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1. INTRODUCTION

1.1. Ecosystem services, biodiversity, and
ecosystem multifunctionality

Ecosystem services are essential goods and benefits that people can derive from
nature, and the supply of these services largely depends on biodiversity (MEA
2005; IPBES 2019). Biodiversity serves as a cornerstone for sustainable and
resilient ecosystem functioning. Ecosystem resilience is the capacity of an
ecosystem to maintain its structure and processes over time, also in the case of
environmental perturbations (Le Provost et al. 2023). However, we are currently
experiencing an unprecedented rate of species loss and a global biodiversity crisis
characterised by widespread declines in species populations and accelerated
extinction rates (Barnosky et al. 2011). Biodiversity encompasses multiple indi-
cators such as species richness, functional diversity, species community composi-
tion patterns, genetic and phylogenetic diversity, etc. A decline in any of these
can significantly impair the supply of ecosystem services (Cadotte et al. 2011).
As humans depend on nature and its services, restoring biodiversity and
systematically monitoring the integrity of ecosystem functions and services are
relevant for safeguarding human well-being and sustaining the ability of an
ecosystem to withstand and recover from disturbances.

In order to better orient and quantify the vast selection of different ecosystem
goods and services, there have been several efforts to classify them (MEA 2005;
TEEB 2010; CICES 2013; IPBES 2019; Dasgupta 2021). One of the first ground-
breaking reports in this field was the Millennium Ecosystem Assessment (MEA),
released in 2005, that grouped ecosystem services into four larger categories:
provisioning services (food, forage, freshwater storage, wood etc.); regulating
services (carbon storage, erosion control, pollination etc.); cultural services (re-
creation in nature, education, cultural heritage etc.); and supporting services
(nutrient cycling, habitat maintenance, soil formation etc). Later refinements
merged supporting and regulating services together into one group (MEA 2005).
A similar large grouping of ecosystem services was also developed by the CICES
(Common International Classification of Ecosystem Services) framework (2013) —
provisioning services, regulating and maintenance services, and cultural services.
This is also the categorisation used in the current thesis. One of the latest global
assessments on the status and trends of biodiversity and ecosystem services was
released by IPBES, the Intergovernmental Science-Policy Platform on Biodiver-
sity and Ecosystem Services, in 2019. IPBES is committed to strengthening the
role of science in public decision-making on biodiversity and ecosystem services
(IPBES 2019). The IPBES global report concluded that the challenges and aims
raised by MEA in 2005 have not been met, and the majority of the world’s eco-
system services (or nature’s contributions to people, as suggested by IPBES) are
still overexploited and deteriorating worldwide. IPBES assessment emphasised that
in order to sustain a stable flow of ecosystem services, we need multifunctional



landscapes with healthy ecosystems. Unfortunately, intensive human activities
have negatively influenced a large proportion of the whole Earth’s surface, with
~40% of land used in agriculture alone (World Bank 2022). Only ~25% of the
Earth’s land surface has remained without substantial negative impacts from
human activity (IPBES 2019). According to the IPBES Land Degradation and
Restoration report (2018), every year, roughly 0.08 % of land is made unsuitable
for many species and destabilised for years, requiring extensive restoration
efforts. For instance, about 21 million hectares of land are covered by industrial-
scale palm oil monocultures (Descals et al. 2021), and a study by Fitzherbert et al.
(2008) found that a mere 15% of primary forest species across multiple taxa
occurred in such oil palm plantations after the conversion of the tropical forest
area into the plantation (Dislich et al. 2017).

Large-scale monocultural and intensively managed ecosystems have lowered
ecosystem multifunctionality (Schils et al. 2022), which refers to the capacity of
the ecosystem to simultaneously sustain and supply multiple ecosystem functions
and services (Manning et al. 2018), avoiding significant trade-offs between
services. Trade-offs between ecosystem services emerge when the increase in
provisioning of one or a few services is promoted at the expense of other services,
driven by management choices, policy instruments, or natural environmental
changes (Martinez-Harms et al. 2025). For instance, aiming to maximise pro-
visioning services like production in crop fields (Foley et al. 2005) or production
forests/plantations (Duncker et al. 2012; Dislich et al. 2017) often comes at the
expense of many regulating or cultural services.

Higher species richness enhances the ecosystem’s ability to provide multiple
ecosystem services simultaneously in a similarly high capacity (Lefcheck et al.
2015). Biodiversity promotes resilience, i.e., the ecosystem’s capacity to rebound,
by acting as a “portfolio effect”, where a diverse array of species compensates for
losses caused by environmental disturbances. The more species are present, the
greater is the likelihood that some can take over certain functions after other
species or populations go locally (or even globally) extinct (Soliveres et al. 2016).
A higher number of species leads to higher functional diversity as different
species support ecosystem functions under varying conditions or annual diffe-
rences. While species may appear functionally or taxonomically redundant, a
diverse range of species is essential to sustain multiple ecosystem functions
across different timeframes (de Bello et al. 2021).

1.2. Grassland ecosystems in Europe

Global grasslands cover approximately 40% of the Earth’s land surface and con-
stitute about 65% of global agricultural land (Dengler et al. 2020). These eco-
systems serve as crucial habitats for many native species and provide an essential
human food source and income. Within European agricultural systems, grasslands
can be broadly categorised into two main types: semi-natural and agriculturally
improved/intensified grasslands (Bengtsson et al. 2019; Schils et al. 2022). While



about 17% of the land area within the European Union is grassland (Eurostat,
2025a), the intensified agricultural grasslands constitute the majority of the total
grassland area, with about 13% (Eurostat, 2025b).

Semi-natural grasslands are characterised by high biodiversity and long
continuity of low-intensity management, such as mowing or livestock grazing
without significant fertiliser and chemical pest control input or ploughing
(Dengler et al. 2014). These grasslands are among the most biodiverse eco-
systems in Europe (Wilson et al. 2012), due to centuries of traditional agricultural
practices suppressing interspecific competition and creating a rich structural
diversity (Partel et al. 2005). The historical management style favoured high
habitat connectivity and seed dispersal among grassland patches. For instance, in
pasturelands, livestock was regularly moved from one pasture to another, and the
grazing species alternated (cattle, horses, sheep, etc). Moving the livestock
around helped zoochorous species to spread more easily within the landscape
matrix, replenishing and exchanging the species constantly (Auffret 2011).
Sheep, for example, have a high capacity to spread seeds through epizoochorous
dispersal (Wit & Schwabe 2010; Benthien et al. 2016), but also within the
digestive tract, like cattle and horses (Cosyns et al. 2005). At the same time,
constant low-intensity disturbance by grazing animals suppresses the more com-
petitive and fast-growing plant species, enabling smaller or slow-growing species
to establish and reproduce due to better light conditions (Hautier et al. 2009).
Also, constant removal of biomass by moderate grazing or hay making keeps the
soil fertility moderate to low (dependent on grassland type), which, in addition,
prevents biodiversity loss through competitive exclusion (higher nutrient content
in soil, higher biomass production) and allows species specialised to more
nutrient-poor conditions to compete with more fast-growing species (Bakker &
Berendse 1999). Eutrophication of grasslands causes loss of plant species diver-
sity (Hautier et al. 2009), which in turn can affect the diversity patterns of other
organism groups, like different arthropods (Haddad ez al. 2009), or also under-
ground biodiversity like AM fungal richness (Hiiesalu et al. 2014).

Across Europe, there are many types of semi-natural grasslands, both pastures
and meadows, from open grasslands to wooded meadows in varied environmental
conditions. These ecosystems occur in a wide range of biogeographic regions,
from Mediterranean dry and Central European mesic grasslands to wet or coastal
grasslands and boreal and subalpine grasslands (Dengler et al. 2014). Different
calcareous and mesic grasslands are particularly noted for high small-scale bio-
diversity, often supporting more than 40 vascular plant species per square metre
(Wilson et al. 2012). Notably rare calcareous grasslands are alvars, mainly located
in Estonia (Péartel et al. 1999) and Sweden (Rosén 1982), with small fragments
also found in Aland (Finland) and in the St. Petersburg district of Russia (Zna-
menskiy et al. 2006). These shallow-soiled ecosystems support a distinctive flora,
including many rare and endemic species adapted to drought and nutrient-poor
conditions (Zobel & Kont 1992). Many of the typical alvar grassland species have
their main distribution in the south-eastern European steppe or arctic-alpine
region, creating a varied assemblage of species (Van Der Maarel 1988).



In contrast, intensified grasslands generally have lower biodiversity due to the
sowing of high-productivity grass species, application of fertilisers and/or agro-
chemicals, combined with occasional ploughing, increased grazing pressure, or
frequent mowing (Schils et al. 2022). These grasslands are often dominated by a
few competitive species, such as Lolium perenne, Festuca arundinacea, and
Dactylis glomerata, and can also be supplemented by legumes like Trifolium
pratense or T. repens to boost productivity (Louault et al. 2005; Power et al. 2012;
French 2017). Intensified grassland systems can be further subdivided into
permanent grasslands and temporary grasslands. Permanent grasslands are
defined by the EU Commission as land used for growing grasses and other
herbaceous forage naturally (self-seeded) or through cultivation and sowing, and
the land has not been part of a crop rotation for at least 5 years (EU Commission
Regulation 2004). Permanent grasslands across Europe vary, which is driven by
local environmental factors and soil conditions, but also by the intensity of
management (Schils et al. 2022). Temporary grassland is an agricultural land
where forage is grown temporarily for less than 5 years. These grasslands are
included in a crop rotation or frequently renovated by resowing (Seegaard et al.
2007). Although these different intensive grasslands are highly productive, they
provide fewer regulating and cultural ecosystem services and generally support
lower biodiversity compared to semi-natural grasslands (Bardgett ef al. 2021).

1.3. The relationship between grasslands,
ecosystem services, and biodiversity

In addition to supporting biodiversity, semi-natural grasslands provide multiple
ecosystem services, such as forage production, wild food and herbs, medicinal
plants, habitat maintenance, carbon sequestration and storage, nutrient cycling,
pollination, natural pest control, recreational benefits, etc. (Bengtsson et al. 2019).
Higher trade-offs between services emerge in intensified grasslands, where
provisioning services are often promoted at the expense of other service cate-
gories. Schils ef al. (2022) reported consistent trade-offs between the supply of
feed (fodder for livestock) and non-feed (e.g. regulating services) ecosystem
services, with higher fodder yield provided by intensified grasslands with higher
nutrient input. Even though intensified grasslands express a lower capacity to
provide multiple services simultaneously, they are important ecosystems in agri-
cultural landscapes (Allan er al. 2015). In addition to providing animal feed,
intensified grasslands can still support erosion control, pollination service, natural
pest control, and provide a limited habitat for agricultural biodiversity (Aguilera
Nuiiez et al. 2024). Connecting these more temporary habitats to permanent
habitats like semi-natural grasslands through green elements in the agricultural
landscapes can improve landscape connectivity and dispersal of individuals,
maintaining steady populations and providing services to croplands (Grass et al.
2019). Also, increasing the biodiversity in agriculturally improved grasslands could
support a higher supply of regulating ecosystem services without significantly
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compromising the productivity of provisioning services (Liu et al. 2025). For
instance, higher diversity and abundance of natural pest predator communities
could consequently lead to lowered need for chemical input and improved
biological pest control and pollination services. With effective biological pest
control, farmers could cut down on pesticide use, lowering the costs and negative
impacts on agricultural biodiversity and the environment (Janssen & van Rijn
2021; Boldorini et al. 2024). According to Schils et al. (2022), land-use change
and intensification of management decrease grassland ecosystem multifunctio-
nality, and some prominent gaps in grassland research and knowledge are con-
nected to the lack of comparisons between permanent and temporary grasslands,
which the following research is also trying to fill. It is essential to combine a
multitrophic and trait-based diversity approaches to monitor species dynamics,
ecosystem functioning, and ecosystem service supply in different grassland
conditions and management intensities.

1.4. Land-use change and its impacts on grasslands

While only a century ago, the European livestock grazing predominantly occur-
red at moderate intensity and on semi-natural grasslands (Hartel et al. 2018),
current grazing and fodder production have largely shifted to croplands and
intensively managed grasslands (Bullock et al. 2011; Herzon et al. 2022).
Consequently, semi-natural grasslands now remain as isolated remnants across
European landscapes (Aune et al. 2018). The traditional agricultural practices that
once fostered species-rich communities are now being disrupted by land-use
change, agricultural intensification, land abandonment, and afforestation (Elliott
et al. 2024). The consequences of this shift are stark. For instance, in Estonia,
roughly 95% of historical semi-natural grasslands have disappeared, leaving an
insufficient area to support the long-term viability of species dependent on these
habitats (Helm & Toussaint 2020). Multiple studies have found that such a rapid
decline in habitat area has triggered a phenomenon called “extinction debt”
(Helm et al. 2006; Kuussaari et al. 2009; Spalding & Hull 2021; Silvetti et al.
2025) where species continue to survive in the degraded habitat, but will
inevitably go extinct if the conditions fail to improve and the drivers of change
are not dealt with. Extinction debt serves as an early warning sign, providing a
window of opportunity to restore degraded ecosystems and avoid “paying the
ecological debt” (Kuussaari et al. 2009). For example, Estonian calcareous grass-
lands still exhibit high extinction debt (Helm ef al. 2006), while calcareous grass-
lands studied in Belgium showed that the debt had already been paid, and the
majority of the species from the habitat had been lost (Adriaens et al. 2006).
Restoration of such communities proves to be more complicated and costly
(Kuussaari et al. 2009).

