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1. BACKGROUND AND OBJECTIVES

1.1. Introduction

Biodiversity and the services it provides are the basis of human well-being (Isbell
et al., 2017), so its rapid loss can cause serious concern. Research suggests that
both accelerating climate change and direct human impacts (e.g. habitat reduction,
degradation, fragmentation, and over-exploitation of populations) are
contributing significantly to this decline (Jaureguiberry et al., 2022; Malhi et al.,
2020; Maxwell et al., 2016; Sala et al., 2000). These processes simultaneously
drive changes at multiple levels of organisation, including significantly affecting
community productivity and the species’ relationships, phenology and
distribution patterns (Parmesan & Yohe, 2003; Scheffers et al., 2016). This, in
turn, may lead to significant species turnover and extinctions in many regions
(Thuiller et al., 2005).

Conservation programmes seek to mitigate impacts in many places, but finite
resources and time require prioritisation. Since a thorough understanding of the
system to be protected is essential for developing an effective conservation
strategy, research on the functioning, environmental responses, and threats of
individual species and ecosystems is paramount (Standovar & Primack, 2001).
Such case-specific research can be of great help in the conservation of a given
species/ecosystem, but the alarmingly accelerating rate of biodiversity loss makes
it increasingly urgent to synthesise our existing knowledge and use it to predict
the sensitivity and optimal conservation strategy for species/ecosystems for which
no specific research is yet available. Trait-based approaches, thinking beyond the
traditional species concept, can help in this.

In trait-based research, species are replaced by their relevant functional traits that
can be measured objectively at the level of individuals. This approach allows for

the direct incorporation of biologically relevant information into different models
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and helps to generalise results by reducing their taxon- and ecosystem-
dependence (Endrédi et al., 2018; McGill et al., 2006).

From an ecological point of view, the most important traits are functional traits
related to the functioning of ecosystems: morphological, physiological,
phenological and life-history traits that can directly or indirectly influence the
fitness of individuals. These are traits related to growth, reproduction and survival
(Violle et al., 2007), and either so-called response traits, which measure an
organism's response to environmental changes, or effect traits, which determine
the impact of an organism on ecosystem functioning (Lavorel & Garnier, 2002).
Some traits (such as body size) can function as both, responding to the
environment while influencing the function of individuals in the community
(Gallé¢ & Batary, 2019).

Traits are now widely used in plant ecology and animal ecology. To prioritise
conservation actions, researchers are developing models to predict the likely
responses of species and communities to future environmental changes (Thuiller
et al., 2008). However, such models require a large amount of high-quality trait
data, which has necessitated the collection of species traits and led to the
development of large trait databases. Although these databases have recently
achieved unprecedented coverage (Kattge et al., 2020), there are still critical
knowledge gaps. The characterisation of some traits (e.g., seed-related traits for
plants (Jiménez-Alfaro et al., 2016; Saatkamp et al., 2019)) or taxa (e.g.,
invertebrates (Gallé & Batary, 2019; Moretti et al., 2017) or rare species (Kattge
et al., 2020)) is severely lacking, so for the time being the use of traits is limited.

1.2. Objectives

In my PhD thesis, | investigated how biological traits can help to set conservation
priorities at the population, species and ecosystem levels. | investigated the
question at different levels of organisation (population, species and ecosystem)

and in different (terrestrial and marine) ecosystems. Numerous approaches (field
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data analysis, experiments and theoretical model analysis) were used, too. This
variability in conservation targets and methods aimed to gain a broader picture of
the conservation uses of traits. As the thesis comprises three widely divergent
studies, | have organised the research into separate chapters by topic (progressing
from population-level research to ecosystem-level research) and followed the
usual structure only within each chapter. At the end of the thesis, | summarised

the conclusions in a common discussion.

In the first study, we investigated the variation of vegetative and reproductive
traits as a function of altitude in the local populations of a terrestrial orchid, red
helleborine (Cephalanthera rubra (L.) Rich.). Since temperature and precipitation
change with increasing altitude, this study may help understand how the studied

species respond to climate change.

