples were pul-
verized with steel beads and DNA was extracted. In papers II and III, plant
chloroplast #rnL (UAA) gene sequences were amplified using the primers ¢ and
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d (Taberlet et al., 1991). In paper III, Glomeromycota nuclear SSU rRNA gene
sequences were amplified from the root DNA extracts of the same study using
the primers NS31 and AML2 (Simon et al., 1992; Lee et al., 2008). In order to
identify reads originating from different samples, a set of 8-base-pair bar-codes
designed following Parameswaran et al. (2007). PCR was conducted in two
steps: in the first PCR reaction PCR primers were linked to bar-codes and
partial 454-sequencing adaptors A and B; in the second reaction the full
454-adaptors A and B served as PCR primers, completing the full
454-adaptor+bar-code+PCR primer. Resultant DNA mixes were subjected to
sequencing on a Genome Sequencer FLX System, using Titanium Series
reagents (Roche Applied Science) at GATC Biotech (Constanz, Germany).

In order to identify plant 454 sequences in papers II and III, a custom-made
trnL(UAA) intron sequence reference database was compiled from three
sources: (i) plants sampled at the study sites and sequenced using Sanger
sequencing; and sequences from species occurring in the study systems or
closely related taxa that were (ii) available in GenBank; or (iii) generated by the
EcoChange Project (EU FP6 Integrated Project EcoChange). Plants collected
from the study systems and its surroundings were identified and stored as
vouchers.

In paper II, we tested the ability of 454 sequencing to detect the presence
and abundance of plant species by preparing eight mixtures of roots with 2—-5
species from a natural grassland site. The following species were used in the test
mixtures: Solidago missouriensis Nutt., Heterotheca villosa (Pursh) Nutt. ex
DC., Artemisia frigida Willd., Erysimum altum (Ahti) Tzvelev and Agropyron
cristatum (L.) Gaertn. We varied the proportion of biomass of added species
(range: 10—90%) in order to determine whether sequencing could be used to
measure species abundances in mixtures, potentially allowing the calculation of
species diversity and evenness in addition to richness.

2.3. Bioinformatical analysis

Plant and AMF sequences were subjected to quality control prior to inclusion in
subsequent analyses. Only samples that yielded at least six (paper II) or 10
(paper IIT) sequences were analysed further. Since the chloroplast trnl. (UAA)
intron sequence between ¢ and d primers does not distinguish certain closely
related species, we defined molecular operational taxonomic units (MOTUs)
within our plant reference database by grouping species that exhibited sequence
similarity of > 97% using the BLASTclust algorithm. Plant 454 sequences were
assigned to MOTUs by conducting a BLAST search (soft masking of DUST
filter) against the plant reference database. A similar approach was used to
assign AMF 454 sequences to MOTUs in paper III, where obtained 454
sequences were identified by conducting a BLAST search against the Maarj4AM
database of published Glomeromycota SSU rRNA gene sequences
(http://maarjam.botany.ut.ee, Opik et al., 2010) The Maarj4M database contains
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representative sequences covering the NS31/AML2 amplicon from published
environmental Glomeromycota sequence groups and known taxa.

2.4. Phylogenetic analysis

In paper III, we constructed phylogenies for the plant and AMF taxa found in
the study site. The plant phylogeny was constructed using the Phylomatic
web-interface (http://phylodiversity.net/phylomatic/), which is based on
the Angiosperm Phylogeny Group APG III derived megatree
(http://www.mobot.org/MOBOT/research/APweb/). For the AMF phylogeny we
used SSU rRNA gene sequences from the MaarjdM database of Glomero-
mycota sequence records (Opik et al., 2010, status April 2012). A phylogenetic
tree containing a type (representative) sequence from all known VT was
constructed using a Bayesian phylogenetic approach with BEAST (version
1.6.1, Drummond & Rambaut, 2007).

2.5. Statistical analysis

In paper II, we explored the ability of 454 sequencing to detect species
presences in the known mixtures of roots. We quantified the correspondence
between the composition of the known species mixtures and the molecularly-
detected species in the mixtures. In order to test if 454 sequencing can quantify
the relative abundance of species in the known mixtures, we compared the log-
ratio transformed proportions of added roots for each species with the numbers
of retrieved sequences.

In paper II, the relationship between aboveground richness and total
belowground richness was determined by calculating the log of the ratio of
aboveground richness to belowground additional richness, and relating this to
the log of total belowground richness. Differences in above- and belowground
richness were explored at two spatial scales. The plant neighborhood scale was
investigated using species richness-area (volume) curves obtained by deter-
mining the richness in adjacent plots within each transect. Patterns of species
occurrence at the community scale were additionally examined by producing
species accumulation curves that calculated the cumulative number of species
over an increasing number of transects (samples). Aboveground, belowground
and additional belowground (i.e. those species only detected belowground)
richness were related to soil total N content by constructing General Linear
Mixed Models with a Gaussian spatial correlation structure.

In paper III, we used a variety of diversity measures and their quadratic
values (to test for both linear and non-linear relationships) and related these to
community biomass. The measures fell into three categories: plant aboveground
diversity based on studying shoots, and both plant belowground diversity and
AMEF diversity from the roots. For each of these we calculated three diversity
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indices: (1) species diversity (Shannon index, which is the logarithm of the
effective number of species), (2) phylogenetic dispersion (MPD index) and
(3) phylogenetic diversity (PD index). Firstly, we tested which of the plant
diversity measures are good predictors of the corresponding AMF diversity
measures. Secondly, we aimed to test which aspects of plant and AMF diversity
are best related to above-, belowground and total plant biomass. All models
were fit using Linear Mixed-Effects procedures, whereby spatial autocorrelation
was accounted for by assigning transect as a random factor. The optimal models
were chosen according to Akaike Information Criterion (AICc) and Akaike
Weight (AW).

In paper IV, all analyses were conducted using above- and belowground
species’ presence-absence data from paper II. Species guilds were defined as
grasses (Poaceae) or forbs (all other families). We compared variance in
richness, guild proportionality and species co-occurrences (c-scores and checker
index) in observed and randomized data-sets (2000 randomizations). Rando-
mizations were spatially constrained, i.e. randomization was applied only within
each transect of 10 samples. The significance of deviations between observed
and randomized data-sets were defined using the Monte Carlo method. Species
pairwise associations were compared taking into account spatial configuration
using Generalized Estimating Equations (GEE) for binary data. We also
conducted a Fisher exact test to determine if there was a non-random pattern in
the number of positive or negative interactions within and between our guilds,
i.e. grasses — grasses, grasses — forbs, forbs — forbs.
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3.RESULTS

3.1. Suitability of 454 sequencing for detecting presence and
abundance of plants belowground

Mixtures with known species composition showed a significant correlation
between added and observed species presences (II). Two species (Solidago
group and Artemisia spp.) were used in most mixtures and this allowed us to
compare relative sequence abundance with relative biomass. We found a good
correspondence between the proportions of added biomass in the root mixtures
and the numbers of retrieved sequences, indicating that 454 sequencing can
provide quantitative data on species abundances, allowing the calculation of
species diversity and evenness in addition to richness.

3.2. Difference in above- and belowground richness
at various spatial scales

In total we detected 29 and 16 plant species (MOTUs) from the natural
grassland sites in Estonia (II) and Canada (III), respectively. The relationship
between aboveground richness and total belowground species richness was
significantly non-linear (Fig. 3, in II). Thus, the increase in total belowground
richness was initially associated with an increase in aboveground richness, but
average aboveground richness reached an asymptote at about seven species
when total belowground richness exceeded 10 species. In addition, total below-
ground richness exceeded aboveground richness at all scales investigated. At the
smallest sampled scale (0.001 m’), differences in above- and total belowground
richness were least pronounced — total belowground richness was on average
1.4 (in II) and 1.5 (in III) times higher than aboveground. At the plant
neighborhood scale (0.001 m® to 0.008 m?), total belowground richness was, on
average, 1.8 times higher than aboveground richness (Fig. 4, in II). Total
belowground richness also exceeded aboveground richness at the community
scale, as indicated by the pattern of species accumulation from 1 to 10 transects
(Fig. 5, in II).

3.3. Relationships between plant and
AMF diversity measures

In total we detected 70 AMF virtual taxa from a natural prairie site in Canada
(III). In paper I, we examined which plant species diversity and phylogenetic
diversity measures are related to the respective AMF diversity measures. The
best predictor of AMF taxon diversity and phylogenetic diversity was below-
ground plant species diversity and phylogenetic diversity. Both relationships
were positive and linear (Fig 2a and b, Table 1 in III).
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3.4. Difference in above- and belowground
diversity measures along ecological gradients

In paper II, we examined the effect of soil total N content on species richness
above- and belowground. Aboveground richness decreased significantly with
increasing soil total N (Fig. 6, in II). In contrast, additional belowground
richness increased with soil N, while total belowground richness did not change
along a gradient of soil N (Fig. 6, in II). In paper III, we looked at how total
plant biomass production is related to plant and AMF diversity measures. Total
plant biomass was best explained by a model combining belowground plant
diversity, belowground plant phylogenetic dispersion and root AMF taxon
diversity (Fig 5 a—c, Table 2 in III). Total plant biomass was positively linearly
related to belowground plant richness and positively non-linearly related to
belowground plant phylogenetic dispersion. In contrast, total biomass was
negatively non-linearly related to AMF taxon diversity.

3.5. Difference in above- and belowground
plant community assembly rules

We studied above- and belowground plant community assembly rules by
comparing variance in plant species richness and species co-occurrences
(c-scores and checker index) in observed and randomized data-sets (paper 1V).
Aboveground plant species richness was significantly less variable than
expected at random, whereas belowground plant data showed a tendency
towards greater variance in richness than expected. Species co-occurrence tests
revealed that aboveground species were significantly segregated based on c-
scores. However, this was not significant based on the checker index, except
when species were constrained by their belowground presence. Pairwise
comparisons based on the presence and absence of all species pairs revealed
many positive and negative species associations (i.e. aggregation and segre-
gation, respectively) above- and belowground (Fig. 1, in IV). More species
aggregation (14 species pairs) than segregation (7 species pairs) was recorded
belowground, whereas aboveground similar numbers of species pairs were
significantly segregated and aggregated (10 and 8, respectively). However, the
c-scores suggest that the aboveground community is characterised by segre-
gation, so these species pairs must be frequent enough to drive this pattern.
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4. DISCUSSION

We found that many more plant species coexist within a limited area than are
detected using conventional aboveground methods. Above- and belowground
plant species diversity measures responded differently to environmental
gradients. Investigation of community assembly rules revealed contrasting pro-
cesses governing the assembly of above- and belowground plant communities.

We investigated the suitability of 454 sequencing for detecting the presence
and abundance of plant species belowground (II). Analysis of samples
containing known root mixtures indicated that 454 sequencing has the potential
to produce quantitative estimates of belowground plant species richness from
environmental samples, as long as certain limits are recognized. Difficulties
with taxon recovery and species resolution (ca 20% of the molecular taxonomic
units grouped two or more closely related species) remain as constraints of the
chloroplast #7rnL(UAA) intron marker as used in paper II. However, it is now
possible to acquire 454 sequence read length of up to 1000 bp that would
improve the species resolution of #7nL(UAA) intron considerably by increasing
the usable length of the amplicon and thus the number of variable sites per
sequence. The method can also be used to study root-inhabiting biota (bacteria,
fungi, invertebrates) using the same samples as for plant identification but with
the application of appropriate taxon-specific primers, as done in paper III.