Habitat fragmentation exacerbates this issue by reducing grasslands’ capacity
to sustain ecosystem services and increasing their vulnerability to ecological
disturbances and climate fluctuations. Climate change adds further pressures, the

11



frequency and intensity of droughts and other climate extremes are expected to
increase under current global trends. These changes pose growing challenges to
already stressed and impoverished populations and ecosystems (Tolgyesi et al.
2024). However, maintaining high species richness in grasslands may help buffer
the impacts of prolonged drought and mitigate the negative effects on ecosystem
services (Dullau ef al. 2023). To address these challenges, large-scale restoration
efforts are essential, since protected areas of remaining habitats alone cannot secure
biodiversity and sustainable ecosystem functioning (Zeng et al. 2023). Effective
restoration must reconnect fragmented habitats, enhance ecosystem resilience,
and counteract biodiversity loss. This requires both meticulous planning and long-
term impact monitoring that encompass broader ecosystem dynamics, climate
change impacts, and biodiversity patterns across different organism groups.

However, despite growing recognition of the importance of semi-natural
grasslands for biodiversity conservation and the provision of ecosystem services
(Bengtsson et al. 2019), significant knowledge gaps remain regarding the
combined effects of land-use change and restoration on multiple taxa and the
multifunctionality of these ecosystems. While multiple studies have documented
declines in individual species groups or single ecosystem services following
abandonment, afforestation, or intensification (Hungate et al. 2017; Sexton &
Emery 2020; Imran et al. 2021; Huber et al. 2022), far fewer have addressed how
these drivers simultaneously affect biodiversity across multiple trophic levels
(Soliveres et al. 2016), or how such changes cascade to influence the capacity of
grasslands to deliver a balanced and resilient portfolio of ecosystem services.
Equally, the potential of restoration to recover both biodiversity and ecosystem
multifunctionality, particularly under accelerating climate change, remains in-
sufficiently understood, with little evidence on the potentially differing recovery
trajectories of different organism groups.

Given the increasing policy focus on restoring degraded habitats, exemplified
by the EU Nature Restoration Regulation and national biodiversity strategies,
addressing these knowledge gaps is vital for developing restoration actions that
are both effective and measurable. By combining multi-taxon biodiversity data,
functional trait analyses, and ecosystem service indicators, my thesis explores
how land-use change and restoration affect biodiversity, ecosystem service
supply, and ecosystem multifunctionality in calcareous semi-natural grasslands
called alvars. Additionally, by addressing and comparing trade-offs, synergies,
and recovery pathways in both intensified and semi-natural grasslands, the
findings offer a deeper scientific understanding of grassland dynamics and help
to provide guidance for developing management and restoration strategies.

12



1.5. Aims of the thesis

The overarching objective of this thesis is to assess how land-use changes and
ecological restoration influence the biodiversity and supply of ecosystem services
in grassland ecosystems.

The specific aims of the thesis were to investigate:

1) The impacts of land use change. How do abandonment and afforestation of
historical semi-natural alvar grasslands impact biodiversity, ecosystem service
supply, and ecosystem multifunctionality (Paper I)?

2) The impact of intensification through comparison of grassland types. How do
semi-natural and intensified grasslands differ in their taxonomic and functional
biodiversity, and in their capacity to supply ecosystem services (Paper IV)?

3) Biodiversity recovery after restoration. How 1is grassland biodiversity
recovering following the restoration efforts of abandoned and afforested semi-
natural alvar grasslands (Paper IT)?

4) Effectiveness and limitations of restoration on ecosystem service supply. Does
alvar grassland restoration lead to improved supply of ecosystem services and
increased ecosystem multifunctionality? Are there any constraining factors to
grassland recovery (Paper 111)?

5) Ecosystem multifunctionality and biodiversity links. Is there a relationship
between ecosystem multifunctionality and multitrophic species richness
(Paper 1, III)?

13



2. METHODS

For papers I-111, I used the data collected during the LIFE+ program grassland
restoration project “LIFE to Alvars” (LIFE13 NAT/EE/000082). For paper IV,
Tused a literature review, online trait databases, and available unpublished
previous research data. The paper I focused on the pre-restoration species
richness and ecosystem service supply of the Estonian semi-natural calcareous
grasslands (alvars) in their different degradation phases (open grassland, over-
grown grassland, afforested grassland). The main aim of the paper was to investi-
gate how changes in land-use, like grassland afforestation and land abandonment,
have affected local biodiversity, ecosystem services, and how the two are con-
nected to one another (ecosystem multifunctionality and biodiversity relation-
ship). The focus of papers II and III was on how large-scale restoration efforts
have impacted local species richness and community composition patterns in
Estonian alvar grasslands (II), ecosystem service supply, ecosystem multifunctio-
nality, and the association between multitrophic species richness and ecosystem
multifunctionality (III). Paper IV investigated the impact of grassland intensifi-
cation on ecosystem services by comparing the differences in ecosystem service
supply between a variety of semi-natural and intensified grasslands. This paper
also examined the extent to which the service supply of these two broad grassland
types depends on their plant species richness, composition, and functional traits.
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2.1. Field data collection

Study system

Estonian alvar grasslands were chosen as the model study system for papers I-II1,
since they have gone through significant degradation over the past century due to
the abandonment and afforestation of less productive agricultural land unsuitable
for intensification. Alvar grasslands (alvars) are semi-natural calcareous grass-
lands primarily found on Ordovician and Silurian limestone bedrock in northern
Europe, particularly in Sweden and Estonia. Alvars, classified as a priority habitat
under the European Union’s Habitats Directive (6280* Nordic alvar and Pre-
cambrian calcareous flatrocks), are characterised by shallow soils (typically less
than 20 cm deep) with a relatively high pH (~7). The soil type is predominantly
rendzic leptosol, on monolithic limestone or limestone shingle bedrock, con-
sisting only of a thin litter and humus layer. These shallow soils often dry out
completely during the summer, while the poor drainage capacity of monolithic
limestone bedrock leads to flooding in autumn and spring. The surface is also
susceptible to cold damage during winter due to soil movements (Rosén 1982).
The specific structure and composition of these grasslands give rise to three main
vegetation types: (1) the temporarily wet Molinetum/Sesleria type, (2) the dry
Avenetum type with a thicker soil layer, and (3) the arid Festucetum type with thin
soil cover and patches of exposed bedrock (Pértel ef al. 1999).

Restoration project

LIFE+ Nature grassland restoration project “LIFE to alvars” started in 2014,
aiming to restore 2500 ha of degraded alvar grasslands to recover local bio-
diversity, ecosystem functioning, and boost the livelihood of rural areas. The
degradation of alvar grasslands can mainly be attributed to land abandonment,
leading to encroachment of shrubs (mostly Juniperus communis and Corylus
avellana) and trees, and to afforestation with Scots pine (Pinus sylvestris) in the
1960s and 1970s. Restoration was carried out between 2015 and 2019.
Restoration actions entailed shrub cutting, tree felling, and stump milling. The
aim of the restoration was to recover semi-open grasslands with a maximum
shrub cover of 30—40%, occasionally 50%, depending on local conditions and
landowner preferences. Only single scattered trees were permitted. All cut woody
material was burned on site or removed. Traditional low-intensity grazing regime
by cattle, sheep, horses, or mixed grazing was reinstated, and grasslands were left
to regenerate naturally.
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Monitoring design and site selection

An extensive monitoring scheme was set up to follow the ecological con-
sequences of land abandonment, subsequent shrub encroachment, afforestation,
and restoration of semi-natural grasslands (I-I1I). Data on biodiversity, soil, and
environmental conditions were collected both before (2014-2016) and after
(2019) restoration.

In total, 35 study sites were selected across western Estonia. These included
28 restoration sites, where active restoration was implemented, and 7 non-
restored comparison sites, where no interventions took place (Fig. 1).

Q 0 25 50 75 100 km

O RESTORATION SITES
@ NON-RESTORED SITES

e

LOVERGROWN ¢

AFFORESTED

PRE-RESTORATION, 2012 \ POST-RESORATION, 2019

Fig. 1. Study areas. Top: locations of restoration and non-restored comparison sites in
western Estonia. Bottom: subsite layout in the Paope restoration site before and after
restoration (Geoportal, Estonian Land and Spatial Development Board). Yellow dashed
polygons indicate the boundaries of LIFE to Alvars restoration project.
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At each of the 35 study sites, three subsites, representing distinct stages of grass-
land degradation, i.e., condition classes, were identified (Fig. 2):

a) Open grassland. Alvar grasslands in the early stages of degradation: still open
and relatively well-preserved, with a short herb layer and moderate shrub
cover (up to 60%, primarily Juniperus communis), but no longer actively
managed.

b) Overgrown grassland. Areas where former open alvars have become densely
overgrown with shrubs (mainly J. communis) due to abandonment over the
past 50-70 years, typically exceeding 60% cover.

c¢) Afforested grassland. Alvar grasslands that were planted with Pinus sylvestris
in the 1960s—1970s, now with tree cover of at least 50%.

In the 28 restoration sites, an additional fourth subsite was included: an open
control grassland. This additional subsite was located near the restoration site
but not subject to any restoration intervention (Fig. 1). These subsites were
selected to provide a nearby comparison to restored areas, offering insight into
how relatively well-preserved open alvars might develop over time in the same
region without restoration. They complement the information from non-restored
comparison regions and serve as local non-intervention control areas. In cases
where restoration sites were in close proximity, a single control subsite was
shared between them.

OPEN grassland grassland AFFORESTED grassland CONTROL grassland

Fig. 2. Example of studied grassland condition classes (subsites): open, overgrown, affo-
rested, and control grassland.

Biodiversity assessment before and after restoration

In each subsite, monitoring of the different taxa was carried out in close proximity
to a fixed and permanently marked 1 x 1 m quadrat. The exact monitoring
methods varied, depending on the specific characteristics of each organism group
(Table 1). More detailed descriptions of the monitoring methods can be found in
the Supplementary Information of Paper II.
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Table 1. Overview of the organism groups monitored in Estonian alvar grasslands before
and after restoration, with a brief summary of the monitoring methodology and used
indices. Data were used in the formulation of papers I-II1.

Taxa Monitoring method Monitored indices
Vascular Permanently marked 1 X 1 m quadrat Species richness within the
plants within a 10 m radius plot 10 m radius plot
Total and individual plant
species cover % within the
Plant biomass gathered from a 20 x 20 cm 1 x 1 m quadrat
subplot next to a 1 x 1 m quadrat
Dry plant biomass (g/m?)
Bryophytes Same 1 x 1 m quadrat and 10 m radius Species richness within the
& plot as for vascular plants 10 m radius plot
Ground Total and individual
lichens bryophyte species cover %
within a 1 X 1 m quadrat
Epiphytic Three junipers selected within the 10 m Species richness on the
lichens radius plot. Where possible, the same selected junipers
junipers were sampled before and after
restoration
Bumblebees Transect walk method (Pollard 1977): Abundance and species
individuals counted and identified on a richness (identified on-site
100 x 2 m transect near the 10 m radius and in the lab) of
plot for a maximum of 20 min (and no bumblebees interacting with
more than 5 minutes per flowering patch)  flowers
Butterflies  Transect walk method (Pollard 1977): Abundance and species
individuals counted on a 250 m long richness of butterflies
transect near the 10 m radius plot during  interacting with flowers
5 min
Birds Point-count method (Bibby ef al. 1992): Abundance and species
5-minute count of individuals within a richness of breeding birds
100-m radius area between 5 and 10 am.
The exact location of the monitoring
differed slightly from the sampling
locations of other organism groups to
avoid subsite overlap (birds needed larger
distances between the sampling locations).
Spiders and  Pitfall trap method (Hohbein & Conway  Abundance and species
myriapods  2018): 10 traps (200 ml cups, 70 mm richness of spiders and
(millipedes, diameter), set for 10 days near the 10 m myriapods
centipedes) radius plot.
Arbuscular 9 teaspoons of soil were collected from the Community composition
mycorrhizal corners of the 1 x 1 m plant quadrat and species richness based
(AM) fungi on DNA sequences
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Assessment of soil chemical and microbial parameters

Soil samples for determining soil organic matter content (SOM, %), pH (in KCl),
and concentrations of Ca, K, Mg, and P (mg kg™") were collected from the topsoil
layer (0—10 cm) at five randomly chosen spots within the 10 m radius plot at each
subsite. Plant-available Ca, K, Mg, and P were measured following the Mehlich
3 method (Mehlich 1984). Soil organic matter content was estimated by using
weight loss on ignition.

For AM fungal DNA analysis, nine teaspoons of soil were collected from the
corners of the 1 x 1 m plant quadrat. DNA was extracted from 5 g of dried soil
using a DNeasy® PowerMax® Soil DNA Isolation Kit (Qiagen). AM fungal
sequences were amplified from soil DNA extracts using primers specific for AM
fungi from the small-subunit (SSU) ribosomal RNA gene: WANDA (Dumbrell et
al. 2011) and AML2 (Lee et al. 2008). Sequencing was performed on the [llumina
MiSeq platform, using a 2 x 300 bp paired-end sequencing approach. All se-
quencing was carried out at Asper Biogene LLC (Tartu, Estonia). AM fungal
sequences were matched against virtual taxa (phylogenetically defined ope-
rational taxonomic units) in the MaarjAM database (Opik et al. 2010).