In the second study, | investigated the reproductive traits of endangered native
fabaceous species in germination experiments. The primary aim of the research
was to collect seed biology data on rare Hungarian species that are still
endangered in Hungary despite long-standing legal protection to understand the

reasons for their endangerment.

In the third study, leaving the conservation of terrestrial plant species aside, | used
food web models of marine ecosystems to investigate how species' roles in food
webs can be estimated and how functional traits can help us understand which

groups occupy key positions in each ecosystem.



2. BIOLOGICAL TRAITS OF RED HELLEBORINE
AS AFUNCTION OF ALTITUDE

2.1. Introduction

Over the last decades, several studies have confirmed that global warming is
causing plant species to continuously migrate to higher latitudes and altitudes in
search of new suitable habitats (Chen et al., 2011; Engler et al., 2011; Lenoir et
al., 2008), making boreal and alpine species highly vulnerable (Thuiller et al.,
2005). However, the future of plants that now live at lower latitudes/elevations is
not always assured either: some species are unable to keep pace with change due
to their slow dispersal (Urban, 2015) or because optimal dispersal pathways have
been disrupted in landscapes fragmented by human activities (Krosby et al.,
2010).

The movement of plant species can be further constrained by their interspecific
relationships: faster-spreading competitors can significantly inhibit dispersal
(Urban et al., 2012), but pollinators and mycorrhizal partners that respond
differently to climate or habitat change can also affect species' adaptive success,
especially for specialist species. (Bennett & Classen, 2020; Burkle et al., 2013;
Rillig et al., 2002; Settele et al., 2016).

Terrestrial orchids are one of the most threatened plant groups, primarily due to
habitat loss (Fay, 2018; Seaton et al.,2010), but they are also affected by climate
change: the range of these species has also shifted towards the poles and higher
regions (Barman & Devadas, 2013). Their vulnerability is significantly amplified
by their complex life history strategies and unique relationships with pollinators
and myecorrhizal fungal partners (Fay, 2018). Maintaining adequate fertilisation
rates, which are highly dependent on pollinators, is the most critical for their
survival (Tremblay et al., 2005). They may, therefore, be particularly vulnerable

to the potential 'decoupling’ from pollinators due to climate change, i.e. the
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phenomenon where the flowering period of plants and the emergence period of
pollinators no longer co-occur due to different phenological responses to the
changing climate. In addition, of course, changing climate can also directly affect
the success of flowering and fruit maturation, pollinating insects (Hegland et al.,
2009; Settele et al., 2016) or even mycorrhizal partners and their relationships
(Bennett & Classen, 2020; Rillig et al., 2002).

2.2. Objectives

The research presented here aimed to get closer to understanding how native
terrestrial orchids may respond to climatic changes. To investigate this, we
compared growth-related (vegetative) and reproductive traits in four populations
of red helleborine (Cephalanthera rubra (L.) Rich.) along an altitudinal gradient.
The study questions were:

e How do the individuals’ vegetative traits (height, number of leaves and

leaf size) vary with altitude?

e How do their reproductive traits (number of flowers and fruits and the

fertilisation rate) vary with altitude?

e How do the above-mentioned traits relate to each other (which react

similarly or differently to the changing conditions)?

2.3. Material and methods

We studied four Hungarian populations at different altitudes: one on the Alfold
(Jaszfényszaru (103m)) and three in the Biikk Mountain: Kis-Oltar (361m), Bikk-
bérce (533m) and Pongor-lyuk-tet6 (657m).

The populations live on brown forest soils created on calcareous bedrock. The
average annual temperature at Jaszfényszaru is 3-4°C higher (~11°C) than in the
Biikk populations' habitat (7-8°C). The amount and distribution of precipitation
show a high inter-annual variability. In the year of our study, two periods of higher
precipitation were observed in late winter and early summer in the Jaszfényszaru
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habitat. In comparison, there was also a third wet period in September in the Biikk

area (MetNet, 2019).