At the plant neighborhood scale, the non-linear pattern between above- and
belowground richness indicates saturation of the aboveground community
(Cornell & Lawton, 1992; Srivastava et al., 2012), even as belowground
richness continues to increase (II). Further, higher total belowground richness
compared to aboveground richness, suggests that traditional measures of
aboveground plant richness greatly underestimate the number of coexisting
species at small scales. Greater belowground richness was also apparent at the
community scale: we did not detect any convergence of cumulative species
richness with increasing scale over the 10 transects in the 2-ha Estonian study
site (II). In paper I, we hypothesized possible biological mechanisms that might
contribute to a higher richness of plants belowground. Virtually all grassland
plant species found aboveground have roots or rhizomes in nearby soil, but the
converse is not necessarily true: aboveground shoots might not be present at
every location where there are roots or rhizomes belowground. A number of
processes may lead to an absence of aboveground shoots. For example, clonal
plants can become temporarily “invisible” to the aboveground observer while
persisting as rhizome networks with few aboveground shoots (Wildova et al.,
2007). Thus, high clonal mobility might enhance coexistence belowground
(Zobel et al., 2010). Also, roots and rhizomes are generally more persistent than
shoots, and can survive during unfavorable periods (e.g. winter, heavy grazing),
while some species can be dormant for up to decades (Klimesova & Klimes,
2007; Reintal et al., 2010). Further, the soil environment contains heterogeneous
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resources and is rich in micro-organisms that interact with plant roots and
influence plant species coexistence (Bever et al., 2010).

In total we detected 70 AM fungal taxa at the studied Canadian prairie site
(IID). This places the AMF richness for the site among the highest recorded in a
natural plant community. Very few studies have used bulk root samples for
AMF identification (Heinemeyer & Fitter, 2004; Dumbrell et al., 2011); more
commonly roots of individual plants are sampled (cf. Opik et al., 2010).
Dumbrell et al. (2011) used a similar approach by pyrosequencing bulk root
samples from a limestone grassland in the UK and also detected 70 AMF taxa.
However, Dumbrell et al. (2011) sampled 11 times through the year detecting
some taxa in cool or warm season only, whereas we sampled in summer only.
We found that AMF diversity was positively associated with plant diversity
(II), and that belowground plant diversity was a better predictor of AMF
diversity than was aboveground plant diversity. Previous experimental work has
reported positive (van der Heijden et al., 1998, Maherali & Klironomos, 2007),
negative (Hartnett & Wilson, 1999; O’Connor et al., 2002) or no relationship
(Waldrop et al., 2006) between plant diversity and AMF community diversity.
We know of one study from a natural study system (oak savanna) which
reported a positive relationship between AMF spore richness and aboveground
plant richness at small sampling scales (Landis et al., 2004). We found that
AMF phylogenetic diversity increased with increasing belowground plant
phylogenetic diversity (III), which is predictable on the basis of the species
diversity results, since species richness and phylogenetic diversity are likely to
be correlated (Cadotte et al., 2009). Recent studies on the structure of symbiotic
interactions show that there can be reciprocal specialization between plants and
AMF at the level of ecological groupings (Opik & Moora, 2012), which might
result in a positive relationship between the phylogenetic diversity of both
trophic groups.

Due to inherent differences in the way plants live and interact above- and
belowground we hypothesized that above- and belowground plant richness
might behave differently along a soil fertility gradient (I). Indeed, aboveground
richness decreased significantly with increasing soil total N, while additional
belowground richness increased with soil N (II). Total belowground richness
did not change along a gradient of soil N (II). These results support the idea that
aboveground exclusion of species in fertile soils is probably caused by
asymmetric light competition where tall plants gain a disproportionate
advantage over small ones (Zobel, 1992). Roots, however, preferentially grow
into fertile patches (Hodge, 2004), which may result in symmetric root
competition since all plants are relatively equal in their ability to acquire soil
resources (Weiner, 1990; Cahill & Casper, 2000). Many perennial species can
stay dormant belowground until environmental conditions are favorable again
(Shefferson et al., 2005). In this way plant species may be buffered against local
extinction in fertile soils. Total belowground richness did not change along the
soil fertility gradient because aboveground richness decreased but additional
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belowground richness increased, causing the overall relationship to remain
neutral.

The relatively low biomass values measured at the Canadian prairie site (I1I)
indicated that we observed the left hand-side of the unimodal diversity-
productivity relationship, where higher diversity increases primary productivity.
We addressed the question of how total plant primary productivity (the sum of
above- and belowground plant biomass) is related to various plant aboveground,
belowground and AMF diversity measures (III). Total primary productivity was
best explained by a combination of three factors — AMF and belowground plant
diversity, and belowground plant phylogenetic dispersion (III). This result indi-
cates the importance of belowground processes, often overlooked in diversity-
productivity studies, in determining ecosystem primary productivity. The
decline in total productivity with increasing AMF diversity is a result that
contradicts earlier studies that report a promoting effect of AMF diversity on
total plant biomass (Tilman et al., 2001; Tilman et al., 2006). However, negative
growth responses of plants to AMF are common (Klironomos, 2003), for
example for a range of prairie plant species (Wilson & Hartnett, 1998). The
positive linear relationship between total primary productivity and belowground
plant diversity reflect the pattern reported previously for aboveground biomass
(Tilman, 1999; Tilman et al., 2006). However, belowground plant species
diversity can be considered the more complete measure of plant community
diversity, as it includes species that were absent aboveground at the time of
sampling (II, III). Total primary productivity first decreased and then increased
with belowground plant phylogenetic dispersion (III). It is possible, that closely
related species (low phylogenetic dispersion) were dominant species with high
biomass values, while distantly related species have different competitive
abilities driving competitive exclusion (Mayfield & Levine, 2010). However,
since competition is not an important process in shaping belowground commu-
nities (IV) the complementarity effect of high phylogenetic dispersion may have
outweighed an effect of competition.

We hypothesized that patterns of plant assembly differ above- and below-
ground (IV) based on the differences between the aboveground and soil
environments reviewed in paper I. Aboveground, we found more support for
biotic assembly processes, as demonstrated by lower variance in species
richness than expected at random, and species segregation (IV), consistent with
other aboveground studies (see Gotzenberger et al., 2012, for a review).
Aboveground assembly appears to be driven mainly by biotic processes,
presumably asymmetric light competition. Hence, biotic filters operate strongly
to determine species presence aboveground. Belowground, we found more
support for assembly governed by abiotic and stochastic processes, as
demonstrated by greater variance in richness and less species segregation than
expected and random species association patterns, consistent with Frank et al.
(2010). The soil environment is more variable than the aboveground environ-
ment, including gradients of different macro- and micro-nutrients, and chemical
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and physical conditions (e.g. pH, soil particle size). This diversity of resources
produces large variability in micro-environmental conditions, thereby pro-
moting belowground coexistence, compared to the main aboveground resource
of light. The results in papers II and IV suggest that increased species
coexistence belowground is partly because competitive exclusion is not
occurring at the same spatial or temporal scale as it occurs aboveground. Biotic
assembly processes aboveground were further demonstrated by more negative
plant species pairwise associations (IV), most likely driven by competition for
light . The negative species associations were driven by a few species that were
abundant in the grassland community. Belowground, the majority of pairwise
associations were positive and no associations were found aboveground (IV).
Positive associations belowground can be due to facilitation. For example, roots
can increase the availability of resources for other species (Callaway, 1995).
Positive associations may also reflect root behavioural ecology, as roots can
detect the presence of self and non-self roots, with the response being either
stimulation of root growth or avoidance (Semchenko et al., 2007; de Kroon,
2007).
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5. CONCLUSIONS

We found that up to two times more plant species coexist within a limited area
than are detected using conventional aboveground methods, and plant richness
is not proportionally related above- and belowground. Greater total
belowground richness compared to aboveground richness can be detected at the
plant neighborhood scale as well as at the community scale, suggesting that
some species are dormant at the time of aboveground sampling. The results of
this thesis indicate, that using 454 sequencing to study roots from the natural
communities can shed new light on plant biodiversity.

454 sequencing can also be used to study root-inhabiting arbuscular
mycorrhizal fungi using the same root samples for plant identification but with
the application of appropriate taxon-specific primers. So far, the relationship
between plant and AMF community diversity in natural ecosystems is largely
unexplored. We detected remarkably high AMF taxon diversity from a natural
prairie site and related this to plant diversity measures (species diversity, and
phylogenetic). The results revealed that AMF diversity measures increased
linearly with increasing plant diversity measures, and that belowground plant
diversity measures are better predictors of AMF diversity measures than are
aboveground plant diversity measures.

Above- and belowground plant species diversity measures respond
differently to environmental gradients. Similar to other grassland studies,
aboveground richness declines with increasing soil fertility; in contrast, the
number of species found only belowground increases significantly with fertility,
suggesting that at high soil fertility, the rapid decline in aboveground plant
richness attributed to light competition might not occur belowground for some
time. Such a delay in the reduction of species richness provides a buffer period
during which restoration of degraded sites could be successful.

We studied how primary productivity, most of which occurs belowground, is
related to the species diversity and phylogenetic diversity of both plants and
AMEF. Our results showed that belowground diversity measures are strongly
linked to total primary productivity in a natural grassland ecosystem. Primary
productivity was higher with high species diversity of plant roots and rhizomes,
especially if they are from different phylogenetic lineages. In contrast,
productivity declined when the diversity of arbuscular mycorrhizal fungi
increased, suggesting that less plant biomass is produced in the presence of
diverse fungal communities. A challenge for future research is to identify the
underlying mechanisms and causes that shape the diversity-productivity
relationship in natural communities.

Investigating the plant community assembly patterns of aboveground plant
shoots and belowground roots and rhizomes in a natural community revealed
different assembly in the belowground and aboveground communities; there is
more evidence for abiotic and stochastic processes and less support for biotic
processes belowground. Future studies examining the processes underlying
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these observed patterns are needed to better understand plant community
assembly above- and belowground.

Incorporating belowground plant diversity together with the diversity of
other trophic levels into future studies is likely to reveal new patterns that can
refine predictions of vegetation responses to biodiversity threats and may
stimulate a reassessment of ecological theory.

22



REFERENCES

Bever J, Dickie I, Facelli E, Facelli J, Klironomos J, Moora M, Rilling M. 2010.
Rooting theories of plant community ecology in microbial interactions. Trends in
Ecology and Evolution 25: 468—478.

Cadotte MW, Cavender-Bares J, Tilman D, Oakley TH. 2009. Using Phylogenetic,
Functional and Trait Diversity to Understand Patterns of Plant Community
Productivity. PLoS ONE 4: €5695.

Cahill J, Casper B. 2000. Investigating the relationship between neighbor root biomass
and belowground competition: field evidence for symmetric competition below-
ground. Oikos 90: 311-320.

Callaway RM. 1995. Positive interactions among plants. Botanical Review 61: 306—
349.

Cornell H, Lawton J. 1992. Species Interactions, Local and Regional Processes, and
Limits to the Richness of Ecological Communities — a Theoretical Perspective.
Journal of Animal Ecology 61: 1-12.

Drummond AJ, Rambaut A. 2007. BEAST: Bayesian evolutionary analysis by
sampling trees. BMC Evolutionary Biology 7:214.