Soil samples for assessing bacterial activity were collected separately and
sampled only before restoration. Bacterial activity was estimated based on soil
microbial respiration rates (basal respiration, expressed as mg O, kg C' h).
Oxygen consumption per gram of dry soil was calculated following the method
of (Platen & Wirtz 1999). Microbial biomass carbon (MBC, mg C g™ dry soil)
was estimated using Substrate Induced Respiration (SIR).

2.2. Selection of ecosystem services and their indicators

Nine ecosystem services were assessed in papers I and III: biodiversity as a
service (I) or habitat maintenance (III), soil condition maintenance, soil carbon
storage, pollination, pest regulation, wild food and medicinal herbs supply, forage
production, wood production, and recreational and cultural heritage value (I, I1I).
In paper I, the sum species richness of all monitored organism groups was assessed
as a service (“Biodiversity ”), but in paper III, a more specific service, “Habitat
maintenance”, was decided upon as a substitution. For habitat maintenance service,
species richness and cover of grassland specialist plants and bryophyte species
were used. In the current thesis, the supply potential of ecosystem services is
evaluated rather than realised service production and consumption.

To assess the supply of these services in alvar grasslands before (I) and after
restoration (III), a variety of indicator values were used as proxies (Table 2).
These included environmental variables (e.g., soil properties), vegetation struc-
ture (e.g., canopy cover, biomass), diversity values (e.g., species richness), and
plant functional traits (e.g., pollination syndrome). Indicator data were derived
from the collected field measurements (Table 1), an online questionnaire (carried
out via Google Forms), and plant functional traits (combined from different data-
bases). Online survey materials and specific data sources for obtaining the indi-
cator values can be found in the Supplementary information of the I and III.
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Table 2. The ecosystem services monitored in the calcareous grasslands and the indicators
used to quantify these services.

SERVICES Indicators for service quantification

REGULATING AND MAINTENANCE SERVICES

Biodiversity (I) — Summed species richness of vascular plants, bryophytes,
lichens, bumblebees, butterflies, ground-dwelling spiders,
carabids, millipedes, centipedes, and birds

Habitat main-  — Species richness (10m radius plot) and cover (1x1m plant

tenance (III) quadrat) of alvar grassland specialist species (vascular
plants and bryophytes)

Soil condition ~ — Soil organic matter (SOM% from loss on ignition)

maintenance — Diversity of arbuscular mycorrhizal fungi (taxonomic
units)

— Soil average depth (cm)

— Soil nutrient content (P, K, Mg, Ca mg kg™")

— Bacterial activity, 24h (mg O, kgC™! h™!), Soil microbial
biomass carbon (mgC g™') (indicator only used in paper I)

Soil carbon — Soil organic carbon (SOC %) = SOM%/1.9 (Pribyl 2010)
storage
Pollination — Bumblebee and butterfly abundance

— Entomophilous plant cover (%) (1x1m plant quadrat)

— Pollinator rewards index = nectar amount (Kiihn ef al.
2004) x flowering time x entomophilous plant cover %

— Flower abundance (abundance on a scale 09 of flowering
insect-pollinated plants)

Pest regulation — Ground-dwelling spider and centipede activity density
(abundance x days pitfall traps in use/number of traps
remained, not destroyed by wildlife or livestock)

PROVISIONING SERVICES

CULTURAL SERVICES

Forage — Forage quality index = palatability value (Kiihn et al.
production (for 2004) x plant cover from 1x1m plant quadrat)
animal feed) — Biomass quantity (g m™)
— Open area % available for grazing within the subsite in a
30m radius
Wood — Wood production potential = Tree cover x average tree
production height (m) + shrub cover x average shrub height (m) of the
potential trees in 20x20m quadrat
Wild food and  — Cover of local wild plants used for food, medicine, or
medicinal herbs  traditional rituals (tea, oils, tinctures etc.) within the 1x1m
plant quadrat

Recreation and — Flower abundance within the subsite
cultural heritage — Cultural benefits evaluation survey carried out online
value

--- Expressing the crossover between provisioning and cultural services categories by the wild food
and herbs.
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2.3. Literature review and databases

In paper IV, two methods were used to assess and compare the supply of eco-
system services in low-intensity semi-natural grasslands and agriculturally in-
tensified grasslands. First, a non-quantitative review was conducted to analyse
the synergies and trade-offs among ecosystem services in these two broad
grassland types. A literature survey was carried out and complemented with
additional literature known to the authors of paper IV. Based on the review,
12 key services were selected for comparison between the semi-natural and agri-
culturally intensified grasslands: biomass production for forage, supply of wild
foods, habitat provision, insect pollination, biological control, carbon capture,
carbon storage, erosion control, water quantity, water quality, tourism/recreation,
and cultural heritage. The supply of each service was ranked based on the
literature and expert opinions of the authors (IV) on a scale ranging from 0 to 1.
To illustrate the ecosystem service supply and the potential synergies and trade-
offs between the services, a flower chart diagram was used, where the petal
lengths quantified the relative ecosystem service supply (Foley et al. 2005).
Secondly, a quantitative trait-based approach was applied, where plant func-
tional traits were linked with ecosystem services to quantify the supply of services
in these two grassland types (IV). For that, a literature search via Scopus and
Google Scholar was conducted, identifying articles providing full vascular plant
species lists with abundance values in either intensively managed or semi-natural
grasslands. In addition to the published species lists, data available from previous
unpublished research of the authors of paper I'V were included. In total, 40 species
lists were acquired, 16 originated from intensified and 24 from semi-natural
grasslands. A selection of different grasslands within roughly similar environ-
mental conditions was chosen, mostly including grasslands in northern and central
Europe (See Supplementary information of IV). Since species abundance estimates
varied between datasets (abundances, cover estimates, frequency of occurrence,
etc.), data were scaled to a 0—1 range for comparability. Plant trait data were com-
piled from the TRY (Kattge et al. 2020), BiolFlor (Kiihn et al. 2004), and GRoot
(Guerrero-Ramirez ef al. 2021) databases and from (Tyler et al. 2021).

Services associated with plant functional traits were the following:
» Forage production: average plant height (m), plant dry above-ground mass (g);

* Pollination: Insect pollination (1/0), pollinator reward, duration of flowering
(months);

» Carbon storage: plant dry above-ground mass (g), root dry mass (g);

*  Water retention: root mass density (g/cm), root branching density (branches
per cm).
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2.4. Data analysis

All statistical analyses were conducted using the R programming language
(R Core Team 2024).

Formulation of ecosystem services

To measure the potential supply of ecosystem services in alvar grasslands before
(I) and after (IIT) restoration, different indicator values were used to describe a
service (as mentioned above, see Table 2). Since the used indicators were with
different units, all values were standardised (z-scores) prior to the analysis (I, IIT)
using the scale function in R. This standardisation made the indicator values unit-
less and placed them on the same scale. When a service was represented by
multiple indicators, the standardised indicator values were aggregated by
calculating the mean, thereby obtaining a single relative score for that service per
subsite. Calculating the standardised average of the multiple indicators minimised
the potential correlations between different indicators describing one service. For
example, scaled indicator values of pollinator abundance, insect-pollinated plant
cover, flower abundance, and pollinator reward were averaged to quantify polli-
nation service.

Assessment of ecosystem service supply

The effects of overgrowing, afforestation (I), and restoration (III) on biodiversity,
ecosystem services, and their indicator values were analysed using linear mixed
effects models. For paper I, the /mer function from the /me4 package (Bates et al.
2015), and for paper II1, the /me function from the n/me package (Pinheiro et al.
2018) were used. The “Study site” was included as a random factor in all models.
Species richness, ecosystem service values, or individual service indicators were
used as response variables, and “Subsite” (Open, Overgrown, Afforested (I),
Control) (IITI), restoration status (Before, After) (IIT), and their interaction (IIT)
were included as explanatory variables. Differences between the subsites before
restoration were analysed using a post-hoc test for /mer (Kuznetsova et al. 2017)
for paper I and the differences within the subsite pairs in before-after comparisons
(e.g. open subsite before vs after restoration) with post-hoc “Estimated Marginal
Means — emmeans” by Lenth (2022) for paper III. In addition to comparing the
differences in ecosystem service supply before and after the restoration, I also
analysed the differences between the subsites after the restoration. For that, the
same linear mixed effects modelling approach was used, with different ecosystem
services as response variables, study site and time since restoration as random
variables, and subsite (open, overgrown, afforested, control) as a fixed variable.
Statistical differences between the subsites were tested with a post-hoc
“Estimated Marginal Means — emmeans” test (Lenth 2022).
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Analysing the changes in taxonomic diversity

The total richness of all surveyed species groups — multitrophic species richness —
including vascular plants, bryophytes, bumblebees, butterflies, spiders,
myriapods, ground lichens, and AM fungi operational taxonomic units was
calculated using two methods: standardised and raw richness. Birds and epiphytic
lichens were excluded from the total richness because these groups were not
surveyed in all subsites (II). In case of standardised multitrophic species richness,
richness values of all species groups were divided by the maximum richness of
the respective species group (Allan et al. 2014). This method gives more weight
to the less abundant species groups (e.g., bumblebees, butterflies) compared to
the more abundant species groups (vascular plants) for more balanced results.
Raw multitrophic species richness was simply calculated as the sum of all
detected taxa without any weight given to different species.

The change in species diversity (summed raw multitrophic species richness,
standardised multitrophic species richness, and richness of individual organism
groups) due to restoration (II) was tested using Generalized Linear Mixed Effects
(GLME) models with Poisson error distribution using the package “/me4” (Bates
et al., 2015). “Subsite” nested in “Study site” was used as a random factor,
“Subsite” (Open, Overgrown, Afforested, Control), “Period” (Before restoration,
After restoration), and their interaction were used as fixed explanatory variables.
The contrast between the subsite pairs (e.g., Before Open vs After Open) was
tested with Estimated Marginal Means (EMM) with the package “emmeans”
(Lenth 2022). Separate GLME models and EMM tests were conducted for
restoration sites and non-restored comparison sites, using the same model
structure. In addition to the before-after contrast, the difference among subsites
before and after restoration (e.g., After Open vs After Afforested) was tested using
the EMM test (II). With the latter test, the assumption was that the subsites are
significantly different from each other before restoration and that successful
recovery of communities would lead to subsites being similar to each other in
terms of ecological diversity.

To analyse the changes in community composition of the different organism
groups in response to restoration (II), a Permutational multivariate analysis of
variance (PERMANOVA) was performed using the package vegan (Oksanen
et al. 2022). The contrast between the subsite pairs (e.g., Before Open vs After
Open) was analysed using the package pairwiseAdonis (Martinez Arbizu 2020).
To describe and visualise the change in multitrophic species community com-
position in before—and-after restoration comparison (II), a Nonmetric Multi-
dimensional Scaling (NMDS) was used with the command metaMDS() for NMDS
analyses from the package vegan (Oksanen ef al. 2022). Bray-Curtis distance was
used as a distance metric for NMDS. For vascular plants, bryophytes, and lichens,
presence/absence data were used. For birds, butterflies, bumblebees, spiders, and
myriapods, counts of individuals were used. For AM fungi, relative sequence
abundance (% of taxon reads from the total number of sequences) was used. On
the NMDS plots, group ellipses with a standard error and confidence value of
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0.99 illustrated changes from before restoration to after restoration in community
composition. In paper IV, taxonomic species richness and taxonomic Shannon
diversity index (Oksanen et al. 2022) for both semi-natural and intensified
grasslands were also calculated.

Calculating functional diversity

Functional richness was used to analyse the difference in selected ecosystem
services (forage production, carbon storage, pollination, and water retention)
supply between the semi-natural and intensified grasslands (IV). To quantify the
functional spaces for the semi-natural and intensified grassland species data,
Functional richness and Rao quadratic entropy (Rao Q) were calculated. Func-
tional richness was computed as the volume of the convex hull (defined as the
smallest convex set enclosing the points) in the n-dimensional trait space occu-
pied by the species (Cornwell et al. 2006) (IV).

Functional richness and Rao Q were calculated for all traits combined and
with sets of traits reflecting different services (IV) with the help of the R package
fundiversity (Grenié & Gruson 2022). Differences in functional richness and Rao
Q values between the two grassland types were tested with a ¢-fest using the Holm
method for p-value adjustment (Holm 1979).

Calculating ecosystem multifunctionality

The effect of overgrowing, afforestation (I), and restoration (III) on the eco-
system multifunctionality was assessed using linear mixed effects models (Bates
et al. 2015; Pinheiro et al. 2018) with the study site included as a random effect
(I, ). The model had a multifunctionality index as a response variable and the
subsites (open, overgrown, afforested (I), control) (III), restoration status (before
or after restoration), and their interaction as explanatory variables (III). To
estimate the ecosystem multifunctionality, a “multiservice index” was calculated
using two alternative methods (I) — the averaging approach (Maestre et al. 2012)
(I, III) and the PCA-based multivariate approach (Meyer et al. 2018) (I). Both
approaches were used for paper (I), and only the averaging approach was chosen
for paper (III), since the results of the previous study paper (I) showed no
significant differences between the approaches. The averaging approach uses the
averaging of all the ecosystem service values per subsite to attain one index value
per subsite. Since the averaging approach is more simplistic and robust, it was
complemented with the PCA-based approach (I) that creates a PCA (Oksanen
et al. 2022) for the multifunctional space and uses the PCA axis scores to cal-
culate the multiservice index. The relationship between the multifunctionality and
multitrophic species richness (raw sum) was examined using linear mixed effects
models with study site included as a random effect and subsite added to take the
impact of ecosystem condition into account (I, I1I).
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3. RESULTS

3.1. The impacts of land-use change on grassland
ecosystems

Semi-natural grasslands have high biodiversity and ecosystem multifunctionality,
while grassland abandonment and afforestation on one end of the land-use change
gradient and intensification on the other have significant negative effects on both
1, IV).