The population of Jaszfényszaru is located in a Euro-Siberian forest-steppe oak
forest, where high densities of herbaceous and shrubby plants are typical. Canopy
closure ranges between 75 and 90%. In contrast, the vegetation in the habitat of
the Biikk populations is rocky beech forest, where canopy closure is above 90%
and herbaceous and shrub cover is sparse, except the population in Kis-Oltar,
where tree felling has temporarily improved light conditions in one-fifth of the
habitat.

In 2018, two surveys were carried out in all populations. First, during the
flowering period, May-June, we counted and marked all individuals (J: 100, KO:
22, BB: 85, PP: 27), then measured their height, leaf length and width and counted
the number of leaves and flowers. The second time, in July-August, the number

of fruits was counted.

Due to the different distribution of the measured variables, different analyses were
performed to compare the populations: 1) log-transformed height and leaf size
data were compared using one-way ANOVA,; 2) negative binomial regression was
used to compare the number of flowers and fruits, while 3) number of leaves was
analysed using quasi-Poisson regression. Population pairs were then compared

using Tukey's post-hoc tests.



2.4. Results and discussion

Although  there was no
consistent decrease in shoot
length with increasing altitude,
the plants in the Jaszfényszaru
habitat had significantly taller
stems and larger leaves than the
individuals in the Biikk
Mountains. The proportion of
flowering individuals
decreased steadily upwards
(Figure 1). The decreasing

temperature with altitude may

partly explain these. However,
these traits may also have been

influenced by the decrease in

N: 100 2 85 27
v 100% 100% 90% 82%
T/V: 8% 95,5% 76,5% 27,3%

- l

¥V

Pongor-lyuk-tet&
(PP, 657m)

Bikk-bérc

Kis-Oltar (BB, 533m)

Jaszfényszaru (KO, 361m)
(1, 103m)

Figure 1. Traits of red helleborine along different altitudes.
N= number of individuals in the populations, V= ratio of
flowering individuals, T/V= Ratio of flowering individuals
that also produced fruits. Schematic plants show the
average heights and the number of leaves, flowers, and
fruits in the populations.

light levels here, as the canopy in the mountain populations is more closed.

Although there is a correlation between vegetative production and the probability

of flowering, height and leaf area of rhizomatous or tuberous orchids may have a

greater influence on the following year's flowering than in the current year (Bodis

& Molnar, 2011; Janeckova & Kindlmann, 2002). These results suggest that

temperature and light in the two lowest populations were previously sufficient for

all plants to flower. In contrast, the shadier habitat of the highest mountain

populations probably did not provide sufficient energy for all plants to flower in

the year of our study.

In terms of flower numbers, although the three lower habitats showed a slight

decreasing pattern with altitude, the population at the highest altitude had more

flowers per individual than expected.



The proportion of fruiting individuals also steadily decreased with altitude in the
mountain habitat, but was much lower in the lowland habitat, with only 8% of
flowering individuals fruiting compared to the 27-95% fertilisation rate in the
mountain populations.

Non-nectar-producing, deceptive orchids are highly pollinator- and pollen-
limited, and their reproductive success is generally low (Tremblay et al., 2005).
Red helleborine is a food-deceptive orchid with flowers that mimic those of
Campanula spp. (Newman et al., 2007; Nilsson, 1983) , and although the species
is fully self-compatible, spontaneous self-pollination (autogamy) has not yet been
observed (Talalaj et al., 2017), so its reproductive success is strongly dependent
on the presence and density of pollinators and bellflowers (Taura & Gudzinskas,
2024, 2025). The pollinator species observed so far are known to be strongly
associated with bluebells, and the two Chelostoma bee species nest in standing
deadwood, the presence of which can also strongly influence pollinator
abundance (Claessens et al., 2015; Newman et al., 2007; Nilsson, 1983).