Dumbrell AJ, Ashton PD, Aziz N, Feng G, Nelson M, Dytham C, Fitter AH,
Helgason T. 2011. Distinct seasonal assemblages of arbuscular mycorrhizal fungi
revealed by massively parallel pyrosequencing. New Phytologist 190: 794-804.

Faith D. 1992. Conservation Evaluation and Phylogenetic Diversity. Biological Conser-
vation 61: 1-10.

Flynn DFB, Mirotchnick N, Jain M, Palmer MI, Naeem S. 2011. Functional and
phylogenetic diversity as predictors of biodiversity-ecosystem-function relation-
ships. Ecology 92: 1573—-1581.

Frank DA, Pontes AW, Maine EM, Caruana J, Raina R, Raina S, Fridley JD. 2010.
Grassland root communities: species distributions and how they are linked to
aboveground abundance. Ecology 91: 3201-3209.

Gotzenberger L, de Bello F, Brathen KA, Davison J, Dubuis A, Guisan A, Leps J,
Lindborg R, Moora M, Piirtel M, et al. 2012. Ecological assembly rules in plant
communities-approaches, patterns and prospects. Biological Reviews 87: 111-127.

Gregory J. 2006. Plant Roots: Growth, Activity, and Interaction with Soils. Oxford:
Blackwell Publishing.

Grime PJ. 1979. Plant Strategies and Vegetation Processes. London: John Wiley &
Sons.

Hartnett DC, Wilson GWT. 1999. Mycorrhizae influence plant community structure
and diversity in tallgrass prairie. Ecology 80: 1187-1195.

van der Heijden MGA, Klironomos JN, Ursic M, Moutoglis P, Streitwolf-Engel R,
Boller T, Wiemken A, Sanders IR. 1998. Mycorrhizal fungal diversity determines
plant biodiversity, ecosystem variability and productivity. Nature 396: 69-72.

Heinemeyer A, Fitter AH. 2004. Impact of temperature on the arbuscular mycorrhizal
(AM) symbiosis: growth responses of the host plant and its AM fungal partner.
Journal of Experimental Botany 55: 525-534.

Hodge A. 2004. The plastic plant: root responses to heterogeneous supplies of nutrients.
New Phytologist 162: 9-24.

Huston MA. 1994. Biological Diversity: The Coexistence of Species. Cambridge Uni-
versity Press.

23



Hutchings M, John E. 2004. The effects of environmental heterogeneity on root
growth and root/shoot partitioning. Annals of Botany 94: 1-8.

Jackson RB, Mooney HA, Schulze ED. 1997. A global budget for fine root biomass,
surface area, and nutrient contents. Proceedings of the National Academy of Sciences
of the United States of America 94: 7362—7366.

Jones FA, Erickson DL, Bernal MA, Bermingham E, Kress WJ, Herre EA, Muller-
Landau HC, Turner BL. 2011. The roots of diversity: below ground species
richness and rooting distributions in a tropical forest revealed by DNA barcodes and
inverse modeling. PLoS ONE 6: €24506.

Keddy P. 1992. Assembly and Response Rules — 2 Goals for Predictive Community
Ecology. Journal of Vegetation Science 3: 157-164.

Kesanakurti PR, Fazekas AJ, Burgess KS, Percy DM, Newmaster SG, Graham
SW, Barrett SCH, Hajibabaei M, Husband BC. 2011. Spatial patterns of plant
diversity below-ground as revealed by DNA barcoding. Molecular Ecology 20:
1289-1302.

Klimesova J, Klimes L. 2007. Bud banks and their role in vegetative regeneration — A
literature review and proposal for simple classification and assessment. Perspectives
in Plant Ecology, Evolution and Systematics 8: 115-129.

Klironomos JN. 2003. Variation in plant response to native and exotic arbuscular
mycorrhizal fungi. Ecology 84: 2292-2301.

de Kroon H. 2007. Ecology — How do roots interact? Science 318: 1562—-1563.

Landis FC, Gargas A, Givnish TJ. 2004. Relationships among arbuscular mycorrhizal
fungi, vascular plants and environmental conditions in oak savannas. New Phyto-
logist 164: 493-504.

Lee J, Lee S, Young JPW. 2008. Improved PCR primers for the detection and
identification of arbuscular mycorrhizal fungi. Fems Microbiology Ecology 65: 339—
349.

van der Maarel E, Sykes M. 1993. Small-Scale Plant-Species Turnover in a Limestone
Grassland — the Carousel Model and Some Comments on the Niche Concept.
Journal of Vegetation Science 4: 179—188.

Maherali H, Klironomos JN. 2007. Influence of Phylogeny on fungal community
assembly and ecosystem functioning. Science 316: 1746—1748.

Mayfield MM, Levine JM. 2010. Opposing effects of competitive exclusion on the
phylogenetic structure of communities. Ecology Letters 13: 1085—-1093.

Naeem S, Thompson L, Lawler S, Lawton J, Woodfin R. 1994. Declining Bio-
diversity Can Alter the Performance of Ecosystems. Nature 368: 734-737.

O’Connor PJ, Smith SE, Smith FA. 2002. Arbuscular mycorrhizas influence plant
diversity and community structure in a semiarid herbland. New Phytologist 154:
209-218.

Opik M, Moora M. 2012. Missing nodes and links in mycorrhizal networks. New
Phytologist 194: 304-306.

(")pik M, Vanatoa A, Vanatoa E, Moora M, Davison J, Kalwij JM, Reier U, Zobel
M. 2010. The online database MaarjAM reveals global and ecosystemic distribution
patterns in arbuscular mycorrhizal fungi (Glomeromycota). New Phytologist 188:
223-241.

Parameswaran P, Jalili R, Tao L, Shokralla S, Gharizadeh B, Ronaghi M, Fire AZ.
2007. A pyrosequencing-tailored nucleotide barcode design unveils opportunities for
large-scale sample multiplexing. Nucleic Acids Research 35.

24



Pirtel M, Zobel M. 1995. Small-scale dynamics and species richness in successional
alvar plant-communities. Ecography 18: 83-90.

Pirtel M, Wilson SD. 2002. Root dynamics and spatial pattern in prairie and forest.
Ecology 83: 1199-1203.

Reintal M, Tali K, Haldna M, Kull T. 2010. Habitat preferences as related to the
prolonged dormancy of perennial herbs and ferns. Plant Ecology 210: 111-123.

Sanders IR. 2004. Plant and arbuscular mycorrhizal fungal diversity — are we looking
at the relevant levels of diversity and are we using the right techniques? New
Phytologist 164: 415-418.

Schenk HJ, Jackson RB. 2002. Rooting depths, lateral root spreads and below-
ground/above-ground allometries of plants in water-limited ecosystems. Journal of
Ecology 90: 480-494.

Semchenko M, John EA, Hutchings MJ. 2007. Effects of physical connection and
genetic identity of neighbouring ramets on root-placement patterns in two clonal
species. New Phytologist 176: 644—654.

Shefferson RP, Kull T, Tali K. 2005. Adult whole-plant dormancy induced by stress in
long-lived orchids. Ecology 86: 3099-3104.

Simon L, Lalonde M, Bruns T. 1992. Specific amplification of 18s fungal ribosomal
genes from vesicular-arbuscular endomycorrhizal fungi colonizing roots. Applied
and Environmental Microbiology 58: 291-295.

Srivastava DS, Cadotte MW, MacDonald AAM, Marushia RG, Mirotchnick N.
2012. Phylogenetic diversity and the functioning of ecosystems. Ecology Letters 15:
637-648.

Stanton N. 1988. The Underground in Grasslands. Annual Review of Ecology and
Systematics 19: 573-589.

Taberlet P, Gielly L, Pautou G, Bouvet J. 1991. Universal Primers for Amplification
of 3 Noncoding Regions of Chloroplast Dna. Plant Molecular Biology 17: 1105—
1109.

Tilman D. 1999. The ecological consequences of changes in biodiversity: A search for
general principles. Ecology 80: 1455-1474.

Tilman D, Knops JMH, Wedin D, Reich P, Ritchie M, Siemann E. 1997. The
Influence of Functional Diversity and Composition on Ecosystem Processes. Science
277: 1300-1302.

Tilman D, Reich PB, Knops JMH. 2006. Biodiversity and ecosystem stability in a
decade-long grassland experiment. Nature 441: 629-632.

Tilman D, Reich PB, Knops JMH, Wedin D, Mielke T, Lehman C. 2001. Diversity
and productivity in a long-term grassland experiment. Science 294: 843—845.

Tilman D, Wedin D, Knops JMH. 1996. Productivity and sustainability influenced by
biodiversity in grassland ecosystems. Nature 379: 718-720.

Waldrop MP, Zak DR, Blackwood CB, Curtis CD, Tilman D. 2006. Resource
availability controls fungal diversity across a plant diversity gradient. Ecology
Letters 9: 1127-1135.

Weiner J. 1990. Asymmetric competition in plant populations. Trends in Ecology and
Evolution 5: 360-364.

Wildova R. 2004. Below-ground spatial pattern of rhizomes in a grassland community
and its relevance to above-ground spatial pattern. Plant Ecology 174: 319-336.

Wildova R, Wild J, Herben T. 2007. Fine-scale dynamics of rhizomes in a grassland
community. Ecography 30: 264-276.

25



Williamson M. 2003. Species-area relationships at small scales in continuum vege-
tation. Journal of Ecology 91: 904-907.

Wilson GWT, Hartnett DC. 1998. Interspecific variation in plant responses to
mycorrhizal colonization in tallgrass prairie. American Journal of Botany 85: 1732—
1738.

Wilson SD, Tilman D. 2002. Quadratic variation in old-field species richness along
gradients of disturbance and nitrogen. Ecology 83: 492—-504.

Zobel M. 1992. Plant species coexistence: The role of historical, evolutionary and
ecological factors. Oikos 65: 314-320.

Zobel M, Pirtel M. 2008. What determines the relationship between plant diversity
and habitat productivity? Global Ecology and Biogeography 17: 679—684.

Zobel M, Moora M, Herben T. 2010. Clonal mobility and its implications for spatio-
temporal patterns of plant communities: what do we need to know next? Oikos 119:
802-806.

26



SUMMARY IN ESTONIAN

Taimede maa-aluse mitmekesisuse ja kooseksisteerimise
vaikeseskaalalised seaduspdrad niidudkosiisteemides

Teadmised liigilisest mitmekesisusest ja liikide kooseksisteerimisest pShinevad
suures osas empiirilistel tdodel, mis késitlevad taimekoosluste maapealset osa.
Samas on teada, et paljudes laialtlevinud 6kosiisteemides, nagu erinevad rohu-
maad, stepid, tundrad ja korbed, vdib 50-90% taimsest biomassist olla paigu-
tunud maa alla. Maa-alune osa on véga oluline taimekoosluste liigirikkuse ja
talitlemise seisukohast, kuid on teadmata, kas seaduspirad, mis on tuvastatud
taimekoosluste maapealse osa uurimisel, kehtivad ka maa all. Taimekoosluste
maa-alust osa on vihe uuritud, kuna varasemad meectodid ei véimaldanud
morfoloogiliselt viga sarnaseid juuri ja risoome liikideks maérata. Uued DNA-
pohised meetodid vdimaldavad taimede maa-aluseid osi identifitseerida, kuigi
see on endiselt tehniliselt keerukas. Taimeokoloogia ldhituleviku iiheks ees-
maérgiks voibki pidada maa-aluse taimekoosluse toimimise ja seaduspérade uuri-
mist ning saadud tulemuste vordlemist maapealsete osade uurimisel leitud tead-
mistega. Toendoliselt avalduvad erinevused maapealse ja maa-aluse taimekoos-
luse seaduspérades just neis taimekooslustes, kus rohkem biomassi paigutub
maa-alla (niitudel ja rohumaadel).