Abandonment and afforestation

I compared three semi-natural alvar grassland condition classes — abandoned open,
abandoned overgrown and afforested alvar grassland subsites — and found that
open grasslands had, on average, 129 species across multiple taxa (sum of vascu-
lar plants, bryophytes, lichens, butterflies, bumblebees, spiders, carabids, myri-
apods, birds), while the richness decreased to 104 in overgrown grasslands and
82 in afforested grasslands (I). On average, the majority of the surveyed species
groups had higher species richness in open subsites compared to the rest of the
subsites (p < 0.05), except for myriapods and birds, which showed no significant
difference between any of the subsites. Though in the case of the birds, there was
a significant difference between all the subsites in their species composition. The
alvar grassland vascular plant specialists were significantly higher in open grass-
lands compared to the rest of the subsites, generalist plant species richness did
not differ between the open and overgrown grasslands. In case of spiders, there
was no significant difference in species richness between open and afforested
subsites, but there was a difference in the community composition (See Table S2
& S4 in Supplementary Information of II).

Afforested grasslands also showed more pronounced trade-offs emerging
among ecosystem services compared to open and overgrown grasslands, with
higher values of wood production dominating at the expense of other services
(Fig. 3. A). Pollination, pest regulation, forage production, soil condition main-
tenance, wild food supply, and cultural appreciation of the landscape were all
significantly lower in overgrown and/or afforested grasslands compared to open
grassland subsites. In contrast, no significant difference was found in soil carbon
storage capacity across the different condition classes (open, overgrown, affo-
rested) (I).

There was a significant positive association between multitrophic species
richness (i.e., total number of species across studied taxa) and ecosystem multi-
functionality (multiservice index) across all grassland condition classes (Fig. 3. B),
signifying that higher species richness facilitates higher ecosystem multifunctio-
nality (I).
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Fig. 3. A: A spider diagram showing the impact of abandonment and afforestation on
ecosystem service supply across three alvar grassland condition classes (open, over-
grown, afforested) (I). Each axis represents a relative score of an assessed ecosystem
service, with negative values indicating lower and positive values indicating higher ser-
vice supply. Different letters indicate statistically significant differences between condi-
tion classes; ns denotes non-significant differences. B: Relationship between multitrophic
species richness and ecosystem multifunctionality across grassland condition classes (I).

Intensification

To analyse the impact of grassland intensification on biodiversity and ecosystem
service supply capacity, a selection of different semi-natural grassland and inten-
sified grassland ecosystems in Europe were compared (average across different
grassland types classified as semi-natural and intensified, see Supplementary
information in IV). The results from the literature review showed significantly
stronger service trade-offs in intensified grasslands — there was a noticeable trade-
off between regulating and provisioning services in grassland ecosystems based
on the management intensity (I, IV). Intensified grasslands have high biomass
production (forage), while other ecosystem services are provided in lower capa-
city (IV). Semi-natural grasslands, on the other hand, have slightly lower forage
production capacity but are good at providing habitat for biodiversity, pollination,
and supporting cultural services (I, IV). Ecosystem multifunctionality in general
was shown to be higher in semi-natural grasslands with low to moderate manage-
ment intensity than in intensified grasslands (IV).

Compared to intensified grasslands, semi-natural grasslands not only had a
significantly higher taxonomic diversity but also greater functional richness (p <
0.05) (IV). Functional divergence (Rao Q based on plant abundance) was also
higher in semi-natural grasslands, but the differences were not statistically
significant (p > 0.05) after p-value correction (IV). Functional richness under-
pinning the four assessed ecosystem services in Paper IV (forage, carbon storage,
pollination, water retention) was significantly higher for all services (p < 0.05) in
semi-natural than in intensified grasslands, expressing higher and likely also
more stable service supply potential.
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3.2. The impact of grassland restoration on
multitrophic species richness

On average, multitrophic species richness (both standardised and raw sum) in-
creased significantly in overgrown and afforested semi-natural alvar grasslands
following restoration and reinstatement of low-intensity grazing (p < 0.05). On
the other hand, a slight decrease in standardised multitrophic species richness in
open and control subsites was recorded (II; Fig. 4). A similar negative trend was
present in raw sum species richness, though marginal (p > 0.05). Since significant
and anomalous species richness decline and community composition shift in
ground-dwelling arthropods (also present in control and non-restored areas) were
identified, which mainly seemed to be affecting the biodiversity results,
additional analysis with the ground-dwelling arthropods (myriapods and spiders)
excluded from the raw species richness was performed. Exclusion was performed
to see the true impact of restoration actions, without external influencing factors,
that seemed to strongly influence the ground-dwelling arthropod communities.
After this exclusion, the restoration no longer had a significant impact on
multitrophic species richness in open and control grasslands (See Table 2 in II).
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Fig. 4. Changes in multitrophic species richness in relation to alvar grassland restoration
(IT). The total multitrophic species richness (vascular plants, bryophytes, bumblebees,
butterflies, spiders, myriapods, ground lichens, AM fungi) across all grassland condition
classes before and after restoration. Significance levels: *** p < 0.001, ** 0.001 <
p<0.01; *0.01 <p <0.05,ns p=>0.05.
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As presumed, the species richness post-restoration became more similar among
the previously different subsites, whilst before restoration, the species richness
differed significantly between the subsites (See Table S2 in Supplementary Infor-
mation of II). Regardless, the changes in species richness patterns and species
composition are still transitional and are not happening at the same speed in all
of the species groups (II).

The analyses revealed that the impact of restoration on multitrophic species
richness varied markedly among organism groups, allowing us to distinguish three
main response types (II):

1. Fast responders — organism groups that, within five years of restoration,
rapidly increased in richness and/or shifted in community composition
towards that of open grasslands (e.g., vascular plants, bumblebees, butterflies,
birds). While vascular plants, bumblebees, and butterflies showed both an
increase in species richness and a shift in community composition towards
that of open grasslands, birds only had a shift in community composition with
species preferring open habitats replacing species specialised to more closed
canopy habitats (See Table 2 in II, and Table S3 in Supplementary Infor-
mation of II).

2. Slow responders — organism groups showing little or no measurable change
in species richness and/or species composition in the short term (e.g., lichens,
bryophytes, AM fungi). Ground lichens and bryophytes showed no significant
difference in species richness, while AM fungi had a slight increase in taxo-
nomic units in the afforested grasslands post-restoration, but still remained
significantly lower than in open and overgrown subsites (See Table 2 in II,
and Table S4 in Supplementary Information of II).

3. Disturbance-sensitive responders — organism groups whose response
patterns were shaped more by external stressors, such as prolonged drought,
than by restoration actions, e.g., ground-dwelling arthropods. Ground-
dwelling spiders exhibited especially drastic declines in both species richness
and abundance. Additionally, to the change in species richness and abundance,
the community composition of the ground-dwelling spiders was significantly
different from all previous grassland condition class community composition
patterns. The recovering spider community composition in all grassland con-
dition classes became similar to one another, but shifted to an entirely new
composition, not close to what it was before restoration, nor close to that of
an open grassland community composition (Fig. 5. A).
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Fig. 5. A: Ground-dwelling spider community composition before and after restoration
(II), visualised with nonmetric multidimensional scaling (NMDS; stress = 0.21). Ellipses
represent standard errors with 99% confidence intervals. Both panels are based on the
same NMDS, the restoration sites are illustrated on the left panel, and the non-restored
comparison sites on the right. B: Ground-dwelling spider species richness before and after
restoration in different condition classes. Significance levels: *** p < 0.001, ** 0.001 <
p<0.01; *0.01 <p<0.05,ns p>0.05.
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3.3. Changes in ecosystem service supply in response
to grassland restoration

On average, a significant increase in multiple ecosystem services was observed
in previously overgrown and afforested subsites following alvar grassland resto-
ration and the implementation of a low-intensity grazing regime (III). Post-
restoration, the habitat maintenance, pollination, forage production, wild food
and herb supply, and cultural services all increased notably in previously over-
grown and afforested grasslands in restoration sites (p < 0.05, see Table 2 in I1I),
showing a rapid recovery potential. There was no significant change in service
supply recorded in the open and control subsites of the restoration sites, except
for pest regulation service. Pest regulation, which is dependent on the condition
of pest predator communities, declined sharply in all grassland condition classes
(open, overgrown, afforested, control subsites), both in restoration sites and in
non-restored comparison sites. In addition, while there was no significant change
in forage production service in open and control subsites in the restoration sites,
the service indicator — available biomass (g m?) — decreased significantly. The
other indicator, quality of the forage biomass, remained the same. Biomass
quantity was also significantly lower in open subsites in the non-restored com-
parison sites, where there was no grazing impact. Soil-related services (carbon
storage and soil condition maintenance) exhibited no significant reaction to
restoration actions (Fig. 6).
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Fig. 6. Ecosystem service supply of all the alvar grassland condition classes in restoration
sites before and after restoration (III). The flower diagrams represent bundles of services
provided by the grassland condition class before and after restoration. The supply capacity
values are indicated by the petal length of the flower diagram on a scale of 0—1 (1 being
the highest value). Significance values are indicated as follows: *** p < 0.001, ** 0.001
<p<0.01; *0.01 <p <0.05, showing the significant change in service supply in before-
after restoration comparisons.
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3.4. Relationship between ecosystem multifunctionality
and multitrophic species richness

On average, ecosystem multifunctionality (the ecosystem’s capacity to provide
multiple services simultaneously in similar capacity) profited from the restoration
actions, resulting in higher multifunctionality values in previously overgrown and
afforested grasslands post-restoration (p < 0.05). A slight decrease in ecosystem
multifunctionality was registered in open grasslands post-restoration (See Fig. 6
in III). However, after the exclusion of drought-impacted pest predators and the
pest regulation service from the analysis, open grasslands exhibited no significant
difference in ecosystem multifunctionality in pre- and post-restoration com-
parisons (III).

There was also a significant positive association between multitrophic species
richness and ecosystem multifunctionality after restoration (R* = 0.06, p = 0.01)
(III), though the association was significantly weaker than before restoration
(R?=0.31, p < 0.001) and was significant only in the case of the previously
afforested grasslands (III; Fig. 7).
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Fig. 7. Association between multitrophic species richness and ecosystem multifunctio-
nality pre-restoration (left panels) and post-restoration (right panels) (IIT). A: The general
association trend across all grassland condition classes. B: The associations between
multifunctionality and species richness in every grassland condition class examined
separately (IIT)
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4. DISCUSSION

In this thesis, I examined how land-use change and ecological restoration impact
biodiversity, ecosystem service supply, and ecosystem multifunctionality in
grassland ecosystems. Across four research papers, the results demonstrate that
open, traditionally managed semi-natural grasslands consistently support higher
multitrophic biodiversity and higher ecosystem multifunctionality than aban-
doned, afforested, or intensified grasslands. Restoration of abandoned and affo-
rested historical grasslands through shrub removal and reintroduction of low-
intensity grazing can reverse the loss of multitrophic species richness and lowered
ecosystem service supply (I-1V).

4.1. Biodiversity loss from land-use changes

The results of this thesis (I-IV) confirmed that traditionally managed semi-
natural grasslands are characterised by high species richness across multiple taxa
(Partel et al. 1999; Wilson et al. 2012; Habel et al. 2013). By contrast, land-use
changes, whether due to abandonment, afforestation, or intensification of such
grasslands, consistently reduce biodiversity, replacing species-rich assemblages
with communities dominated by fewer competitive or shade-tolerant species
(I, II, IV). These changes in diversity and community composition of plants,
pollinators, natural pest predators, and soil biota also result in cascading effects
on ecosystem service supply and ecosystem multifunctionality (I; Allan et al.
2015; Schils et al. 2022).

Intensified grasslands with high nutrient inputs, frequent biomass removal,
and high biomass production-oriented species pools showed markedly lower
taxonomic species richness and functional diversity estimates compared to semi-
natural grasslands (IV). Since intensified grasslands are often more grass-
dominant with fewer species in general and lacking in flowering forbs, they also
lack resources for pollinators or other arthropod communities dependent on
nectar or pollen as a food source (Balfour et al. 2025). Additionally, the intensive
mowing/grazing and agrochemical use decrease the abundance and diversity of
arthropods, which are a direct food source to many birds. Also, the frequent hay
harvest is impacting the reproductive success of farmland birds (Buckingham e?
al. 2015). Intensification of agricultural landscapes has been found to be one of
the driving forces of open habitat bird population decline across Europe (Douglas
et al. 2023; Silva et al. 2023).

In afforested semi-natural alvar grasslands, multitrophic species richness was
significantly lower compared to open alvar grasslands (I). Drastic change in light
conditions due to tree growth and canopy closure eliminates many light-
demanding grassland specialist plants, replacing them with a few shade-tolerant
species (Wieczorkowski & Lehmann 2022). Additionally, a study by Pérez-
Gomez et al. (2025) found that dense afforestation lowers pollinator and plant-

33



pollinator network diversity. Canopy openness plays an important role in the
abundance and diversity of flowering plants and, consequently, in the amount of
pollinator rewards (nectar, pollen), as also confirmed by the results of paper 1. All
pollination indicator values (pollinator abundance, insect-pollinated plant cover,
flower abundance and pollinator reward) were consistently lower in shrub-
encroached and afforested alvar grasslands compared to open grasslands (I). But
the results of papers I and II also showed that abandoned shrub-encroached alvar
grasslands retain their original species pool longer than afforested or intensified
grassland exhibiting “extinction debt” (Helm et al. 2006; Sang et al. 2010),
meaning that loss of species can occur with a delay following the initial habitat
loss or degradation, but progressive losses will continue to occur with continued
habitat degradation (Kuussaari et al. 2009). On the positive note, as long as the
species still persist, there could still be time for restoration measures, as the results
of paper II showed rapid recovery of alvar grassland biodiversity post-restoration.