No bluebells have been found within a few kilometres of the habitat of our
lowland population. Based on this, the number of potential pollinators in the area
is probably very low. Although a more open canopy level results in higher
irradiance, i.e. more energy, it also results in higher competition of herbaceous
plants, which may reduce visibility, further reducing the likelihood of pollination.
In such a habitat, a good strategy may be to be taller and have more flowers to
attract attention among other herbaceous plants. Competition for a small number
of pollinators may explain why only conspicuous, tall individuals with more
flowers showed pollination success within the population (Kindlmann &
Jersakova, 2006; Suetsugu et al., 2015), although this success was still far below
that observed in upland populations. This low pollination rate may also lead to
more frequent vegetative reproduction in the longer term. The higher frequency
of vegetative reproduction may also be indicated by the fact that this population

consisted of far more (100) individuals than the average population size (1-20
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individuals) (Brzosko & Wroblewska, 2003) reported in the literature and our
other populations.

In contrast, two species of bluebells occurred in high abundance near the
mountain populations. Here, the stems of the helleborine specimens were shorter
than in the lowland populations, and the number of flowering and fruiting
specimens decreased with altitude. The reproductive success of the two lowest
mountain populations was extremely high: 95-76% of flowering plants could
produce at least one fruit, while on the Pongor-lyuk-tetd, at the highest altitude,
significantly fewer plants were fertilised. The vegetation and abundance of
bluebells were similar in the three habitats, and herbaceous competition was low.
Thus, the declining fertilisation rate may be due to decreasing pollinator
abundance with altitude. This hypothesis may be supported by the fact that we
already saw decreasing fertilization rates between the two lower populations.
Furthermore, despite having a leaf area similar to the other upland populations,
individuals of the highest population produced significantly more flowers than if
they had struggled to attract pollinators as in the Jaszfényszaru population.

The number of fruits per individual showed an inverse pattern than the number of
flowers: the lowest and the highest populations, which on average produced the
most flowers, had the lowest average number of fruits. Basically, in the case of
deceptive species, neither the proportion of pollinated plants nor the number of
fruits increases with flower number (Jersakova et al., 2006). For this reason, and
because the establishment of flowers is so costly that the following year's
vegetative shoots suffer from their establishment (Bodis & Molnar, 2011),
increasing flower numbers to increase reproductive success is not an effective
strategy in most cases. We also found that in the two populations with the highest
fruit production, the size of inflorescences was intermediate, and the number of
flowers was not related to either the probability of flowering or the proportion of
flowers that were fertilised. In contrast, individuals in the lowest and highest

altitude populations developed much larger inflorescences. This may have been
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at a greater cost to individuals in the high altitude population because of limitation
of the light. However, it also had a greater benefit because although the probability
of fertilisation did not increase with flower number, the number of flowers per
individual was significantly higher than in the lowland population. Nevertheless,
in both populations, the success in yielding was far below that of the other two

populations.

2.5. Conclusions and suggestions

Overall, our research has shown that the variability in vegetative and reproductive
traits along the altitudinal gradient can help us to understand not only the status
of populations but also the strategy and vulnerability of the species. The results
suggest that the generative reproduction of this species is mainly limited by its
close relationship with pollinators, which makes it not very well adapted to the
highest or the lowest habitats. The weather in the highest elevation area is likely
to be unfavourable to the pollinators themselves. In contrast, in the lowest
elevation area, the lack of bellflowers, which are the pollinators' preferred
partners, and the higher flower competition reduces pollination rates. Based on
this, the effect of climate change cannot be clearly predicted, and a study of the
responses of bluebell species and specific pollinators to climate change would be
required. In addition, it would be important to investigate whether other species
also pollinate red helleborines, and to monitor plant population dynamics over
several years to further refine the conclusions drawn by taking into account inter-

annual relationships.
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3. REPRODUCTIVE TRAITS OF ENDANGERED
PLANTS AND THEIR CONSERVATIONAL
IMPORTANCE