On voimalik, et vdikesel skaalal esineb maa all rohkem taimeliike, kui voiks
eeldada ainult maapealse liigirikkuse médramise pdhjal. Selleks on mitmeid
pohjuseid. Esiteks, paljud mitmeaastased taimeliigid moodustavad maa-aluseid
sdilitusorganeid ja meristeeme, mis vdimaldavad lithi- voi pikaajalist puhke-
staadiumis viibimist ilma maapealsete osade moodustamiseta. Samuti on juurte
ja risoomide horisontaalne ulatus tunduvalt suurem kui taimede maapealsete
osade oma, pohjustades suuremat kattuvust teiste taimeindiviidide ja -liikidega
maa all. Teiseks, maa-alused ressursid ja taimedega siimbioosis elavad mikro-
organismid vdivad toetada maa all liikide tihedamat kooseksisteerimist vorrel-
des sama suure ruumiiihikuga maa peal. Kolmandaks, maa-alust konkurentsi
peetakse siimmeetriliseks taimede suuruse suhtes ning vastupidiselt maapealsele
konkurentsile, mida peetakse asiimmeetriliseks, ei pruugi maa-alune konkurents
pOhjustada taimede konkurentset véljatdrjumist. Maa-alune liigirikkus moodus-
tub proovis juurdunud maapealsetest liikidest ja nendest liikidest, mida leitakse
lisaks maa alt tdnu juurte midramisele molekulaarsete meetoditega.

Uks ulatuslikumalt kirjeldatud dkoloogilisi seaduspérasid on liigirikkuse-
pindala suhe ehk liigirikkuse kasvu seos uuritava ala suurusega. Siiani ei olnud
teada, kas ja kuidas antud seos erineb maapealse ja maa-aluse taimede liigi-
rikkuse vahel, kuid uued DNA-pShised meetodid aitavad sellele kiisimusele
peagi vastuse leida. Voib eeldada, et maa-alune liigirikkus kasvab suhteliselt
kiiremini kui maapealne, kuna viikesel alal maa all esineb suurem osa kogu
koosluse liigirikkusest vorreldes maapealse liigirikkusega.
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Juured ja risoomid on tihedalt seotud siimbiootiliste arbuskulaarmiikoriisa
(AM) seentega, kes méngivad olulist rolli taimede toitainete omastamises.
Varem on seostatud AM seeni taimede mitmekesisuse ja biomassi produkt-
siooniga, kuid meie teadmised AM seente ja taimede vahelisest interaktsioonist
ja selle mojust biomassi produktsioonile looduslikes dkosiisteemides on olnud
puudulikud.

Voib eeldada, et maapealne ja maa-alune taimede liigirikkus erineb ka selle
poolest, kuidas nad piki 6koloogilisi gradiente varieeruvad. Uks tuntumaid
okoloogilisi seoseid on unimodaalne seos liigirikkuse ja produktiivsuse vahel.
Madala produktiivsuse tingimustes peaks nii maa-alune kui ka maapealne liigi-
rikkus olema madal, kuna vaid vdhesed liigid suudavad selliseid tingimusi
taluda. Kdrge produktiivsuse juures on maapealne liigirikkus aga madal suure-
nenud valguskonkurentsi tottu, mille kdigus tdrjutakse véiksemad liigid domi-
neerivate liikide poolt vélja. Voib aga eeldada, et konkurentne viljatdrjumine ei
oma maa all nii suurt mdju, kuna konkurents mullaressursside iile ei anna suure-
matele liikidele ebaproportsionaalseid eeliseid.

Varasemad uuringud on leidnud, et suur liigiline mitmekesisus on oluline
sdilitamaks taimekoosluste pikaajalist toimimist ja stabiilsust. Seda seletatakse
nisi komplementaarsuse teooria abil, mille kohaselt suurema mitmekesisusega
taimekooslustes esineb rohkem erinevaid funktsionaalseid tunnuseid. Mitme-
kesisemates kooslustes suudavad taimed kasutada kasvukohas leiduvaid
ressursse palju efektiivsemalt kui liigivaestes kooslustes ja seeldbi suureneb ka
biomassi produktsioon. Vihe on teada, kuidas taimede mitmekesisus mojutab
biomassi produktsiooni ja AM seente mitmekesisust.

Maapealsed ja maa-alused taimekooslused vdivad erineda ka selle poolest,
millised faktorid on mojutanud nende koosluste liikidega komplekteerimist.
Neid faktoreid nimetatakse koosluse kokkupaneku reegliteks ning need voivad
olla abiootilised voi biootilised protsessid, mis filtreerivad liike regionaalsest
liigifondist vaadeldavasse kooslusesse. Koosluse kokkupaneku reegleid on seni
enamasti uuritud tuginedes andmetele taimekoosluste maapealsest osast, aga
sarnaselt elurikkusele voib eeldada, et maa-all on need reeglid erinevad.

Kéesoleva t66 pohilised hiipoteesid olid: 1) 454 sekveneerimine on sobilik
juurte liigirikkuse ja rohkuse madramiseks maa-alustest proovidest (II); 2)
taimede liigirikkus maa peal ja maa all on erinev (I, II); 3) AM seente mitme-
kesisus on positiivses seoses taimede liigilise ja funktsionaalse mitmekesi-
susega, sealjuures on AM seened tugevamalt seotud maa-aluse taimede mitme-
kesisuse parameetritega (I1I); 4) maapealne ja maa-alune taimede liigirikkus on
mulla viljakusega erinevalt seotud (I, II); 5) kogu koosluse biomassi produkt-
sioon (maapealse ja maa-aluse biomassi summa) on positiivselt seotud taimede
ja AM seente mitmekesisuse parameetritega (III); 6) koosluse kokkupaneku
reeglid erinevad maapealses ja maa-aluses taimekoosluses, sealjuures on biooti-
lised protsessid olulisemad maa peal ja abiootilised ning juhuslikud protsessid
olulisemad maa all (IV).
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Testisime 454 sekveneerimise vOimet médrata juureproovidest taimeliigid ja
nende ohtrused. Selleks koostasime proovid, milles segasime kokku teadaole-
vate taimeliikide juured erinevates vahekordades. Leidsime hea korrelatsiooni
testproovidesse teadlikult pandud liigirikkuse ja taimeliikide ohtruse vahel, mis
kinnitab 454 sekveneerimise sobilikkust maa-aluse taimekoosluse uurimisel.

Et vastata kiisimustele, kas taimede liigirikkus erineb maa peal ja all, kogu-
sime taimede liigirikkuse andmeid pool-looduslikult niidult Louna-Eestis, Ahja
vallas. Maapealsed liigid miédrasime tavapdrase morfoloogiliste tunnuste vaat-
luse abil ja maa-alused liigid mddrasime juureproovidest uue polvkonna 454
sekveneerimise abil. Leidsime, et maa-alune taimede liigirikkus oli keskmiselt
ligi kaks korda suurem kui samas skaalas maa peal (II). Erinevus séilis ka kogu
koosluse skaalal. Antud tulemused viitavad sellele, et vaadeldes ainult koosluse
maapealset osa, ndieme kdigest “jadmade tippu”, kuna tegelik liikide kooseksis-
teerimine leiab aset maa all. Suurem liigirikkus maa all voib olla tingitud
mitmete bioloogiliste mehhanismide poolt (I). Niiteks voivad klonaalsed
taimed moodustada maa all laiaulatuslikke risoomide vorgustikke, samas voivad
nad maapealseid osi moodustada ainult siin-seal voi monel aastal iildse mitte.

Uurimaks AM seente ja taimede mitmekesisuse eri parameetrite vahelisi
seoseid kogusime proove Kanada looduslikust preeriakooslusest. Taimeliigid
maa peal ja maa all midrasime nagu t66s II, kuid identifitseerisime juure-
proovidest ka AM seenetaksonid, kasutades antud seeneriihmale spetsiifilisi
markereid. Maédrasime ka taimeliikide ja seenetaksonite fiillogeneetilise mitme-
kesisuse. Leidsime, et AM seente taksonite mitmekesisus ja fiilogeneetiline
mitmekesisus kasvab taimede liigilise ja funktsionaalse mitmekesisuse kasva-
des, ning sealjuures on AM seente mitmekesisuse parameetrid tugevamini
seotud just maa-aluste taimede mitmekesisuse parameetritega (III). Hiljutised
uuringud on ndidanud, et taimed ja nende AM siimbiondid on evolutsiooni
kédigus vastastikku spetsialiseerunud, mis v3ib viia funktsionaalsete tunnuste
mitmekesisuse kasvule mélemas organismirithmas.

Taimede liigirikkus maa peal ja maa all erines ka piki mullaviljakuse gra-
dienti, nagu niitasid andmed Ahja niidult (II). Leidsime sarnaselt varasemate
toodega, et maapealne liigirikkus langeb mullaviljakuse kasvades, kuid uudne
aspekt on, et maa-aluste liikide arv proovis kasvas mullaviljakuse kasvades.
Need tulemused toetavad teooriat, mille kohaselt suurenenud mullaviljakuse
tingimustes saavad suurekasvulised liigid ebaproportsionaalselt suure osa
valgusressursist pOhjustades teiste liikide véljatdrjumist. Juurekonkurentsis aga
ei saa suuremad liigid sellist eelist, kuna toitained on kittesaadavad koigist
suundadest ja seega ei pruugi konkurentne viljatdrjumine olla maa all oluline
faktor. Suurenenud mullaviljakuse tingimustes vdivad taimed minna iile puhke-
seisundisse, mille jooksul nad ei moodusta maapealseid osi, kuid suudavad
teatud aja véltel maa all eksisteerida ning uuesti maa peale ilmuda, kui valgus-
tingimused on paranenud.

Mootsime Kanada preeria alalt kogu koosluse biomassi (maapealsete ja maa-
aluste proovide biomassi summa) ning seostasime need vaartused koosluses
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esinevate maapealsete, maa-aluste taimede ning AM seente mitmekesisuse
parameetritega (III). Leidsime, et kogu koosluse biomassi kirjeldavad koige
paremini kolm parameetri: maa-alune taimede liigiline mitmekesisus ja fiilo-
geneetiline dispersioon ning AM seente taksonite mitmekesisus (III). Antud
tulemused nditavad, et primaarproduktsioon on suurem kui juurte ja risoomide
liigiline mitmekesisus on suur, eriti juhul, kui maa-alused liigid on flilogeneeti-
liselt kaugelt seotud. Vastupidiselt eeltoodud positiivsetele seostele, AM seente
taksonite mitmekesisuse kasvades primaarproduktsioon vdheneb.

Sarnaselt elurikkusele selgus ka, et maapealne ja maa-alune taimekooslus on
kokku pandud erinevate protsesside tagajérjel (IV), tingituna maapealsete ja
maa-aluste keskkonnatingimuste erinevusest (I). Analiilisides Ahja niidu maa-
pealse ja maa-aluse taimekoosluse andmestikku (I), leidsime, et maapealsete
liikkide kooseksisteerimine on pigem méératud biootiliste interaktsioonide poolt,
nagu nditeks valguskonkurents ja sellest johtuv liikide véljatérjumine, samas
kui maa-aluse koosluse kokkupanekut mdjutavad suuresti abiootilised ja
stohhastilised protsessid (erinevad toitainete gradiendid, mulla pH, jm mulla
keemilis-fiiiisikalised omadused) (IV). IV ja II t66 tulemused toetavad teooriat,
mille kohaselt on maa all liikide kooseksisteerimine pikaajaliselt stabiilsem,
kuna liikidevaheline konkurents on véiksem.