Overall, these findings align with previous research showing that land-use
intensification reduces species richness across multiple taxonomic groups and
shifts communities toward generalists (Gossner et al. 2016), and that afforestation
of historical high-value grasslands leads to severe and often irreversible losses of
grassland specialists (Luoto et al. 2003; Winberg et al. 2024).

4.2. Land-use change leads to ecosystem service decline in
grassland ecosystems

Traditionally managed, historical semi-natural grasslands support various
essential ecosystem services (I, III, Ford ef al. 2012; Villoslada et al. 2019). In
contrast, abandonment, afforestation, and intensification of grasslands consis-
tently reduce biodiversity and lead to declines in several key ecosystem services
(I, IV). There is a strong link between land-use change and ecosystem service
supply. Grassland degradation, whether through intensification, abandonment, or
afforestation, led to clear trade-offs between services, where maximising pro-
visioning services, such as wood or forage production, often came at the expense
of regulating and cultural services (I, IV). This corroborates previous studies on
the negative impacts of drastic land-use changes in a variety of ecosystems (Power
2010; Allan et al. 2015; Sharma et al. 2019). In afforested grasslands, other
services were largely traded for wood production (I), although timber yields (50—
150 m® per hectare) were modest and are typically of low quality (Lshmus 1984)
compared to average Estonian production forests (~200-300 m® per hectare;
Statistics Estonia 2024). This reflects the limitations of using such calcareous
grasslands for forestry, including thin soils that are prone to summer droughts and
winter frost damage (Rosén 1982, 1995).

Pollination, pest regulation, and habitat maintenance services were parti-
cularly sensitive to grassland abandonment, afforestation, and intensification,
leading to declines in both pollinator and natural pest predator communities
alongside overall biodiversity loss (I, IV). Land-use change leads to reductions
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in flower richness, structural vegetation complexity, habitat connectivity, and
total habitat area, all of which decrease the suitability of the habitat for species
providing pollination and pest regulation (Garibaldi et al. 2011; Goulson et al.
2015; Schirmel et al. 2015). Intensification in general affects the majority of the
regulating services, with negative impacts reaching beyond the grassland eco-
system and affecting the whole landscape multifunctionality (Guo et al. 2023).

While alvar grassland abandonment and afforestation had notable negative
impacts on services supported by mobile organisms (e.g. pollination, pest regu-
lation), the response of soil parameters and linked ecosystem services was mini-
mal (I). The comparable soil carbon content observed between afforested and
open alvar grasslands indicated that afforestation of similar high-value grassland
systems is unlikely to provide substantial long-term climate mitigation benefits
(Tolgyesi et al. 2022). Although afforested areas and forests have the potential to
store large amounts of carbon in both soils and aboveground biomass (Kilpe-
lainen & Peltola 2022), aboveground stocks may be temporary and are strongly
dependent on forest management practices and the use of the harvested wood
(Hurmekoski et al. 2022). Grasslands are also considered important and stable
global carbon reservoirs, and low-intensity grassland management has been
linked to slow but steady increases in soil carbon stocks (Soussana et al. 2004).
Nonetheless, the pressure to afforest remaining grasslands has increased over
recent years due to public and political appeal of tree planting as a simple nature-
based climate solution. Similar to other authors, e.g., Temperton et al. (2019) and
Tolgyesi et al. (2022), the current thesis results show that planting trees in bio-
diverse open habitats can have adverse ecological impacts, decreasing biodiver-
sity and the supply of multiple ecosystem services (I). These findings also empha-
sise that when looking for climate and biodiversity solutions, land-use history
must be incorporated into decision-making to avoid undermining existing or
potentially recoverable biodiversity and ecosystem service values (I, I, IIT).

The recreational value of grasslands often depends on the abundance of
flowering species, the diversity of flowers and colours (Lindemann-Matthies &
Bose 2007), perceived biodiversity, and open panoramic views, making the
scenery more aesthetically pleasing, etc. (Lindemann-Matthies ef al. 2010). Since
open alvar grasslands in the current study were the most flower-rich and struc-
turally diverse habitats, they had the highest recreation potential (I) while also
carrying a high cultural heritage value representing the historical village settle-
ments (Eriksson 2022). As collecting wild food and other nature goods is per-
ceived as an important tradition and a popular recreational activity within Europe,
this provisioning service could additionally be connected to the cultural services
category (Schulp ef al. 2014). Open grasslands also had the highest wild food and
herb supply values compared to the overgrown and afforested grasslands, which
had the majority of the plants of use value available but in considerably lower
abundances (I).
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4.3. Post-restoration biodiversity recovery
in semi-natural grasslands

Restoration of abandoned and afforested grasslands by clearing excess woody
vegetation and reintroducing a traditional grazing regimen positively impacted
multitrophic species richness (II), which in turn enhanced the supply of eco-
system services (III). Restoration efforts triggered a rapid response in fast-
responding species groups (II). Within just a year, species richness of vascular
plants increased notably, with gains not only noted within generalist plants, as
often seen in the early succession of grasslands (Waldén & Lindborg 2016), but
also in alvar grassland specialists. Such a fast recovery could have been aided by
persistent seedbanks (Kalamees et al. 2012) and the careful selection of resto-
ration sites with a long history of grassland persistence and fairly good landscape
connectivity. These favourable conditions meant that in areas where species
persisted due to past habitat continuity and good seedbanks, plant communities
were relatively easy to restore, whereas sites with altered soils, different habitat
conditions and land-use change intensity, and severe species loss would require
more intensive interventions such as seed or hay transfer (Torok et al. 2011;
Knight & Overbeck 2021). The shift in vegetation was accompanied by other
fast-responding organism groups, for instance, open-habitat bird species replaced
species preferring closed canopies, leading to no net gain in species richness but
significant changes in species community composition. Also, increases in bum-
blebee and butterfly richness in formerly overgrown areas were noted, although
pollinator trends were partly shaped by drought-related declines in floral resour-
ces (Phillips et al. 2018).

In contrast, slow-responding organism groups such as lichens, bryophytes, and
AM fungi exhibited little to no change during the short five-year monitoring
period (II). These species require longer recovery periods, targeted interventions,
and long-term monitoring in order to give us any objective feedback on grassland
restoration success (Watts et al. 2020). While lichens exhibited no response to
restoration, bryophytes specialised to open habitats began to slowly recolonise
restored sites, corroborating previous findings of lichens and bryophytes
exhibiting a time-lag in response to habitat change (Hadmaéldinen & Fahrig 2024).
AM fungal diversity also improved slightly, though it remained lower than in
open grasslands due to the legacy effect of the previous overgrowth and affo-
restation (Neuenkamp et al. 2018).

The trajectory of recovery was additionally strongly affected by climatic per-
turbations, like a prolonged drought a year before the survey. The disturbance-
sensitive organism groups, like ground-dwelling spiders and myriapods (Prather
et al. 2020), suffered significant declines in species richness and abundance in all
of the grassland sites, also in control subsites and non-restoration comparison
areas (II). Additionally, a slight decrease in bumblebees and vascular plant
biomass could be detected in control subsites and reference sites not affected by
grazing, indicating the impact of drought (II, III). Such additional factors can
easily overshadow potential restoration benefits (or also drawbacks) and
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complicate decision-making on further restoration actions (Luong et al. 2021).
While early monitoring offers critical insights into the initial effectiveness of
restoration and supports adaptive management (Coon et al. 2021), long-term
monitoring provides a comprehensive understanding of ecosystem recovery over
time.

4.4. Grassland restoration improves ecosystem service
supply and ecosystem multifunctionality

There was a rapid increase in the supply of several ecosystem services and in
overall ecosystem multifunctionality following alvar grassland restoration and
the implementation of a low-intensity grazing regime (III). The majority of the
directly ‘biodiversity-mediated ecosystem services’ (sensu Isbell er al. 2011),
such as pollination, habitat maintenance, and the supply of wild food and medi-
cinal herbs, notably increased post-restoration compared to pre-restoration levels.
Meanwhile, pest regulation, while also one of the directly biodiversity-mediated
services, reacted in the opposite manner to other similar services, having signifi-
cantly lowered supply capacity. This could be caused by an extreme, prolonged
drought prior to monitoring rather than a direct restoration-driven outcome, since
control and non-restored comparison sites exhibited similar responses. Additio-
nally, the available plant biomass for forage was lowered that year as drought had
a severe impact on plant growth and animal feed quantities. Drought results in
lowered plant cover and soil moisture, which are critical conditions for ground-
dwelling arthropod communities (Prather et al. 2020).

However, services associated with soil functioning exhibited no change. Most
importantly, the soil carbon storage capacity remained consistent across grassland
condition classes (open, overgrown, and afforested grassland) regardless of resto-
ration impact (III). I speculate that the specifics of the alvar grasslands’ soil con-
ditions, combined with rapid vascular plant recolonisation covering open soil,
could contribute to the stable soil conditions and carbon storage post-restoration
(11, IID).

4.5. Ecosystem multifunctionality depends on
grassland biodiversity

Ecosystem multifunctionality, that is, the ability of an ecosystem to simulta-
neously provide different services in a similar capacity (Lefcheck et al. 2015), is
strongly linked with the number of species and functional traits, indicating that
biodiversity (taxonomic and functional) plays a significant role in the ecological
functioning of grasslands (I, III, I'V). Previous research suggests that biodiversity
at multiple trophic levels is required to maintain high ecosystem multi-
functionality (Hector & Bagchi 2007; Soliveres et al. 2016). However, it is also
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suggested that ecosystem multifunctionality could decrease after restoration,
while grasslands are developing towards their target habitat type (DeCock et al.
2023). The results of paper III indicated that, on average, both ecosystem multi-
functionality and species richness increased post-restoration, but the positive
relationship between the two was not as strong as prior to the restoration (I, III).
The rapid recovery of grassland species richness and composition across all of
the previously different condition classes had a homogenising effect on the
species pools and removed the effect of previous habitat conditions and extreme
low values. Additionally, the evolving and disturbed post-restoration condition of
the system could also complicate the results, still reflecting the results of the
previous or transitional state, rather than the climax restored grassland condition
(Deék et al. 2020). Long-term monitoring studies are needed to understand the
recovery and full trajectory of relationships between biodiversity and ecosystem
multifunctionality.

4.6. The future of grasslands and the impact
of climate change

My findings in papers II and III reveal a rapid and largely positive initial
response of both grassland biodiversity and ecosystem services to alvar grassland
restoration efforts. However, this swift recovery will not be sustained over time
without continued sustainable grassland management (Pértel et al. 2007). Ongoing
degradation and fragmentation of grasslands could make future restoration efforts
more difficult and expensive. The long-term success of grassland restoration
often depends on multiple factors such as the severity and duration of degra-
dation, habitat and species characteristics, management strategies, and climatic
conditions (Torok et al. 2021). Grasslands studied in this thesis showed strong
restoration potential due to the landscape context and land-use history that
facilitated rapid recovery (II, III). These results can be transferable and could
facilitate the restoration actions of other grassland ecosystems with similar condi-
tions. However, my findings also indicate that there might be necessary pre-
requisites for successful recovery. For example, more productive, intensively
managed, or significantly more degraded grasslands (e.g. grasslands transformed
to croplands, intensively cultivated grasslands) in highly fragmented landscapes
are less likely to exhibit similar positive responses to restoration and might require
significantly more effort and resources. Challenges like seed limitation and soil
legacy effects in more degraded regions require more complex restoration mea-
sures and necessitate longer monitoring periods (Torok et al. 2011). Moreover,
additional pressures like drought — exacerbated by human-induced climate change —
can hinder ecosystem recovery and disrupt the link between biodiversity and
ecosystem multifunctionality, further challenging habitat recovery (III). More
species-rich grasslands with less intensive management have been found to have
higher resistance and resilience to drought (Vogel et al. 2012), making moderately
managed grasslands a valuable and sustainable ecosystem in the light of climate
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change. Since low-intensity semi-natural grasslands have high species richness
(I-IV) and functional diversity (IV), they could be efficient at storing carbon and
more resilient to potential extreme disturbance events and future climate change
scenarios (Steinbeiss ef al. 2008). Our trait-based analysis supports this, showing
that plant communities in semi-natural grasslands are significantly more effective
in storing soil carbon and retaining water than those in intensified grasslands,
driven by traits such as higher root mass, branching density, and root architecture
(IV). A wider range of traits with various functions could complement each other
and buffer environmental perturbations, strengthening the drought resilience of
the communities (Liischer et al. 2022). Furthermore, regardless of the nutrient
enrichment in intensified grasslands, increasing the potential carbon seques-
tration capacity through forage yield increase (Skinner 2013; Sollenberger et al.
2019), intensive grazing/mowing or ploughing can reduce the soil carbon storage
in the long run (Dlamini et al. 2016; Krauss et al. 2022). The abundance-based
functional divergence analysis showed no significant differences in ecosystem
service supply capacity between semi-natural and intensified grasslands, ref-
lecting that the few dominant species in intensified grasslands have the capacity
to provide the different services to some extent (IV). However, in case of extreme
disturbance (droughts, floods, etc.), semi-natural grasslands might be more
resilient and better equipped to handle these perturbations due to their wider
spectrum of traits and higher species complementarity (Hector & Bagchi 2007).
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5. CONCLUSIONS

In this thesis, I explored the impact of land-use changes and restoration efforts in
grassland ecosystems on the multitrophic biodiversity patterns, supply of eco-
system services, and on ecosystem multifunctionality in general. Specifically,
I found that:

1. Traditionally managed historical semi-natural grasslands are biodiversity
hotspots (I, II, IV) and capable of supplying multiple ecosystem services
simultaneously exhibiting high ecosystem multifunctionality (I, I1I, IV). In
contrast, land-use changes like land abandonment, afforestation (I), and grass-
land intensification (IV) often lead to the loss of multitrophic diversity, higher
ecosystem service trade-offs, and the dominance of a few or one service. For
instance, higher forage yield in intensified grasslands (IV) and wood pro-
duction in afforested grasslands (I) were maximised at the expense of other
services. Semi-natural grasslands exhibit a more balanced supply of a range
of ecosystem services, supporting pollination, habitat maintenance, pest regu-
lation, soil condition maintenance, carbon storage, forage production, supply
of wild food, and recreational benefits simultaneously in a similar capacity
(I, IV).