3.1. Introduction

Several studies have shown that rare species often perform important and
vulnerable ecosystem functions (Lyons et al., 2005; Mouillot et al., 2013), as they
often have unique combinations of functional traits in a given community (Jain et
al., 2014). They can play a crucial role in stabilising food webs (Saterberg et al.,
2019), and their presence can alsoenhance a community's resilience to invasions
(Lyons & Schwartz, 2001). In other words, their role in ecosystem functioning
and maintaining ecosystem services can be significant (Dee et al., 2019)
compared to their abundance. However, they are more vulnerable to climate
change, habitat loss, and disturbance, and their loss could contribute
disproportionately to the current extinction crisis (Enquist et al., 2019; Pimm et
al., 1988).

Effective in-situ (in-habitat) and ex-situ (out-of-habitat) conservation of rare plant
species requires not only a thorough knowledge of populations and habitats but
also a basic understanding of the life history characteristics associated with
germination and seedling establishment, which can significantly influence
population growth, stability and dispersal (Pence et al., 2022; Saatkamp et al.,
2019). This knowledge is also essential for the effective reintroduction of rare
species (Godefroid et al., 2011), and even more important for endangered annual

plants, where regeneration from seeds is a key process due to their short life cycle.

However, these are the traits we know the least about, especially for rare,
economically insignificant species. At the same time, a growing body of research
shows that their knowledge can significantly contribute to understanding and
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predicting species' responses to environmental change (Jiménez-Alfaro et al.,

2016; Saatkamp et al., 2019).

3.2. Objectives

The primary objective of the research presented here is to study three little-known,
endangered annual fabaceous plant species, the Siberian vetch (Vicia biennis L.),
the arrowleaf clover (Trifolium vesiculosum Savi.), and the Hungarian milkvetch
(Astragalus contortuplicatus L.) to collect seed traits that are key to the
establishment and persistence of populations. We also aimed to take advantage of
trait-based approaches to compare known and newly collected trait data with
known relationships in the literature and to use them to identify potential sources
of species vulnerability and to understand their current demography and

distribution. The main questions of the study were:

e What is the mass of seeds in local populations?

e What is the level of physical dormancy of the seeds of local populations?

e What is the germination capacity of the seeds of local populations?

e What is the potential lifespan of the seeds of the species? What type of
seed bank do they have?

3.3. Material and methods

In the first half of our research, we investigated the weight, viability and
dormancy of seeds collected from natural populations in germination
experiments. For this purpose, we had five in-situ collected seed lots for the
Siberian vetch, one for the arrowleaf clover and two for the Hungarian milkvetch.
Before the germination tests, the weight of 3x20 seeds from each seed lot was
weighed using an analytical scale. Where this number of seeds was unavailable,
each seed was weighed individually. Then, half of the seed samples were
individually hurt (scarified) with sandpaper to break any physical dormancy. The
other half of the samples were germinated as a control. Germination was carried
12



out in a greenhouse, in Petri dishes or soil, with each seed soaked in tap water for
24 hours beforehand. Seed water uptake (swelling) and germination were
monitored for 30 days.

Then, in the second series of experiments, the potential longevity of seeds was
investigated, mainly using seeds collected from ex-situ populations or herbarium
sheets. For Siberian vetch, we germinated four lots of ex-situ seeds for 1-8 years
and tested the germination of 7pcs of 1915 seeds collected from a herbarium sheet.
For arrowleaf clover, one in-situ and three ex-situ seed lots were tested for
germination over 1-6 years, while for Hungarian milkvetch, one in-situ and one
ex-situ seed lot were germinated over 2-4 years, with an additional 60-62pcs 95-
99-year-old herbarium-derived seeds. In this experiment, scarified seeds were
germinated.

The germination and dormancy of different seed samples and the effect of seed
weight on seed germination probability were compared using logistic regression
and Chi-square or Fisher's exact test, while linear regression was used to compare

the mean seed weights of in-situ seed samples.