Kokkuvdtteks toovad selle doktoritdo tulemused esimest korda esile taime-
koosluste maa-aluse komponendi (sh eri troofilistel tasemetel) olulisuse liikide
kooseksisteerimise ja okosiisteemi protsesside uurimisel. Molekulaarsete meeto-
dite kasutuselevott voimaldab avastada uusi liigirikkuse ja koosluste kokku-
paneku seaduspdrasid otse looduslikest kooslustest, mis vdivad muuta seni-
kehtinud 6koloogilisi teooriaid.

30



ACKNOWLEDGEMENTS

My most sincere gratitude goes to my supervisors Meelis Pirtel and Scott
Wilson for their supportive attitude during my studies. I thank you Meelis for all
your patience, optimism and scientific guidance — you have always been there
for me and you seem to have a solution for everything. My warmest thanks go
to Scott who hosted me at the University of Regina. Thank you for teaching me
how to write good manuscripts — I am still learning, but I always try to keep
your high standards in mind. I also thank Brenda, Troy, Marsha, Erin and the
crow Po for being my good friends in Canada. I would like to thank my co-
authors Mari Moora and Martin Zobel for stimulating discussions on yet
another rejection, Maarja Opik for teaching a field ecologist like myself to
behave in a DNA lab and I thank John Davison for help with bioinformatics,
polishing the manuscripts and for his jolly good British humour.

I am really happy to be part of the Macroecology workgroup led by Meelis.
Our seminars, beer/tea Fridays and extra curricular activities have been
inspiring and very enjoyable. I would like to thank Robert, Aveliina, Pille, Jodi,
Antonio, Lauri, Jesse, Riin, Liis, Liina, Krista and Argo for being great lab
mates.

I feel very lucky to have been able to share all the joys and troubles of every
PhD student with many wonderful friends: Sergei, Teele, Tsipe, Marina, Virve,
Ulle, Odile, Lars, Leho, Jaak-Albert, Ene and Ingmar. My special thanks go to
my academic twin Kadri Koorem — I cannot imagine these years without your
encouragement, jokes, our gym sessions and handicraft obsession.

My warm gratitude goes to my parents, sister and brother for all their
support. I know of no other married couple who has defended their PhDs on the
same day than my parents Ulle and IImar Tamm; I hope this thesis makes you
feel proud about yourself once more. I thank Tonu for reminding me there’s
more to life than academic endeavour, that it is ok to be spontaneous and
unconventional. Life has been exciting with you.

*kh%

This study was supported by the European Union through the European
Regional Development Fund (Center of Excellence FIBIR), EU 6th framework
project ECOCHANGE (FP6-036866), European Union 7th framework project
SCALES, FP7-226852, Marie Curie European Reintegration Grant (GLOBAM,
PERGO03-GA-2008-231034), the Natural Sciences and Engineering Research
Council of Canada, the Estonian Science Foundation (grants 7738, 8323, 9050,
8613) and targeted financing (SF0180098s08, SF0180095s08).

31






PUBLICATIONS



CURRICULUMVITAE

Name: Inga Hiiesalu

Date of birth: 12.11.1983
Citizenship: Estonian

Phone: +372 521 3473
E-mail: inga.hiiesalu@ut.ee

Current position: Institute of Ecology and Earth Sciences,
Department of Botany, University of Tartu, PhD student

Education:

2007- PhD studies in Botany and Ecology,
University of Tartu

2005-2007 MSc in Biology, University of Tartu

2002-2005 BSc in Biology, University of Tartu

1990-2002 Secondary Education, Jogeva Gymnasium

Language skills: Estonian (mother tongue), English (very good),
Russian (basic)

Institution and position held:
2009-2011 Lab technician (0.1 position), University of Tartu
2006-2007 Herbarium technician, University of Life Sciences

Research interests:

Small-scale diversity patterns of grassland ecosystems dominated by clonal
plants. Comparison of plant aboveground and belowground diversity and their
relationships to community productivity. Detecting community assembly rules
above- and belowground and patterns of species coexistence. Influence of soil
heterogeneity on species diversity and coexistence. Invasion of woody species
due to change in grazing regime (cessation of traditional land-use).

List of Publications:

Partel, M., Hiiesalu, 1., (")pik, M. & Wilson, S.D. (2012) Belowground plant
species richness: new insights from DNA-based methods. Functional
Ecology 26: 775-782

Laanisto, L., Tamme, R., Hiiesalu, 1., Szava-Kovats, R., Gazol, A., Pirtel, M.
Microfragmentation consept explains non-positice environmental hetero-
geneity-diversity relationships. Oecologia DOI: 10.1007/s00442-012-2398-5.

Price, J.N., Hiiesalu, I., Gerhold, P., Partel, M. (2012) Small-scale grassland
assembly patterns differ above and below the soil surface. Ecology 93(6)
1290-1296

Hiiesalu, 1., Opik, M., Metsis, M., Lilje, L., Davison, J., Vasar, M., Moora, M.,
Zobel, M., Wilson, S.D. & Pirtel, M. (2012) Plant species richness

115



belowground: higher richness and new patterns revealed by next-generation
sequencing. Molecular Ecology 21: 2004-2016

Tamme, R.; Hiiesalu, I.; Laanisto, L.; Szava-Kovats, R.; Partel, M. (2010).
Environmental heterogeneity, species diversity and coexistence at different
spatial scales. Journal of Vegetation Science, 21(4), 796-801.

Conference presentations:

Hiiesalu, I., Pirtel, M., Davison, J., Moora, M., Opik, M., Zobel, M., Wilson,
S.D. “Belowground diversity of plants and arbuscular mycorrhizal fungi
determine ecosystem productivity”. Oral presentation. 23-28 July 2012. 55th
Annual meeting of the International Association for Vegetation Science, in
Mokpo, South-Korea.

Hiiesalu, 1., Price, J.N., Gerhold, P., Pértel, M. “Do aboveground assembly
rules apply belowground?” Oral presentation. 21-25 Nov 2011, 36. Eco-
logical Society of Australia, Tasmania, Australia.

Hiiesalu L., Opik, M., Metsis, M., Davison, J., Vasar, M., Moora, M., Zobel, M.,
Wilson, SD., Pértel, M. “Root sequencing doubles small-scale plant richness
measures and alters diversity patterns.” Oral presentation. 20-24 June 2011,
54th Annual meeting of the International Association for Vegetation Science
in Lyon, France.

Hiiesalu, I., M. Opik, M. Metsis, J. Davison, M. Moora, M. Zobel, S.D.
Wilson. and M. Pértel. “Small-scale vegetation diversity patterns below-
ground: concept and methods”. Oral presentation 18-23 April 2010. 53rd
Annual meeting of the International Association for Vegetation Science in
Ensenada, Mexico.

Hiiesalu, I., Tamme, R., Helm, A., Partel, M. “Soil heterogeneity and plant
diversity in habitat change between grassland and forest”. Poster. 30 May—4
June 2009. 52nd. Annual meeting of the International Association for
Vegetation Science in Crete, Greece.

Awards and Scholarships:

2012, 2011, 2010, 2008 Travelling grants from the Doctoral School of Ecology
and Earth Sciences

2010 Travelling grant from Kristjan Jaak’s Scholarship

Other activities and membership:

Member of the European Dry Grassland Group since 2012.

I was one of the main organizer of the doctoral student’s conference ‘“Next
generation insights into geosciences and ecology” held in Tartu 2011

116



ELULOOKIRJELDUS

Nimi: Inga Hiiesalu
Siinniaeg: 12.11.1983
Kodakondsus: Eesti

Telefon: 5213473

E-post: inga.hiiesalu@ut.ee

Praegune tookoht: Okoloogia ja Maateaduste Instituut, Botaanika osakond,
Tartu Ulikool, doktorant

Haridus:
2007— Doktoridpe botaanika ja 6koloogia erialal, Tartu Ulikool
2005-2007 Magistrikraad taime- ja seeneteaduse erialal, Tartu Ulikool
2002-2005 Bakalaureusekraad bioloogias, Tartu Ulikool
1990-2002 Keskharidus, Jogeva Glimnaasium
Keelteoskus: eesti (emakeel), inglise (suurepérane),
vene (baasteadmised)
Tookogemus:
20092011 Laborant (0.1 kohta), Tartu Ulikool
20062007 Herbaariumi tehnik, Eesti Maaiilikool

Peamised uurimisvaldkonnad:

Viikeseskaalalised taimede liigirikkuse mustrid niidudkosiisteemides. Maa-
aluse ja maapealse liigirikkuse ja liikide kooseksisteerimise mustrite vordlused
ning seosed koosluse parameetritega. Liigirikkuse seosed mulla véikese-
skaalalise heterogeensusega.

Publikatsioonide loetelu:

Pirtel, M., Hiiesalu, 1., Opik, M. & Wilson, S.D. (2012) Belowground plant
species richness: new insights from DNA-based methods. Functional Eco-
logy 26: 775-782

Laanisto, L., Tamme, R., Hiiesalu, 1., Szava-Kovats, R., Gazol, A., Pirtel, M.
Microfragmentation consept explains non-positice environmental heteroge-
neity-diversity relationships. Oecologia DOI: 10.1007/s00442-012-2398-5.

Price, J.N., Hiiesalu, L., Gerhold, P., Partel, M. (2012) Small-scale grassland
assembly patterns differ above and below the soil surface. Ecology 93(6)
1290-1296

Hiiesalu, I, Opik, M., Metsis, M., Lilje, L., Davison, J., Vasar, M., Moora, M.,
Zobel, M., Wilson, S.D. & Pirtel, M. (2012) Plant species richness below-
ground: higher richness and new patterns revealed by next-generation
sequencing. Molecular Ecology 21: 2004-2016

117



Tamme, R.; Hiiesalu, I.; Laanisto, L.; Szava-Kovats, R.; Partel, M. (2010).
Environmental heterogeneity, species diversity and coexistence at different
spatial scales. Journal of Vegetation Science, 21(4), 796-801.

Konverentsi ettekanded:

Hiiesalu, L., Pirtel, M., Davison, J., Moora, M., Opik, M., Zobel, M., Wilson,
S.D. “Belowground diversity of plants and arbuscular mycorrhizal fungi
determine ecosystem productivity”. Suuline ettekanne. 2328 Juuli 2012. 55.
Rahvusvahelise Taimkatte Assotsiatsiooni  Aastakonverents. Mokpo,
Louna-Korea.

Hiiesalu, 1., Price, J.N., Gerhold, P., Pirtel, M. “Do aboveground assembly
rules apply belowground?” Suuline ettekanne. 21-25 November 2011, 36.
Austraalia Okoloogiaiihingu konverents, Tasmaania, Austraalia.

Hiiesalu I., Opik, M., Metsis, M., Davison, J., Vasar, M., Moora, M., Zobel, M.,
Wilson, SD., Pértel, M. “Root sequencing doubles small-scale plant richness
measures and alters diversity patterns.” Suuline ettekanne. 20-24 Juuni
2011, 54. Rahvusvahelise Taimkatte Assotsiatsiooni Aastakonverents. Lyon,
Prantsusmaa.