2. As expected, the restoration of abandoned and afforested alvar grasslands into
open grasslands positively impacted multitrophic species richness on average,
but short-term (up to 5 years post-restoration) recovery patterns follow three
main trajectories: fast responders, slow responders, and disturbance-sensitive
responders (II). Fast responders (e.g., vascular plants, insect pollinators, birds)
exhibited a significant increase in species richness and/or a shift in species
community composition towards open grassland assemblages already during
the first five years after shrub/tree removal and reinstatement of low-intensity
grazing. The slow responding groups (e.g., bryophytes, lichens, AM fungi)
exhibited little to no short-term reaction to restoration, likely requiring longer
timeframes for the recovery of the open habitat specialist species. Disturbance-
sensitive organism groups (e.g., ground-dwelling spiders) response patterns
were shaped more by external factors, such as prolonged drought, over-
shadowing the potential impacts of restoration actions. Ground-dwelling
arthropod communities exhibited drastic declines in both species richness and
abundance, and the community composition had shifted to a novel community
state (IT).

3. Alvar grassland restoration enhanced the supply of multiple biodiversity-
mediated ecosystem services and increased ecosystem multifunctionality, but
not all services responded equally (III). Post-restoration, the habitat mainte-
nance, pollination, forage production, wild food and herb supply, and cultural
services increased in previously overgrown and afforested grasslands, while
soil services remained unimpacted, and pest regulation suffered significant
declines compared to pre-restoration results. Since pest regulation declined
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across all observed sites, including non-restored control sites, it is likely due
to severe drought impacts on natural pest predator communities. Soil carbon
storage remained stable, supporting grasslands’ role as a long-term carbon
sink (I1I).

4. Biodiversity underpins ecosystem multifunctionality, but this relationship is
weaker in recently restored sites (I, III). Multitrophic diversity was strongly
and positively linked to ecosystem multifunctionality, underscoring bio-
diversity’s key role in sustaining ecosystem functions and services. In restored
grasslands, this relationship was weaker, likely reflecting transitional, succes-
sional states and incomplete recovery. Additionally, other disturbances, like
prolonged drought, can further complicate the interpretation of the results.

5. Maintaining the existence of semi-natural grasslands requires continued low-
intensity management, evidence-based restoration, and consideration of land-
use history (I-IV). Alvar grasslands still have high recovery potential (II, I1I).
Other grassland ecosystems with similar conditions and land-use history could
respond similarly to restoration efforts. However, more productive, signifi-
cantly more degraded grasslands in highly fragmented landscapes likely require
significantly more effort and resources. Moreover, additional pressures like
drought — exacerbated by human-induced climate change — can hinder eco-
system recovery and disrupt the link between biodiversity and ecosystem
multifunctionality, further challenging habitat recovery (III). Where possible
and feasible, restoration should be implemented based on land-use history to
recover degraded sites, raise landscape diversity, and increase landscape
connectivity — connecting grassland habitat patches with each other and the
rest of the agricultural landscapes. In restoration, long-term, multi-taxon
monitoring, also accounting for environmental perturbations, is essential to
detect delayed responses and support adaptive management (II).
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SUMMARY

In the current thesis, I investigate how changes in land-use (grassland abandon-
ment, afforestation, and intensification) and ecological restoration affect grass-
land biodiversity, ecosystem service supply, and ecosystem multifunctionality.
Ecosystem services are the functions and products of nature that people can obtain
from ecosystems, while ecosystem multifunctionality measures the capacity of
an ecosystem to supply multiple services simultaneously in similar capacity.
Ecosystem services are divided into three main categories: provisioning services
(e.g., wood production, food, and livestock fodder), regulating services (e.g.,
pollination, natural pest control), and cultural services (e.g., nature tourism).
However, the condition and availability of ecosystem services have declined
significantly over the last century. Already in 2005, the Millennium Ecosystem
Assessment reported that more than half of all ecosystem services produced
worldwide were overexploited and in poor condition.

Many ecosystem services depend directly on local biodiversity, and the hypo-
thesis is that the more diverse the ecosystem, the greater the ecosystem multi-
functionality. When environmental conditions change or in the case of strong
disturbances, some species may go locally extinct. In ecosystems with low
species richness, this means the functions those species performed will also be
lost. Conversely, in diverse ecosystems, the remaining species can take over the
functions of lost species, ensuring the continuity of stable ecosystem service flow
and high ecosystem multifunctionality.

Semi-natural grasslands are one of Europe’s most species-rich ecosystems,
created by centuries of moderate human influence and traditional agricultural
practices, and are thus potentially good at preserving high ecosystem service
supply. Though with the intensification of agriculture at the beginning of the 20th
century, the semi-natural grasslands have lost the majority of their historical
spread across Europe. The remaining grassland habitat patches are highly frag-
mented and mostly incapable of supporting biodiversity in the long term. The
main reasons for grassland loss are, on one hand, intensification (fertilisation,
pesticide use, intensive mowing/grazing) and conversion to arable land, and on
the other hand, the abandonment of less productive grasslands leading to over-
growth or afforestation. Changes in environmental conditions, species richness,
and species composition cause changes in ecosystem functioning and in the
supply of ecosystem services. To avoid further degradation, it is essential to
restore and protect ecosystems, maintaining a diverse landscape structure and
biodiversity at different trophic levels. In agricultural landscapes, where pro-
duction depends largely on ecosystem services, it could be profitable to restore
and maintain semi-natural grasslands and connect them to croplands with linear
elements to increase landscape connectivity.

The aim of my doctoral thesis was to assess how abandonment and affo-
restation of Estonian semi-natural grasslands (alvar grasslands) on one hand (I)
and grassland intensification on the other (IV), affect local biodiversity, eco-
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system services, and overall ecosystem multifunctionality. In addition to factors
negatively impacting grasslands, | also assessed the effectiveness of grassland
restoration using semi-natural alvar grasslands as a model system, and monitored
whether species richness and the supply of ecosystem services increase post-
restoration (II, III). I used a wide selection of multitrophic species groups and
ecosystem services to also assess the relationship between biodiversity and eco-
system multifunctionality.

The results of this thesis show that traditionally managed semi-natural grass-
lands can be described as biodiversity hotspots and capable of supporting the
simultaneous supply of multiple ecosystem services, making them highly multi-
functional ecosystems (I-1V). Intensification, abandonment and afforestation of
historical grasslands lead to the decline of both biodiversity and ecosystem
service supply, and trade-offs between ecosystem services emerge (I, IV).
Typically, provisioning services are enhanced at the expense of regulating and
cultural services. For example, intensification of grasslands increases the efficient
production of biomass for fodder (also provisioning service) but, for instance,
reduces the potential for pollination or soil carbon storage (IV). Similarly,
afforestation of grasslands enables wood production (a provisioning service) but
at the expense of many services associated with open grasslands (I1I). Affores-
tation has also been used to sequester more carbon as a climate change mitigation
measure. However, this thesis found that species-rich semi-natural grasslands are
also stable carbon sinks (I-IV), and for instance, the carbon storage capacity of
semi-natural alvar grasslands did not differ from afforested alvar grasslands (I).

Despite these negative aspects, both intensively managed and semi-natural
grasslands are important parts of diverse landscapes, as well as forest ecosystems
(I, IV). Different ecosystems complement each other, and it is important to main-
tain diverse landscapes and find a balance that reduces trade-offs between bio-
diversity and production. For example, keeping livestock density below the
maximum carrying capacity can increase biodiversity while simultaneously im-
proving habitat provision and maintenance, pollinator diversity, water quality,
carbon storage, and cultural services alongside agricultural production (IV).
Moreover, afforestation of valuable historical grasslands should be avoided as a
nature-based climate solution: the mitigation benefits are relatively limited,
whereas biodiversity and other service losses are significant (I). Land-use
decisions would be more optimal if based on land-use history, such as reforesting
former forest land or afforesting heavily disturbed habitats like exhausted mining
areas. Restoration and continuous management of semi-natural grasslands (II,
IIT) and improvement of landscape connectivity support the supply of ecosystem
services in agricultural landscapes.

For this reason, as part of my doctoral work, I also focused on assessing the
effectiveness of restoration efforts, using results from the LIFE to Alvars project
that restored Western Estonian alvar grasslands (II, III). The results showed that
abandoned or afforested alvar grasslands still have significant recovery potential,
but moderate and consistent management is essential to maintain ecosystem
functioning and prevent encroachment by woody plants (II). Restoration success
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depends on the degradation history, local abiotic conditions, and species charac-
teristics. On average, the multitrophic species richness increased post-restoration,
though different organism groups have varied recovery rates, and restoration
success can also be influenced by external factors such as prolonged drought (II).
Given the short monitoring window assessed in this study (0.5-5 years after
restoration), it was not possible to fully evaluate the recovery success of slow-
recovering taxa or the long-term changes in soil processes and carbon cycling,
highlighting the importance of long-term monitoring (II). In fragmented and/or
degraded landscapes, science-based restoration is needed to improve connec-
tivity, maintain metapopulations, and ensure sustainable functioning of the system.

In addition to the increase in multitrophic biodiversity, restoration also
positively affected the supply of several ecosystem services. After restoration,
previously overgrown and afforested areas showed improved capacity to provide
habitat, pollination, wild food and herbs, fodder, and had a higher recreational
value, while the capacity to store carbon did not change, remaining similar across
all studied sites. Only two services decreased after restoration: wood production
and natural pest control (IIT). Though the decline in pest regulation service was
more likely caused by an extreme and prolonged drought a year before
monitoring. A similar decline in natural pest enemy populations occurred in both
control and unrestored comparison sites, which had no restoration interventions.
In the same year, the plant biomass available for fodder also decreased (11, IIT)
with drought strongly affecting plant growth and reducing plant cover and soil
moisture, which are critical conditions for ground-dwelling arthropod
communities.

The results of the doctoral thesis show that semi-natural grasslands have high
value, providing habitat for diverse biota and supporting many important eco-
system services (I-IV). By integrating multitrophic biodiversity data, functional
trait analyses, and a broad set of ecosystem service indicators, the results provide
new insights into the ecological consequences of abandonment, afforestation, and
intensification of grasslands, as well as highlight the recovery potential and
constraints of ecosystem restoration. The findings have direct relevance for
evidence-based landscape management and for designing restoration strategies
that address the urgent need to halt biodiversity loss while safeguarding the
sustainable supply of essential ecosystem services.
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SUMMARY IN ESTONIAN

Maakasutusmuutuste ja taastamise moju liigirikkusele, 6kosiisteemi
hiivedele ja okosiisteemi multifunktsionaalsusele niidukoosluste niitel

Okosiisteemiteenused ehk dkosiisteemi hiived on looduse funktsioonid ja saa-
dused, mida inimkond tarbib igapievaselt. Okosiisteemi hiived jaotatakse varus-
tavateks (nt. puit, toit ja loomasoot), reguleerivateks (nt. tolmeldamine, looduslik
kahjuritdrje) ja kultuurilisteks hiivedeks (nt. loodusturism). Okosiisteemi hiivede
seisund ja kittesaadavus on aga viimase sajandi jooksul méirgatavalt kahanenud
ning juba aastal 2005 ilmunud Milleniumi 6kosiisteemiteenuste raportis leiti, et
ille poole kogu maa okosiisteemide poolt toodetud Skosiisteemi hiivedest on
iiletarbitud ning halvas seisundis. Suur osa okosiisteemi hiivedest soltub otseselt
kohalikust elurikkusest ning mida mitmekesisem on elustik, seda kdrgem on ka
Okostisteemi multifunktsionaalsus ehk 0kosiisteemi voimekus pakkuda mitmeid
erinevaid Okosiisteemi hiivesid samaaegselt ja sarnasel tasemel. Keskkonna-
tingimuste muutumisel voi tugeva hdiringu olukorras voivad osad liigid lokaalselt
hévida mille korral kaotame koos liikidega, ka vastavad funktsioonid, mida nad
taitsid. Mitmekesise elustiku puhul on aga iilejddnud elustik suurema tde-
ndosusega voimeline vilja surnud liigiriihma funktsioonid iile vGtma ning sellega
tagatakse ka okosiisteemi hiivede stabiilne kittesaadavus.