3.4. Results and discussion

To summarize the results, seeds of Siberian vetch showed high viability (78-88%
germination) and high physical dormancy (above 90%) in all populations studied,
while seed weight varied significantly between years and populations.
Nevertheless, the majority of seeds, regardless of population, reached the critical
mass (~10mg) above which they were likely to germinate. Although the seeds can
maintain viability beyond five years, their lifespan is not much more than five

years (in dry storage).

Also, arrowleaf clover seeds showed high physical dormancy (above 74%) in all
seed lots. Seeds germinated significantly better in Petri dishes than in soil and

showed no significant reduction in viability at six years. The mean seed weight of
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the seed lots was also significantly different here but did not cause significant

differences in germination rates.

The seeds of Hungarian milkvetch also have a high viability (90-96%
germination) and a physical dormancy above 91%. After 94 years of dry storage,
both dormancy and germination are significantly reduced, but the seeds are still

able to germinate after 99 years.

The high seed viability of all three species suggests that the populations are in

good condition, with no signs of inbreeding.

Although dormancy is an important part of the risk-distribution strategy in short-
lived plant species (Childs et al., 2010; Cohen, 1966; Pake & Venable, 1996), the
high levels of dormancy commonly observed in these species suggest that they
are adapted to highly variable and unpredictable environment (Childs et al., 2010;
Cohen, 1966).

Comparing our results with literature data, we can state that the phylogenetic
relationships, seed masses, life histories and habitat preferences all support the
hypothesis that the three species we studied all have long term persistent seed
bank, and the expected life span pf the seeds are not much more than 5-10 years
for the Siberian vetch, probably slightly more for the arrowleaf clover, and more

than 100 years for the Hungarian milkvetch.

Our results may be of great conservation importance because they show that the
native populations of the studied species, despite their small and highly variable
sizes, produce seeds with good germination capacity, and are well adapted to the
variable environment, as high dormancy can spread their germination and the
seeds can preserve their viability over years, waiting for the optimal conditions

for germination.
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3.5. Conclusions and suggestions

Our experiments have shown that measuring and comparing species traits with

other species’ can help set conservation priorities. Summarising the conservation-

relevant characteristics of the three species, we can see that:

1)

2)

3)

4)

5)

All three species produce good quality, viable seeds in all studied

populations, so the populations do not show signs of inbreeding.

All three species can have a long-term persistent seed bank containing a high
proportion of dormant seeds, potentially providing seedlings for up to a
decade in the case of Siberian vetch, possibly longer in the case of arrowleaf

clover, and up to 100 years in the case of Hungarian milkvetch,

The most sensitive period of the arrowleaf clover's life is the period following
autumn germination when it has a high rainfall requirement and low
competitive ability. In contrast, Siberian vetch and Hungarian milkvetch
require adequate soil moisture and reduced competition before flowering, in

summer.

In all three species, individuals that reach flowering can be easily fertilized
even far from their natural habitat, suggesting no specific pollinator

requirements. They can also produce large numbers of seeds.

In Hungarian milkvetch, dispersion by water and animals can help the seeds
travel greater distances. In the case of Siberian vetch and arrowleaf clover,
although their hard-seeded, non-toxic seeds have the potential for
endozoochorous dispersal, no such dispersal is known to date. Thus, their
dispersion may be limited and slow, hindering their ability to respond to

climate change at an appropriate pace.

According to regional climate models (Lakatos et al., 2018), decreasing annual

precipitation and increasing annual mean temperature are expected to reduce soil

moisture and increase the frequency and duration of droughts. Precipitation

deficits will affect summers when the studied species are in their pre-flowering
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period, and thus the particularly sensitive Siberian vetch and Hungarian milkvetch
will be more severely affected. These species may move closer to wetter areas if
their population movements are not restricted. At the same time, they can wait in
the soil seed bank for a long period for the increasingly rare, wetter years and
refill the seed bank in a single year. In this respect, the Siberian vetch is the most
vulnerable species because its seeds lose their ability to germinate sooner, so if
the frequency of wet years falls below a threshold, the seed banks may be

depleted, and these small western peripheral populations may disappear.