Hiiesalu, I., M. Opik, M. Metsis, J. Davison, M. Moora, M. Zobel, S.D. Wilson.
and M. Pirtel. “Small-scale vegetation diversity patterns below-ground:
concept and methods”. Oral talk 18-23 April 2010. 53. Rahvusvahelise
Taimkatte Assotsiatsiooni Aastakonverents. Ensenada, Mehhiko.

Hiiesalu, 1., Tamme, R., Helm, A., Pirtel, M. “Soil heterogeneity and plant
diversity in habitat change between grassland and forest”. Poster. 30 May—4
Juuni 2009. 52. Rahvusvahelise Taimkatte Assotsiatsiooni Aastakonverents.
Kreeta, Kreeka.

Saadud uurimistoetused ja stipendiumid:

2012, 2011, 2010, 2008 vilissdidu toetused Okoloogia ja maateaduste doktori-
koolilt

2010 Kristjan Jaagu vélissdidu toetus

Muu teaduslik organisatsiooniline ja erialane tegevus:

Euroopa kuivade rohumaade grupi liige (European Dry Grassland Group) 2012.
aastast.

Olin 2011. a Tartus peetud doktorantide konverentsi “Next generation insights
into geosciences and ecology” iiks peakorraldaja.

118



N —

11.

12.

13.

13.

14.
15.

16.

17.

18.

19.

DISSERTATIONES BIOLOGICAE
UNIVERSITATIS TARTUENSIS

. Toivo Maimets. Studies of human oncoprotein p53. Tartu, 1991, 96 p.
. Enn K. Seppet. Thyroid state control over energy metabolism, ion transport

and contractile functions in rat heart. Tartu, 1991, 135 p.

. Kristjan Zobel. Epifiiilitsete makrosamblike vdirtus ohu saastuse indikaa-

toritena Hamar-Dobani boreaalsetes médgimetsades. Tartu, 1992, 131 lk.

. Andres Mie. Conjugal mobilization of catabolic plasmids by transposable

elements in helper plasmids. Tartu, 1992, 91 p.

. Maia Kivisaar. Studies on phenol degradation genes of Pseudomonas sp.

strain EST 1001. Tartu, 1992, 61 p.

. Allan Nurk. Nucleotide sequences of phenol degradative genes from

Pseudomonas sp. strain EST 1001 and their transcriptional activation in
Pseudomonas putida. Tartu, 1992, 72 p.

. Ulo Tamm. The genus Populus L. in Estonia: variation of the species bio-

logy and introduction. Tartu, 1993, 91 p.

. Jaanus Remme. Studies on the peptidyltransferase centre of the E.coli ribo-

some. Tartu, 1993, 68 p.

. Ulo Langel. Galanin and galanin antagonists. Tartu, 1993, 97 p.
. Arvo Kaiird. The development of an automatic online dynamic fluo-

rescense-based pH-dependent fiber optic penicillin flowthrought biosensor
for the control of the benzylpenicillin hydrolysis. Tartu, 1993, 117 p.

Lilian Jérvekiilg. Antigenic analysis and development of sensitive immu-
noassay for potato viruses. Tartu, 1993, 147 p.

Jaak Palumets. Analysis of phytomass partition in Norway spruce. Tartu,
1993, 47 p.

Arne Sellin. Variation in hydraulic architecture of Picea abies (L.) Karst.
trees grown under different enviromental conditions. Tartu, 1994, 119 p.
Mati Reeben. Regulation of light neurofilament gene expression. Tartu,
1994, 108 p.

Urmas Tartes. Respiration rhytms in insects. Tartu, 1995, 109 p.

Ulo Puurand. The complete nucleotide sequence and infections in vitro
transcripts from cloned cDNA of a potato A potyvirus. Tartu, 1995, 96 p.
Peeter Horak. Pathways of selection in avian reproduction: a functional
framework and its application in the population study of the great tit (Parus
major). Tartu, 1995, 118 p.

Erkki Truve. Studies on specific and broad spectrum virus resistance in
transgenic plants. Tartu, 1996, 158 p.

Illar Pata. Cloning and characterization of human and mouse ribosomal
protein S6-encoding genes. Tartu, 1996, 60 p.

Ulo Niinemets. Importance of structural features of leaves and canopy in
determining species shade-tolerance in temperature deciduous woody taxa.
Tartu, 1996, 150 p.

119



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35

37.

38.

39.

40.

Ants Kurg. Bovine leukemia virus: molecular studies on the packaging
region and DNA diagnostics in cattle. Tartu, 1996, 104 p.

Ene Ustav. E2 as the modulator of the BPV1 DNA replication. Tartu, 1996,
100 p.

Aksel Soosaar. Role of helix-loop-helix and nuclear hormone receptor tran-
scription factors in neurogenesis. Tartu, 1996, 109 p.

Maido Remm. Human papillomavirus type 18: replication, transformation
and gene expression. Tartu, 1997, 117 p.

Tiiu Kull. Population dynamics in Cypripedium calceolus L. Tartu, 1997,
124 p.

Kalle OIlli. Evolutionary life-strategies of autotrophic planktonic micro-
organisms in the Baltic Sea. Tartu, 1997, 180 p.

Meelis Pirtel. Species diversity and community dynamics in calcareous
grassland communities in Western Estonia. Tartu, 1997, 124 p.

Malle Leht. The Genus Potentilla L. in Estonia, Latvia and Lithuania: dis-
tribution, morphology and taxonomy. Tartu, 1997, 186 p.

Tanel Tenson. Ribosomes, peptides and antibiotic resistance. Tartu, 1997,
80 p.

Arvo Tuvikene. Assessment of inland water pollution using biomarker
responses in fish in vivo and in vitro. Tartu, 1997, 160 p.

Urmas Saarma. Tuning ribosomal elongation cycle by mutagenesis of
23S rRNA. Tartu, 1997, 134 p.

Henn Ojaveer. Composition and dynamics of fish stocks in the gulf of Riga
ecosystem. Tartu, 1997, 138 p.

Lembi Léugas. Post-glacial development of vertebrate fauna in Estonian
water bodies. Tartu, 1997, 138 p.

Margus Pooga. Cell penetrating peptide, transportan, and its predecessors,
galanin-based chimeric peptides. Tartu, 1998, 110 p.

Andres Saag. Evolutionary relationships in some cetrarioid genera (Liche-
nized Ascomycota). Tartu, 1998, 196 p.

. Aivar Liiv. Ribosomal large subunit assembly in vivo. Tartu, 1998, 158 p.
36.

Tatjana Oja. Isoenzyme diversity and phylogenetic affinities among the
eurasian annual bromes (Bromus L., Poaceae). Tartu, 1998, 92 p.

Mari Moora. The influence of arbuscular mycorrhizal (AM) symbiosis on
the competition and coexistence of calcarecous crassland plant species.
Tartu, 1998, 78 p.

Olavi Kurina. Fungus gnats in Estonia (Diptera: Bolitophilidae, Keroplati-
dae, Macroceridae, Ditomyiidae, Diadocidiidae, Mycetophilidae). Tartu,
1998, 200 p.

Andrus Tasa. Biological leaching of shales: black shale and oil shale.
Tartu, 1998, 98 p.

Arnold Kristjuhan. Studies on transcriptional activator properties of tumor
suppressor protein p53. Tartu, 1998, 86 p.

120



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Sulev Ingerpuu. Characterization of some human myeloid cell surface and
nuclear differentiation antigens. Tartu, 1998, 163 p.

Veljo Kisand. Responses of planktonic bacteria to the abiotic and biotic
factors in the shallow lake Vortsjarv. Tartu, 1998, 118 p.

Kadri Poéldmaa. Studies in the systematics of hypomyces and allied genera
(Hypocreales, Ascomycota). Tartu, 1998, 178 p.

Markus Vetemaa. Reproduction parameters of fish as indicators in
environmental monitoring. Tartu, 1998, 117 p.

Heli Talvik. Prepatent periods and species composition of different
Oesophagostomum spp. populations in Estonia and Denmark. Tartu, 1998,
104 p.

Katrin Heinsoo. Cuticular and stomatal antechamber conductance to water
vapour diffusion in Picea abies (L.) karst. Tartu, 1999, 133 p.

Tarmo Annilo. Studies on mammalian ribosomal protein S7. Tartu, 1998,
77 p.

Indrek Ots. Health state indicies of reproducing great tits (Parus major):
sources of variation and connections with life-history traits. Tartu, 1999,
117 p.

Juan Jose Cantero. Plant community diversity and habitat relationships in
central Argentina grasslands. Tartu, 1999, 161 p.

Rein Kalamees. Seed bank, seed rain and community regeneration in
Estonian calcareous grasslands. Tartu, 1999, 107 p.

Sulev Koks. Cholecystokinin (CCK) — induced anxiety in rats: influence
of environmental stimuli and involvement of endopioid mechanisms and
erotonin. Tartu, 1999, 123 p.

Ebe Sild. Impact of increasing concentrations of O; and CO, on wheat,
clover and pasture. Tartu, 1999, 123 p.

Ljudmilla Timofejeva. Electron microscopical analysis of the synaptone-
mal complex formation in cereals. Tartu, 1999, 99 p.

Andres Valkna. Interactions of galanin receptor with ligands and
G-proteins: studies with synthetic peptides. Tartu, 1999, 103 p.

Taavi Virro. Life cycles of planktonic rotifers in lake Peipsi. Tartu, 1999,
101 p.

Ana Rebane. Mammalian ribosomal protein S3a genes and intron-encoded
small nucleolar RNAs U73 and U82. Tartu, 1999, 85 p.

Tiina Tamm. Cocksfoot mottle virus: the genome organisation and transla-
tional strategies. Tartu, 2000, 101 p.

Reet Kurg. Structure-function relationship of the bovine papilloma virus E2
protein. Tartu, 2000, 89 p.

Toomas Kivisild. The origins of Southern and Western Eurasian popula-
tions: an mtDNA study. Tartu, 2000, 121 p.

Niilo Kaldalu. Studies of the TOL plasmid transcription factor XylS. Tartu
2000. 88 p.

121



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.
80.

81.

Dina Lepik. Modulation of viral DNA replication by tumor suppressor
protein p53. Tartu 2000. 106 p.

Kai Vellak. Influence of different factors on the diversity of the bryophyte
vegetation in forest and wooded meadow communities. Tartu 2000. 122 p.
Jonne Kotta. Impact of eutrophication and biological invasionas on the
structure and functions of benthic macrofauna. Tartu 2000. 160 p.

Georg Martin. Phytobenthic communities of the Gulf of Riga and the inner
sea the West-Estonian archipelago. Tartu, 2000. 139 p.

Silvia Sepp. Morphological and genetical variation of Alchemilla L. in
Estonia. Tartu, 2000. 124 p.

Jaan Liira. On the determinants of structure and diversity in herbaceous
plant communities. Tartu, 2000. 96 p.

Priit Zingel. The role of planktonic ciliates in lake ecosystems. Tartu 2001.
111 p.

Tiit Teder. Direct and indirect effects in Host-parasitoid interactions:
ecological and evolutionary consequences. Tartu 2001. 122 p.

Hannes Kollist. Leaf apoplastic ascorbate as ozone scavenger and its
transport across the plasma membrane. Tartu 2001. 80 p.

Reet Marits. Role of two-component regulator system PehR-PehS and
extracellular protease PrtW in virulence of Erwinia Carotovora subsp.
Carotovora. Tartu 2001. 112 p.