Pool-looduslikud rohumaad on Euroopa iihed liigirikkamad okosiisteemid,
mis on kujunenud sajandite vOi lausa aastatuhandete viltel looduse ja inim-
tegevuse koosmojul. Madala intensiivsusega karjakasvatus ja rohumaade niitmine
on aidanud kaasa mitmekesiste keskkonnatingimuste loomisele. Traditsiooniline
majandamine tagas elupaigalaikude sidususe ja metapopulatsioonide vorgustiku
sdilimise, kus nt. soontaimede leviste olulisteks levitajateks olid kariloomad
vastavalt 14bi endozoohooria vdi ektozoohooria. Kariloomi liigutati iihelt karja-
maalt teisele, mille kdigus loomade karvkattesse voi seedekulglasse joudnud
taimelevised joudsid uude elupaika.

Pollumajanduse intensiivistumisega 20. sajandi alguses on aga kogu Euroopa
pool-looduslike rohumaade ehk pérandniitude pindala ja seisund drastiliselt
vihenenud, niidukooslused on kiillaltki fragmenteeritud ning enamasti pole
voimalised pikaajaliselt toetama elustiku mitmekesisust. Rohumaade kadumise
peamisteks pdhjusteks on iihest kiiljest rohumaade intensiivistamine (véetamine,
pestitsiidide kasutamine ja intensiivne niitmine/karjatamine) ja lileskiindmine
poOllumaadeks kui teisalt vdhemproduktiivsete rohumaade maha jatmine, kinni-
kasvamine v0i metsastamine. Muutused keskkonnatingimustes ning liigirikkuses
ja liikide koosseisus toovad kaasa muutusi dkosiisteemide funktsioonides ja 6ko-
stisteemi hiivede pakkumises. Oluline on mitmekesise maastikupildi ja liigilise
mitmekesisuse sdilitamine erinevatel troofilistel tasemetel. Néiteks pollumajandus-
maastike puhul, kus pdllumajandustoodang soltub suuresti erinevate hiivede
kittesaadavusest on oluline pool-looduslike niitude ja ribaeclementide olemasolu ja
sidususe tdstmine.
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Minu doktorit6d eesmérgiks oli hinnata kuidas muutused maakasutuses nagu
poollooduslike rohumaade ehk pérandniitude kinnikasvamine ja metsastamine (I)
ja rohumaade intensiivistamine (IV) mdjutab rohumaade liigirikkust, 6kostisteemi
hiivesid ja kogu Okosiisteemi multifunktsionaalsust. Lisaks rohumaasid nega-
tiivselt mojutavatele teguritele hindasin ka pérandniitude taastamise tulemusi
Eesti loopealsete niitel ning analiilisisin kas loopealsete liigirikkus ja oko-
stisteemi hiivede pakkumine touseb taastamisjirgselt (II, IIT). T66s kasutasin
voimalikult paljusid organismiriihmasid ja 0kosiisteemi hiivesid, et hinnata ka
liigirikkuse seost 6kosiisteemi multifunktsionaalsusega.

Minu doktoritdo tulemustest selgus, et traditsiooniliselt majandatud pérand-
niite voib kirjeldada elurikkuse tulipunktidena, mis suudavad toetada mitmete
Okosiisteemi hiivede samaaegset pakkumist ehk tegemist on multifunktsio-
naalsete Okoslisteemidega (I-1V). Pérandniitude majandamisest vélja jitmine,
metsastamine vO0i intensiivistamine aga toob kaasa elustiku mitmekesisuse
vihenemise ning mojub negatiivselt 6kosiisteemi hiivede pakkumisele (I, IV).
Intensiivistamine kui ka metsastamine toovad kaasa 1divsuhteid okosiisteemi
hiivede vahel, kus tihe hiive potentsiaali maksimeerimise korral toimub see teiste
hiivede pakkumise arvelt (I, IV). Peamiselt toimub just varustavate hiivede toot-
mise intensiivistamine reguleerivate ja kultuuriliste hiivede arvelt. Rohumaade
intensiivistamine voimaldab varustava hiive, loomasdddaks toodetava biomassi,
suuremat toodangut aga néiteks viheneb tolmeldamise hiive potentsiaal voi mulla
stisinikuvaru (IV). Rohumaade metsastamine toob kaasa puidu tootmise (varustav
hiive) voimaluse, kuid kaovad mitmed avatud rohumaadega seotud vaartused (III).
Rohumaade metsastamist kasutatakse ka suurema koguse siisiniku sidumise
eesmargil kliima muutuste leevendamiks. Kéesolev t00 aga leidis, et mitmekesise
elustikuga parandniidud on samuti stabiilsed siisiniku sidujad (I-IV) ning néiteks
avatud loopealsete voimekus siisinikku mulda siduda ei erinenud metsastatud
loopealsete voimekusest (I).

Vaatamata negatiivsetele aspektidele on intensiivselt majandatud kui ka pool-
looduslikel rohumaadel oluline osa mitmekesises maastikupildis, rddkimata
metsade olulisest rollist (I, IV). Erinevad 6kosiisteemid tdiendavaid teineteist,
ning oluline on siilitada mitmekesiseid maastikke ning vajalik on leida tasakaal,
mis pehmendaks elurikkuse ja tootmise vahelisi kompromisse. Naiteks kari-
loomade asustustiheduse hoidmine alla maksimaalse kandevdime voib tdsta
liigirikkust ning samaaegselt parandada elupaikade sdilimist, tolmeldajate mitme-
kesisust, vee kvaliteeti, siisiniku talletamist ja kultuurilisi hiivesid koos pollu-
majandussaaduste tootmisega (I'V). Lisaks tuleks véltida vaartuslike ajalooliste
rohumaade metsastamist looduspohise kliimalahendusena. Sellises kontekstis on
leevenduskasu pigem piiratud, samas kui elurikkuse ja teiste teenuste kulud on
suured (I). Maakasutus otsuste tegemisel oleks optimaalsem tugineda maakasutus
ajaloole ning taasmetsastada metsamaid vOi taastada metsastamisega tugevalt
hiiritud kooslusi nagu néiteks ammendatud kaevandusalad. Poollooduslike parand-
niitude jérjepidev hooldamine ja taastamine (II, III) ning maastiku sidususe
parandamine aitab kaasa pdllumajandusmaastike okosiisteemi hiivedega varus-
tatusele ja jatkusuutlikuma pollumajandusmaastiku toimimisele.
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Seetottu, piihendasin ka ithe osa oma doktoritdost rohumaade taastamistodde
efektiivsuse hindamisele toetudes Léadne-Eesti loopealsete parandniitude taasta-
mise projekti LIFE to Alvars tulemustele (11, III). Tulemustest selgus, et maha-
jéetud voi metsastatud loopealsetel on endiselt mérkimisvairne taastumisvdime,
kuid 6kosiisteemi toimimise sdilitamiseks ja puittaimede pealetungi véltimiseks
on hiddavajalik moddukas ja jarjepidev majandamine (II). Taastumisedukus
sOltub degradeerumise ajaloost, kohalikest abiootilistest tingimustest ja liikide
isedrasustest. ToOst selgus, et keskmine liigirikkus tdusis pérast taastamist, kuid
erinevad organismirithmad taastuvad erineva kiirusega ning taastumisedukust
voivad mojutada ka teised valised tingimused nagu pikk pSuaperiood. Arvestades
kiesolevas t60s hinnatud lithikest taastumisakent (0,5—5 aastat parast taastamist),
ei ole meil voimalik néiteks aeglaselt taastuvate taksonite taastumisedukust ning
mulla ja siisinikuringe pikaajalisi muutusi tdielikult hinnata, mis rohutab pika-
ajalise seire tdhtsust (II). Killustatud ja/voi degradeerunud maastikes on vaja
teaduspdohist taastamist, mis parandab ithenduvust, et hoida metapopulatsioone ja
tagada silisteemi jatkusuutlik toimimine.

Lisaks tildisele liigirikkuse kasvule, mojus taastamine positiivselt ka mitmete
Okosiisteemi hiivede pakkumisele. Pérast taastamist tousis eelnevalt kinni-
kasvanud ja metsastatud loopealsete voimekus pakkuda elupaika mitmekesisele
elustikule, tolmeldamist, loodussaadusi, loomasodta ja suurenes ka alade rekrea-
tiivne vairtus. Taastamisjargselt ei muutunud dkosiisteemi siisiniku mulda salves-
tamise vOimekus, mis sdilis sarnasel tasemel koigi uurimisalade vahel. Pirast
taastamist langes ainult kahe hiive pakkumine: puidu toodang ning looduslik
kahjuritdrje (III). Loodusliku kahjuritorje hiive vdhenemine aga tdendoliselt
polnud taastamisest tingitud, vaid languse pohjuseks oli vahetult seirele eelnenud
aastal aset leidnud tugev ja pikaajaline pdud. Sarnane langus looduslike kahjuri-
vaenlaste populatsioonides toimus ka uuringu kontroll ja taastamata vordlus-
aladel, kus taastamistoode moju puudus. Lisaks vdhenes sel aastal ka s6odaks
kattesaadav taimne biomass (I1, IIT), kuna pdud mojutas tugevalt taimede kasvu.
Poud vihendab taimkatet ja mullaniiskust, mis on maapinnal elavate liilijalgsete
koosluste jaoks kriitilise tihtsusega tingimused.

Doktorit66 tulemused néditavad, et parandniitudel on korge véartus, pakkudes
elupaika mitmekesisele elustikule ning toetades paljude oluliste 6kosiisteemi
hiivede pakkumist (I-1V). Muutused maakasutuses on aga toonud kaasa péarand-
niitude pindala kahanemise ja nende seisundi languse. Samas, kidesolev doktori-
t00 nditab, et uuritud parandniitudel (La4ne-Eesti loopealsed) on endiselt kdrge
taastumispotentsiaal (II, III) ning sarnastes tingimustes olevatel rohumaadel
voOiks olla sdilinud sarnane taastumispotentiaal. Intensiivsete maakasutuse muu-
tuste ja kliimakriisi tingimustes tuleb séilitada ja majandada maastikke viisil, mis
arvestab kohalikke tingimusi, elurikkust ning vdimaluse korral maksimeerib
Okosiisteemide multifunktsionaalsust.
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on restored alvars in western Estonia”

Petron, A. (in supervision). “Impact of prolonged drought on grassland bio-
diversity”
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Scholarships and awards:

2022 SERE 2022, 13" European Conference on Ecological Restoration — Best
poster presentation award

2018 Kiristjan Jaak scholarship for short study visits abroad

2018  Dora Plus short-term mobility scholarship

2017  Smart Specialisation Scholarship for doctoral students

Oral/poster presentations at international conferences:

Prangel, E., Reitalu, T., Kasari-Toussaint, L., Helm, A. (2025). Grassland resto-
ration increases multitrophic species richness and boosts ecosystem multi-
functionality. IALE 2025 European Landscape Ecology Congress. Landscape
Perspectives in a Rapidly Changing World. Oral Presentation.

Prangel, E., Reitalu, T., Kasari-Toussaint, L., Helm, A. (2024). Recovery of
grassland functioning and biodiversity after large-scale restorations. The 66th
IAVS Annual Symposium. “From local to global: vegetation patterns across
spatial scales in a changing World”. Oral Presentation.

Prangel, E., Reitalu, T., Neuenkamp, L., Kasari-Toussaint, L., Karise, R.,
Tiitsaar, A., Soon, V., Kupper, T., Meriste, M., Ingerpuu, N., Helm, A. (2024).
Impact of grassland abandonment, degradation, and restoration on ecosystem
services and multifunctionality. 14th European Conference on Ecological
Restoration. “Bridging Science, Practice, and Policy of Nature Restoration”.
Society for Ecological Restoration Europe. Oral presentation.

Prangel, E., Kasari-Toussaint, L., Helm, A. (2022). Giving LIFE to grasslands —
restoring biodiversity and ecosystem services. 13th European Conference on
Ecological Restoration. “Restoring Nature, Reconnecting People”. Society for
Ecological Restoration Europe. Poster presentation.

Prangel, E., Bueno, C. G., Helm, A. (2021). Using species pool approach for
country-wide mapping of plant-related ecosystem services. 3™ ESP Europe
Conference. “Ecosystem Services Science, Policy and Practice in the face of
Global Changes”. Poster presentation.

Prangel, E. Neuenkamp, L., Helm, A. (2021). Effects of degradation and resto-
ration on biodiversity and ecosystem services of semi-natural grasslands. 3™
ESP Europe Conference. “Ecosystem Services Science, Policy and Practice in
the face of Global Changes”. Ecosystem Services Partnership. Oral presen-
tation.

Prangel, E. (2019). Restoring grasslands for increasing biodiversity and creating
ecosystem service hotspots. ESP 10 World Conference. “10 years advancing
ecosystem services science, policy and practice for a sustainable future”.
Ecosystem Services Partnership. Oral presentation.

Prangel, E. (2018). Effects of grassland habitat loss on a selection of ecosystem
services. ECCB2018 conference — 5th European Congress of Conservation
Biology. Society for Conservation Biology. Poster presentation.
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Other scientific activities and professional self-improvement:

Reviewer for the following journals [n° revisions]: Agriculture, Ecosystems &
Environment [1]; Restoration Ecology [3]; Urban Ecosystems [1]; Geocarto
International [2]; Biological Conservation [2]; Perspectives in Plant Ecology;
Evolution and Systematics [1]; Ecosystem Services [1]; Nature Communications
[1]; Journal of Environmental Management [1]; npj Biodiversity [1]; Plants,
People, Planet [1]; Applied vegetation Science [2]; Ecological Engineering [2];
Basic and Applied Ecology [1]; GEOSUS [1].

2025
2024

2023
2023

2022

Model-based Multivariate Analysis Summer School

Conference “SERE 14th European Conference on Ecological Resto-
ration: Bridging Science, Practice, and Policy of Nature Restoration”
conference organising team member

QGIS with Fundamentals of GIS training course

Training School MODULE II — Flower Biology and Pollination Ecology:
from concept to practice promoted by the COST Action ConservePlants —
An integrated approach to conservation of threatened plants for the 21st
Century

Neobiota conference “12th International Conference on Biological Inva-
sions: Biological Invasions in a Changing World” conference organising
team member

2021-2025 Restoring and promoting a long-term sustainable management of

2021

2021
2019

2018

2018

2018

Fennoscandian wooded meadows in Estonia and Latvia (WOODMEA-
DOWLIFE), project coordinator/University of Tartu representative.
Experience of European countries in financial evaluation of terrestrial
ecosystem services — project coordinator. Report: Prangel, E.; Reinula, I.;
Helm, A (2022). Euroopa riikide kogemus maismaadkosiisteemide tee-
nuste rahalisel hindamisel. (1-21). Tartu Ulikool,

Training course “Introduction to ecological modelling”

Training course “Patterns in Vegetation Zonation: Evolution, Ecology
and Human Impact”

Doctoral School of Earth Sciences and Ecology complex expedition to
Reunion Island

Alternet Summer School — Biodiversity, ecosystem services: science and
its impact on policy and society

German-Estonian Summer School on Pollination Ecology
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ELULOOKIRJELDUS

Nimi: Elisabeth Prangel
Siinnikuupiev: 20.03.1992
Kodakondsus: Eesti

Telefon: +372 5665 0730

E-post: elisabeth.prangel@ut.ee

ORCID: 0000-0003-0776-5017

Haridus:

2020—... Doktoridpe, Botaanika ja 6koloogia, Tartu Ulikool, Eesti.

2017-2020 Magistrikraad (cum laude) Bioloogia, Tartu Ulikool, Eesti
2012-2017 Bakalaureusekraad Bioloogia, Tartu Ulikool, Eesti

Tookogemus:

2021- Okosiisteemiteenuste spetialist, Tartu Ulikool.

2017-2018 Spetsialist, Tartu Ulikool

2016 Praktika, Keskkonnaamet

2014-2015 Seentekogu andmebaasi ja eksemplaride korrastaja, Eesti Maa-

ulikool

Peamised uurimisteemad:

elurikkus, taastamisdkoloogia, 6kosiisteemiteenused, 6kosiisteemi multifunktsio-
naalsus, niidud, maakasutuse muutused

Publikatsioonid:

Gorris, P, Bodin, O., Giralt, D., Hass, A. L., Reitalu, T., Cabodevilla, X., Han-
nappel, 1., Helm, A., Prangel, E., & Westphal, C. (2024). Socio-ecological
perspective on European semi-natural grassland conservation and restoration:
key challenges and future pathways. In Biological Conservation (Vol. 304,
Issue March). https://doi.org/10.1016/j.biocon.2025.111038

Lindborg, R., Hartel, T., Helm, A., Prangel, E., Reitalu, T., & Ripoll-Bosch, R.
(2023). Ecosystem services provided by semi-natural and intensified
grasslands. Applied Vegetation Science, 26(2).

Lisner, A., Partel, M., Helm, A., Prangel, E., & Leps, J. (2021). Traits as determi-
nants of species abundance in a grassland community. Journal of Vegetation
Science, 32(3). https://doi.org/10.1111/jvs.13041

Motivans Svara, E., Stefan, V., Sossai, E., Feldmann, R., Aguilon, D. J., Bontsuts-
naja, A., E-Vojtko, A., Kilian, I. C., Lang, P., Motlep, M., Prangel, E., Viljur,
M. L., Knight, T. M., & Neuenkamp, L. (2021). Effects of different types of
low-intensity management on plant-pollinator interactions in Estonian
grasslands. Ecology and Evolution, 11(23), 16909—16926.
https://doi.org/10.1002/ece3.8325
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Prangel, E., Kasari-Toussaint, L., Neuenkamp, L., Noreika, N., Karise, R.,
Marja, R., Ingerpuu, N., Kupper, T., Keerberg, L., Oja, E., Meriste, M., Tiit-
saar, A., Ivask, M., & Helm, A. (2023). Afforestation and abandonment of
semi-natural grasslands lead to biodiversity loss and a decline in ecosystem
services and functions. Journal of Applied Ecology, 60(5), 825-836.
https://doi.org/10.1111/1365-2664.14375

Prangel, E., Reitalu, T., Neuenkamp, L., Kasari-Toussaint, L., Karise, R., Tiit-
saar, A., Soon, V., Kupper, T., Meriste, M., Ingerpuu, N., & Helm, A. (2024).
Restoration of semi-natural grasslands boosts biodiversity and re-creates
hotspots for ecosystem services. Agriculture, Ecosystems and Environment,
374(July), 109139. https://doi.org/10.1016/j.agee.2024.109139

Prangel, E., Reitalu, T., Kasari-Toussaint, L., Marja, R., Jiiriado, 1., Kupper, T.,
Ingerpuu, N., Oja, E., Tiitsaar, A., Karise, R., Soon, V., Takkis, K., Keer-
berg, L., Meriste, M., & Helm, A. (2025). Grassland restoration drives strong
multitrophic biodiversity recovery, but climate extremes jeopardize drought-
sensitive species. Global Change Biology. https://doi.org/10.1111/gcb.70496

Wipulasena, A. Y. A. P, Davison, J., Helm, A., Kasari, L., Moora, M., Prangel, E.,
Reitalu, T., Vahter, T., Vasar, M., & Zobel, M. (2023). Soil community com-
position in dynamic stages of semi-natural calcareous grassland. PLoS ONE,
18(10 October), 1-15. https://doi.org/10.1371/journal.pone.0292425

Oppetoo ja juhendamised:

Oppeained:

2024 Globaalmuutused, looduskeskkond ja inimene (4 EAP), Tartu Ulikool
2024 Juhendaja seminar (3 EAP), Tartu Ulikool

2021 Taimetundmise praktikum (3 EAP), Tartu Ulikool

20192021 Floristika vilipraktikum (4 EAP), Tartu Ulikool

2018 Koosluste vilipraktikum (3 EAP), Tartu Ulikool

Bakalaureusetéode juhendamised:

Trepp, V. (2019). “Elurikkuse otsesed ja kaudsed mojud inimese fiiiisilisele ja
vaimsele tervisele”

Tamme, T. (2023). “Tolmeldamise hiive vdirtus ning selle rahalise hindamise
meetodid”

Leppik, R. (2025). “Rohumaade metsastamise ajalugu, tulevik ja dkoloogilised
mojud”

Magistritoéde juhendamised:

Pall, L. (2021). “Soontaimede funktsionaalse ja liigilise mitmekesisuse taastu-
mine Ladne-Eesti loopealsetel”

Petron, A. (juhendamisel). “Péua mdju niidukoosluste elustikule”
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Stipendiumid ja teaduspreemiad:

2022 SERE 2022, 13™ European Conference on Ecological Restoration —
parim posterettekanne

2018 Kristjan Jaagu vélisldhetuste stipendium

2018 Dora Pluss lithiajalise dpirdnde stipendium

2017 Nutika spetsialiseerumise erialastipendium doktorantidele

Ettekanded rahvusvahelistel konverentsidel:

Prangel, E., Reitalu, T., Kasari-Toussaint, L., Helm, A. (2024). Recovery of
grassland functioning and biodiversity after large-scale restorations. The 66th
IAVS Annual Symposium. “From local to global: vegetation patterns across
spatial scales in a changing World”. Suuline ettekanne.

Prangel, E., Reitalu, T., Neuenkamp, L., Kasari-Toussaint, L., Karise, R.,
Tiitsaar, A., Soon, V., Kupper, T., Meriste, M., Ingerpuu, N., Helm, A. (2024).
Impact of grassland abandonment, degradation, and restoration on ecosystem
services and multifunctionality. 14th European Conference on Ecological
Restoration. “Bridging Science, Practice, and Policy of Nature Restoration”.
Society for Ecological Restoration Europe. Suuline ettekanne.

Prangel, E., Kasari-Toussaint, L., Helm, A. (2022). Giving LIFE to grasslands —
restoring biodiversity and ecosystem services. 13th European Conference on
Ecological Restoration. “Restoring Nature, Reconnecting People”. Society for
Ecological Restoration Europe. Posterettekanne.

Prangel, E., Bueno, C. G., Helm, A. (2021). Using species pool approach for
country-wide mapping of plant-related ecosystem services. 3™ ESP Europe
Conference. “Ecosystem Services Science, Policy and Practice in the face of
Global Changes”. Posterettekanne.

Prangel, E. Neuenkamp, L., Helm, A. (2021). Effects of degradation and resto-
ration on biodiversity and ecosystem services of semi-natural grasslands. 3™
ESP Europe Conference. “Ecosystem Services Science, Policy and Practice in the
face of Global Changes”. Ecosystem Services Partnership. Suuline ettekanne.

Prangel, E. (2019). Restoring grasslands for increasing biodiversity and creating
ecosystem service hotspots. ESP 10 World Conference. “10 years advancing
ecosystem services science, policy and practice for a sustainable future”. Eco-
system Services Partnership. Suuline ettekanne.

Prangel, E. (2018). Effects of grassland habitat loss on a selection of ecosystem
services. ECCB2018 conference — 5th European Congress of Conservation
Biology. Society for Conservation Biology. Posterettekanne.
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Muud teadustegevused ja erialane enesetiiendus:

Retsensent

ajakirjadele [retsenseerimiste arv]: Agriculture, Ecosystems &

Environment [1]; Restoration Ecology [3]; Urban Ecosystems [1]; Geocarto
International [2]; Biological Conservation [2]; Perspectives in Plant Ecology;
Evolution and Systematics [1]; Ecosystem Services [1]; Nature Communications
[1]; Journal of Environmental Management [1]; npj Biodiversity [1]; Plants,
People, Planet [1]; Applied vegetation Science [2]; Ecological Engineering [2];
Basic and Applied Ecology [1]; GEOSUS [1].

2025
2024

2023
2023

2022

2021

2021

2021-2025

2019

2018

2018

2018

Koolituse Model-based Multivariate Analysis labimine
Konverentsi “SERE 14th European Conference on Ecological
Restoration: Bridging Science, Practice, and Policy of Nature Resto-
ration” korraldusmeeskonnas

“Vabavara QGIS geoinformaatika alustega” koolituse ldbimine
Tolmeldamisokoloogia koolituse l1dbimine “Training School MO-
DULE II — Flower Biology and Pollination Ecology: from concept
to practice”

Konverentsi Neobiota korraldusmeeskonnas (12th International
Conference on Biological Invasions: Biological Invasions in a
Changing World)

Eesti Maaiilikooli ASTRA doktoriprogrammi véairtusahelapdhine
biomajandus kursusel “Sissejuhatus 6koloogilisse modelleerimisse”
osalemine

Projekti “Euroopa riikide kogemus maismaadkosiisteemide teenuste
rahalisel hindamisel” eestvedaja ja tditja. Aruanne: Prangel, E.;
Reinula, I.; Helm, A (2022). Euroopa riikide kogemus maismaadko-
siisteemide teenuste rahalisel hindamisel. (1-21). Tartu Ulikool,
Okoloogia ja Maateaduste Instituut. (Tartu).

Eesti ja Lati puisniitude elurikkuse taastamine ja looduspérandi
sdilitamine (WOODMEADOWLIFE), Tartu Ulikooli poolt esindaja
ja projekti koordineerija.

Kursus “Taimkatte korgusvoondilisuse seaduspérad: evolutsioon,
okoloogia ja inimmaju”

Maateaduste ja Okoloogia doktorikooli kompleksekspeditsioon
Reunioni saarele

Okosiisteemiteenuste ja elurikkuse alalise koolitus libimine — “Alter-
net Summer School-Biodiversity, ecosystem services: science and
its impact on policy and society”

Saksamaa ja Eesti koostdds korraldatud tolmeldamisdkoloogia
koolituse 1dbimine
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14.
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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. Epifiilitsete makrosamblike vdirtus 6hu saastuse indi-

kaatoritena Hamar-Dobani boreaalsetes migimetsades. 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 Kaird. 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 Jirvekiilg. 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.
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21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

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
transcription 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 OIli. 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 Lougas. 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.

Tatjana QOja. 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 calcareous grassland plant species.
Tartu, 1998, 78 p.

Olavi Kurina. Fungus gnats in Estonia (Diptera: Bolitophilidae, Keropla-
tidae, 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.

Sulev Ingerpuu. Characterization of some human myeloid cell surface and
nuclear differentiation antigens. Tartu, 1998, 163 p.
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53.
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56.

57.
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59.

60.

61.

62.

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

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

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

Heli Talvik. Prepatent periods and species composition of different Oeso-
phagostomum 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 Kdoks. Cholecystokinin (CCK) — induced anxiety in rats: influence of
environmental stimuli and involvement of endopioid mechanisms and
serotonin. Tartu, 1999, 123 p.

Ebe Sild. Impact of increasing concentrations of Oz 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-pro-
teins: 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 trans-
lational 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.

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.
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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 Hoérak. Regulation of transposition of transposon Tn4652 in Pseudo-
monas 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.

Krodt 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 oligonucleo-
tide 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 Ménnik. 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

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