Vallo Tilgar. Effect of calcium supplementation on reproductive perfor-
mance of the pied flycatcher Ficedula hypoleuca and the great tit Parus
major, breeding in Nothern temperate forests. Tartu, 2002. 126 p.

Rita Horak. Regulation of transposition of transposon Tn4652 in
Pseudomonas putida. Tartu, 2002. 108 p.

Liina Eek-Piirsoo. The effect of fertilization, mowing and additional
illumination on the structure of a species-rich grassland community. Tartu,
2002. 74 p.

Kroot Aasamaa. Shoot hydraulic conductance and stomatal conductance of
six temperate deciduous tree species. Tartu, 2002. 110 p.

Nele Ingerpuu. Bryophyte diversity and vascular plants. Tartu, 2002.
112 p.

Neeme Tonisson. Mutation detection by primer extension on oligo-
nucleotide microarrays. Tartu, 2002. 124 p.

Margus Pensa. Variation in needle retention of Scots pine in relation to
leaf morphology, nitrogen conservation and tree age. Tartu, 2003. 110 p.
Asko Lohmus. Habitat preferences and quality for birds of prey: from
principles to applications. Tartu, 2003. 168 p.

Viljar Jaks. p53 — a switch in cellular circuit. Tartu, 2003. 160 p.

Jaana Minnik. Characterization and genetic studies of four ATP-binding
cassette (ABC) transporters. Tartu, 2003. 140 p.

Marek Sammul. Competition and coexistence of clonal plants in relation to
productivity. Tartu, 2003. 159 p

122



82.

83.

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Ivar Ilves. Virus-cell interactions in the replication cycle of bovine
papillomavirus type 1. Tartu, 2003. 89 p.

Andres Minnik. Design and characterization of a novel vector system
based on the stable replicator of bovine papillomavirus type 1. Tartu, 2003.
109 p.

Ivika Ostonen. Fine root structure, dynamics and proportion in net
primary production of Norway spruce forest ecosystem in relation to site
conditions. Tartu, 2003. 158 p.

Gudrun Veldre. Somatic status of 12—15-year-old Tartu schoolchildren.
Tartu, 2003. 199 p.

Ulo Vili. The greater spotted eagle Aquila clanga and the lesser spotted
eagle A. pomarina: taxonomy, phylogeography and ecology. Tartu, 2004.
159 p.

Aare Abroi. The determinants for the native activities of the bovine
papillomavirus type 1 E2 protein are separable. Tartu, 2004. 135 p.

Tiina Kahre. Cystic fibrosis in Estonia. Tartu, 2004. 116 p.

Helen Orav-Kotta. Habitat choice and feeding activity of benthic suspension
feeders and mesograzers in the northern Baltic Sea. Tartu, 2004. 117 p.
Maarja Opik. Diversity of arbuscular mycorrhizal fungi in the roots of
perennial plants and their effect on plant performance. Tartu, 2004. 175 p.
Kadri Tali. Species structure of Neotinea ustulata. Tartu, 2004. 109 p.
Kristiina Tambets. Towards the understanding of post-glacial spread of
human mitochondrial DNA haplogroups in Europe and beyond: a phylo-
geographic approach. Tartu, 2004. 163 p.

Arvi Joers. Regulation of p53-dependent transcription. Tartu, 2004. 103 p.
Lilian Kadaja. Studies on modulation of the activity of tumor suppressor
protein p53. Tartu, 2004. 103 p.

Jaak Truu. Oil shale industry wastewater: impact on river microbial
community and possibilities for bioremediation. Tartu, 2004. 128 p.

Maire Peters. Natural horizontal transfer of the pheBA operon. Tartu,
2004. 105 p.

Ulo Maiviili. Studies on the structure-function relationship of the bacterial
ribosome. Tartu, 2004. 130 p.

Merit Otsus. Plant community regeneration and species diversity in dry
calcareous grasslands. Tartu, 2004. 103 p.

Mikk Heidemaa. Systematic studies on sawflies of the genera Dolerus,
Empria, and Caliroa (Hymenoptera: Tenthredinidae). Tartu, 2004. 167 p.

100. Ilmar Toénno. The impact of nitrogen and phosphorus concentration and

N/P ratio on cyanobacterial dominance and N, fixation in some Estonian
lakes. Tartu, 2004. 111 p.

101. Lauri Saks. Immune function, parasites, and carotenoid-based ornaments

in greenfinches. Tartu, 2004. 144 p.

102. Siiri Rootsi. Human Y-chromosomal variation in European populations.

Tartu, 2004. 142 p.

123



103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Eve Vedler. Structure of the 2,4-dichloro-phenoxyacetic acid-degradative
plasmid pEST4011. Tartu, 2005. 106 p.

Andres Tover. Regulation of transcription of the phenol degradation
pheBA operon in Pseudomonas putida. Tartu, 2005. 126 p.

Helen Udras. Hexose kinases and glucose transport in the yeast Han-
senula polymorpha. Tartu, 2005. 100 p.

Ave Suija. Lichens and lichenicolous fungi in Estonia: diversity, distri-
bution patterns, taxonomy. Tartu, 2005. 162 p.

Piret Lohmus. Forest lichens and their substrata in Estonia. Tartu, 2005.
162 p.

Inga Lips. Abiotic factors controlling the cyanobacterial bloom occur-
rence in the Gulf of Finland. Tartu, 2005. 156 p.

Kaasik, Krista. Circadian clock genes in mammalian clockwork, meta-
bolism and behaviour. Tartu, 2005. 121 p.

Juhan Javois. The effects of experience on host acceptance in ovipositing
moths. Tartu, 2005. 112 p.

Tiina Sedman. Characterization of the yeast Saccharomyces cerevisiae
mitochondrial DNA helicase Hmil. Tartu, 2005. 103 p.

Ruth Aguraiuja. Hawaiian endemic fern lineage Diellia (Aspleniaceae):
distribution, population structure and ecology. Tartu, 2005. 112 p.

Riho Teras. Regulation of transcription from the fusion promoters ge-
nerated by transposition of Tn4652 into the upstream region of pheBA
operon in Pseudomonas putida. Tartu, 2005. 106 p.

Mait Metspalu. Through the course of prehistory in india: tracing the
mtDNA trail. Tartu, 2005. 138 p.

Elin Lohmussaar. The comparative patterns of linkage disequilibrium in
European populations and its implication for genetic association studies.
Tartu, 2006. 124 p.

Priit Kupper. Hydraulic and environmental limitations to leaf water rela-
tions in trees with respect to canopy position. Tartu, 2006. 126 p.

Heili Ilves. Stress-induced transposition of Tn4652 in Pseudomonas
Putida. Tartu, 2006. 120 p.

Silja Kuusk. Biochemical properties of Hmilp, a DNA helicase from
Saccharomyces cerevisiae mitochondria. Tartu, 2006. 126 p.

Kersti Piissa. Forest edges on medium resolution landsat thematic mapper
satellite images. Tartu, 2006. 90 p.

Lea Tummeleht. Physiological condition and immune function in great
tits (Parus major 1.): Sources of variation and trade-offs in relation to
growth. Tartu, 2006. 94 p.

Toomas Esperk. Larval instar as a key element of insect growth schedules.
Tartu, 2006. 186 p.

Harri Valdmann. Lynx (Lynx [ynx) and wolf (Canis lupus) in the Baltic
region: Diets, helminth parasites and genetic variation. Tartu, 2006. 102 p.

124



123. Priit Joers. Studies of the mitochondrial helicase Hmilp in Candida
albicans and Saccharomyces cerevisia. Tartu, 2006. 113 p.

124. Kersti Lillevili. Gata3 and Gata2 in inner ear development. Tartu, 2007.
123 p.

125. Kai Riink. Comparative ecology of three fern species: Dryopteris carthu-
siana (Vill.) H.P. Fuchs, D. expansa (C. Presl) Fraser-Jenkins & Jermy and
D. dilatata (Hoffm.) A. Gray (Dryopteridaceae). Tartu, 2007. 143 p.

126. Aveliina Helm. Formation and persistence of dry grassland diversity: role
of human history and landscape structure. Tartu, 2007. 89 p.

127. Leho Tedersoo. Ectomycorrhizal fungi: diversity and community structure
in Estonia, Seychelles and Australia. Tartu, 2007. 233 p.

128. Marko Migi. The habitat-related variation of reproductive performance of
great tits in a deciduous-coniferous forest mosaic: looking for causes and
consequences. Tartu, 2007. 135 p.

129. Valeria Lulla. Replication strategies and applications of Semliki Forest
virus. Tartu, 2007. 109 p.

130. Ulle Reier. Estonian threatened vascular plant species: causes of rarity and
conservation. Tartu, 2007. 79 p.

131. Inga Jiiriado. Diversity of lichen species in Estonia: influence of regional
and local factors. Tartu, 2007. 171 p.

132. Tatjana Krama. Mobbing behaviour in birds: costs and reciprocity based
cooperation. Tartu, 2007. 112 p.

133.Signe Saumaa. The role of DNA mismatch repair and oxidative DNA
damage defense systems in avoidance of stationary phase mutations in
Pseudomonas putida. Tartu, 2007. 172 p.

134. Reedik Migi. The linkage disequilibrium and the selection of genetic
markers for association studies in european populations. Tartu, 2007. 96 p.

135. Priit Kilgas. Blood parameters as indicators of physiological condition and
skeletal development in great tits (Parus major): natural variation and
application in the reproductive ecology of birds. Tartu, 2007. 129 p.

136. Anu Albert. The role of water salinity in structuring eastern Baltic coastal
fish communities. Tartu, 2007. 95 p.

137. Kirt Padari. Protein transduction mechanisms of transportans. Tartu, 2008.
128 p.

138. Siiri-Lii Sandre. Selective forces on larval colouration in a moth. Tartu,
2008. 125 p.

139. Ulle Jogar. Conservation and restoration of semi-natural floodplain mea-
dows and their rare plant species. Tartu, 2008. 99 p.

140. Lauri Laanisto. Macroecological approach in vegetation science: gene-
rality of ecological relationships at the global scale. Tartu, 2008. 133 p.
141. Reidar Andreson. Methods and software for predicting PCR failure rate in

large genomes. Tartu, 2008. 105 p.
142. Birgot Paavel. Bio-optical properties of turbid lakes. Tartu, 2008. 175 p.

125



143. Kaire Torn. Distribution and ecology of charophytes in the Baltic Sea.
Tartu, 2008, 98 p.

144. Vladimir Vimberg. Peptide mediated macrolide resistance. Tartu, 2008,
190 p.

145. Daima Ord. Studies on the stress-inducible pseudokinase TRB3, a novel
inhibitor of transcription factor ATF4. Tartu, 2008, 108 p.

146. Lauri Saag. Taxonomic and ecologic problems in the genus Lepraria
(Stereocaulaceae, lichenised Ascomycota). Tartu, 2008, 175 p.

147. Ulvi Karu. Antioxidant protection, carotenoids and coccidians in green-
finches — assessment of the costs of immune activation and mechanisms of
parasite resistance in a passerine with carotenoid-based ornaments. Tartu,
2008, 124 p.

148. Jaanus Remm. Tree-cavities in forests: density, characteristics and occu-
pancy by animals. Tartu, 2008, 128 p.

149. Epp Moks. Tapeworm parasites Echinococcus multilocularis and E. gra-
nulosus in Estonia: phylogenetic relationships and occurrence in wild
carnivores and ungulates. Tartu, 2008, 82 p.

150. Eve Eensalu. Acclimation of stomatal structure and function in tree ca-
nopy: effect of light and CO, concentration. Tartu, 2008, 108 p.

151.Janne Pullat. Design, functionlization and application of an in situ
synthesized oligonucleotide microarray. Tartu, 2008, 108 p.

152. Marta Putrins. Responses of Pseudomonas putida to phenol-induced
metabolic and stress signals. Tartu, 2008, 142 p.

153. Marina SemtSenko. Plant root behaviour: responses to neighbours and
physical obstructions. Tartu, 2008, 106 p.

154. Marge Starast. Influence of cultivation techniques on productivity and
fruit quality of some Vaccinium and Rubus taxa. Tartu, 2008, 154 p.

155. Age Tats. Sequence motifs influencing the efficiency of translation. Tartu,
2009, 104 p.

156. Radi Tegova. The role of specialized DNA polymerases in mutagenesis in
Pseudomonas putida. Tartu, 2009, 124 p.

157. Tsipe Aavik. Plant species richness, composition and functional trait
pattern in agricultural landscapes — the role of land use intensity and land-
scape structure. Tartu, 2008, 112 p.

158. Kaja Kiiver. Semliki forest virus based vectors and cell lines for studying
the replication and interactions of alphaviruses and hepaciviruses. Tartu,
2009, 104 p.

159. Meelis Kadaja. Papillomavirus Replication Machinery Induces Genomic
Instability in its Host Cell. Tartu, 2009, 126 p.

160. Pille Hallast. Human and chimpanzee Luteinizing hormone/Chorionic
Gonadotropin beta (LHB/CGB) gene clusters: diversity and divergence of
young duplicated genes. Tartu, 2009, 168 p.

161. Ain Vellak. Spatial and temporal aspects of plant species conservation.
Tartu, 2009, 86 p.

126



162. Triinu Remmel. Body size evolution in insects with different colouration
strategies: the role of predation risk. Tartu, 2009, 168 p.

163. Jaana Salujde. Zooplankton as the indicator of ecological quality and fish
predation in lake ecosystems. Tartu, 2009, 129 p.

164. Ele Vahtmie. Mapping benthic habitat with remote sensing in optically
complex coastal environments. Tartu, 2009, 109 p.

165. Liisa Metsamaa. Model-based assessment to improve the use of remote
sensing in recognition and quantitative mapping of cyanobacteria. Tartu,
2009, 114 p.

166. Pille Sailik. The role of endocytosis in the protein transduction by cell-
penetrating peptides. Tartu, 2009, 155 p.

167. Lauri Peil. Ribosome assembly factors in Escherichia coli. Tartu, 2009,
147 p.

168. Lea Hallik. Generality and specificity in light harvesting, carbon gain
capacity and shade tolerance among plant functional groups. Tartu, 2009,
99 p.

169. Mariliis Tark. Mutagenic potential of DNA damage repair and tolerance
mechanisms under starvation stress. Tartu, 2009, 191 p.

170. Riinu Rannap. Impacts of habitat loss and restoration on amphibian po-
pulations. Tartu, 2009, 117 p.

171. Maarja Adojaan. Molecular variation of HIV-1 and the use of this know-
ledge in vaccine development. Tartu, 2009, 95 p.

172.Signe Altmie. Genomics and transcriptomics of human induced ovarian
folliculogenesis. Tartu, 2010, 179 p.

173. Triin Suvi. Mycorrhizal fungi of native and introduced trees in the
Seychelles Islands. Tartu, 2010, 107 p.

174. Velda Lauringson. Role of suspension feeding in a brackish-water coastal
sea. Tartu, 2010, 123 p.

175. Eero Talts. Photosynthetic cyclic electron transport — measurement and
variably proton-coupled mechanism. Tartu, 2010, 121 p.

176.Mari Nelis. Genetic structure of the Estonian population and genetic
distance from other populations of European descent. Tartu, 2010, 97 p.

177. Kaarel KrjutS$kov. Arrayed Primer Extension-2 as a multiplex PCR-based
method for nucleic acid variation analysis: method and applications. Tartu,
2010, 129 p.

178. Egle Koster. Morphological and genetical variation within species complexes:
Anthyllis vulneraria s. 1. and Alchemilla vulgaris (coll.). Tartu, 2010, 101 p.
179. Erki Ounap. Systematic studies on the subfamily Sterrhinae (Lepidoptera:

Geometridae). Tartu, 2010, 111 p.

180. Merike Jaesaar. Diversity of key catabolic genes at degradation of phenol
and p-cresol in pseudomonads. Tartu, 2010, 125 p.

181. Kristjan Herkiil. Effects of physical disturbance and habitat-modifying
species on sediment properties and benthic communities in the northern
Baltic Sea. Tartu, 2010, 123 p.

127



182. Arto Pulk. Studies on bacterial ribosomes by chemical modification
approaches. Tartu, 2010, 161 p.

183. Maria Péllupiiii. Ecological relations of cladocerans in a brackish-water
ecosystem. Tartu, 2010, 126 p.

184. Toomas Silla. Study of the segregation mechanism of the Bovine
Papillomavirus Type 1. Tartu, 2010, 188 p.

185. Gyaneshwer Chaubey. The demographic history of India: A perspective
based on genetic evidence. Tartu, 2010, 184 p.

186. Katrin Kepp. Genes involved in cardiovascular traits: detection of genetic
variation in Estonian and Czech populations. Tartu, 2010, 164 p.

187.Virve Sdber. The role of biotic interactions in plant reproductive
performance. Tartu, 2010, 92 p.

188. Kersti Kangro. The response of phytoplankton community to the changes
in nutrient loading. Tartu, 2010, 144 p.

189. Joachim M. Gerhold. Replication and Recombination of mitochondrial
DNA in Yeast. Tartu, 2010, 120 p.

190. Helen Tammert. Ecological role of physiological and phylogenetic
diversity in aquatic bacterial communities. Tartu, 2010, 140 p.

191. Elle Rajandu. Factors determining plant and lichen species diversity and
composition in Estonian Calamagrostis and Hepatica site type forests.
Tartu, 2010, 123 p.

192. Paula Ann Kivistik. ColR-ColS signalling system and transposition of
Tn4652 in the adaptation of Pseudomonas putida. Tartu, 2010, 118 p.

193. Siim Séber. Blood pressure genetics: from candidate genes to genome-
wide association studies. Tartu, 2011, 120 p.

194. Kalle Kipper. Studies on the role of helix 69 of 23S rRNA in the factor-
dependent stages of translation initiation, elongation, and termination.
Tartu, 2011, 178 p.

195. Triinu Siibak. Effect of antibiotics on ribosome assembly is indirect.
Tartu, 2011, 134 p.

196. Tambet Tonissoo. Identification and molecular analysis of the role of
guanine nucleotide exchange factor RIC-8 in mouse development and
neural function. Tartu, 2011, 110 p.

197. Helin Réagel. Multiple faces of cell-penetrating peptides — their intra-
cellular trafficking, stability and endosomal escape during protein trans-
duction. Tartu, 2011, 161 p.

198. Andres Jaanus. Phytoplankton in Estonian coastal waters — variability,
trends and response to environmental pressures. Tartu, 2011, 157 p.

199. Tiit Nikopensius. Genetic predisposition to nonsyndromic orofacial clefts.
Tartu, 2011, 152 p.

200. Signe Virv. Studies on the mechanisms of RNA polymerase II-dependent
transcription elongation. Tartu, 2011, 108 p.

201. Kristjan Vilk. Gene expression profiling and genome-wide association
studies of non-small cell lung cancer. Tartu, 2011, 98 p.

128



202. Arno Péllumie. Spatio-temporal patterns of native and invasive zoo-
plankton species under changing climate and eutrophication conditions.
Tartu, 2011, 153 p.

203. Egle Tammeleht. Brown bear (Ursus arctos) population structure, demo-
graphic processes and variations in diet in northern Eurasia. Tartu, 2011,
143 p.

205. Teele Jairus. Species composition and host preference among ectomy-
corrhizal fungi in Australian and African ecosystems. Tartu, 2011, 106 p.

206. Kessy Abarenkov. PlutoF — cloud database and computing services
supporting biological research. Tartu, 2011, 125 p.

207.Marina Grigorova. Fine-scale genetic variation of follicle-stimulating
hormone beta-subunit coding gene (FSHB) and its association with repro-
ductive health. Tartu, 2011, 184 p.

208. Anu Tiitsaar. The effects of predation risk and habitat history on butterfly
communities. Tartu, 2011, 97 p.

209. Elin Sild. Oxidative defences in immunoecological context: validation and
application of assays for nitric oxide production and oxidative burst in a
wild passerine. Tartu, 2011, 105 p.

210. Irja Saar. The taxonomy and phylogeny of the genera Cystoderma and
Cystodermella (Agaricales, Fungi). Tartu, 2012, 167 p.

211.Pauli Saag. Natural variation in plumage bacterial assemblages in two
wild breeding passerines. Tartu, 2012, 113 p.

212. Aleksei Lulla. Alphaviral nonstructural protease and its polyprotein
substrate: arrangements for the perfect marriage. Tartu, 2012, 143 p.

213. Mari Jarve. Different genetic perspectives on human history in Europe
and the Caucasus: the stories told by uniparental and autosomal markers.
Tartu, 2012, 119 p.

214. Ott Scheler. The application of tmRNA as a marker molecule in bacterial
diagnostics using microarray and biosensor technology. Tartu, 2012, 93 p.

215. Anna Balikova. Studies on the functions of tumor-associated mucin-like
leukosialin (CD43) in human cancer cells. Tartu, 2012, 129 p.

216. Triinu Koressaar. Improvement of PCR primer design for detection of
prokaryotic species. Tartu, 2012, 83 p.

217. Tuul Sepp. Hematological health state indices of greenfinches: sources of
individual variation and responses to immune system manipulation. Tartu,
2012, 117 p.

218. Rya Ero. Modifier view of the bacterial ribosome. Tartu, 2012, 146 p.

219. Mohammad Bahram. Biogeography of ectomycorrhizal fungi across dif-
ferent spatial scales. Tartu, 2012, 165 p.

220. Annely Lorents. Overcoming the plasma membrane barrier: uptake of
amphipathic cell-penetrating peptides induces influx of calcium ions and
downstream responses. Tartu, 2012, 113 p.

129



221. Katrin Minnik. Exploring the genomics of cognitive impairment: whole-
genome SNP genotyping experience in Estonian patients and general
population. Tartu, 2012, 171 p.

222.Marko Prous. Taxonomy and phylogeny of the sawfly genus Empria
(Hymenoptera, Tenthredinidae). Tartu, 2012, 192 p.

223. Triinu Visnapuu. Levansucrases encoded in the genome of Pseudomonas
syringae pv. tomato DC3000: heterologous expression, biochemical
characterization, mutational analysis and spectrum of polymerization
products. Tartu, 2012, 160 p.

224.Nele Tamberg. Studies on Semliki Forest virus replication and patho-
genesis. Tartu, 2012, 109 p.

225.Tonu Esko. Novel applications of SNP array data in the analysis of the
genetic structure of Europeans and in genetic association studies. Tartu,
2012, 149 p.

226.Timo Arula. Ecology of ecarly life-history stages of herring Clupea
harengus membras in the northeastern Baltic Sea. Tartu, 2012, 143 p.