The most important question is the species’ ability to ‘escape’ the changing
climate, i.e. how far and how fast their seeds can spread. Even if dispersal is not
limited, the actual status of populations and the extent of their vulnerability will
not be known for years because of high dormancy. In order to assess this, it would
be advisable to carry out extensive, targeted research to determine the status of
seed banks. In addition, conservationists can carry out seed sowing in areas
considered optimal to help dispersion. However, the impact of this - whether
stable populations have been established - will also take years to be seen.
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4. BIOLOGICAL TRAITS IN AQUATIC FOOD WEB
MODELS

4.1. Introduction

Many interactions between living organisms link them together into functioning
communities. Since the trophic (feeding) relationships are among the most
important ones in determining the structure of the communities, food web models
can be useful tools for understanding community functioning and predicting

future changes (Thompson et al., 2012).

The strength of these models is that they take into account not only direct
relationships between species but also indirect effects across species; their use is,
therefore, becoming increasingly common (Wootton, 2002). They are suitable for
quantifying ecological processes such as the effects of invasion and disturbance
(Coll et al., 2011; Woodward & Hildrew, 2001) or productivity (Wang & Brose,
2018). Furthermore, they can also be used to investigate important conservation
questions such as which species/trophic groups have the greatest impact on other
community members - i.e. which are the key groups whose loss would
significantly disrupt community functioning (Jordan et al., 2006). This latter can

also help prioritise conservation actions.

Ecological roles and position in food webs are not unrelated (Luczkovich et al.,
2003), so it is not surprising that since the earliest attempts to identify key species
of communities (Paine, 1969), their position in food webs is a main question
(Mills et al., 1993; Power et al., 1996). Various simple hypotheses (e.g., keystone
species are always top predators) have not proved to be globally valid, so it is
worthwhile to investigate the issue using more complex approaches. Although the
relative importance of organisms varies over time and space, analysis of a large
database can provide general insights into which organisms play key roles in the

networks.
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Recently, a large number of food web models have been developed, especially for
marine ecosystems (Colléter et al., 2015). However, these models are case-
specific: they focus on different issues, include different trophic groups and
measure their importance in different ways, making their results difficult to
compare. At the same time, there is a growing need to explore cross-ecosystem
patterns. A trait-based approach can help: characterising trophic groups by
functional traits can make results more general, food webs more comparable, and

models more predictive.

4.2. Objectives

In this research, we sought to answer the question of to what extent biological
traits can be used to explain and predict which species play key roles in
ecosystems. Since only a few food webs are constructed in a standard way in the
very heterogeneous terrestrial communities, we used the numerous food web
models developed in a comparable way for marine ecosystems to answer our

question. The main questions of the study were:

e How do we define key species based on their position (topology) in the
network? In other words, how do the many approaches that have been
developed to quantify the impact of groups relate to each other?

e To what extent do the easily identifiable traits relevant in marine ecosystems
(size, mobility and habitat type) explain the impact and topological

importance of trophic groups in the food web?

4.3. Material and methods

We used 92 individual networks from the food webs collected by Heymans et al.
(2014). They vary in resolution (9-68 clusters) and are originated from five
continents and five different ecosystem types. However, they were all constructed
using the same methodology, the Ecopath with Ecosim (Ewe) modelling approach
(Christensen & Walters, 2004; Heymans et al., 2016).
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Non-living and isolated components were removed from the models before the
analyses, and, where it was necessary, a loop-free version of the models was

created to calculate hierarchical indices.

The role of trophic groups was estimated by quantifying their topological
importance based on their position in the network. To do this, we used 18
different, commonly used topological indices that estimate species’ impact using
different approaches.

Functional groups were then assigned to three categorical traits: habitat (with two
subcategories), mobility (with four subcategories) and size (with nine
subcategories). Trait data were collected from more than 15 different databases
and articles.

The relationship between topological indices was investigated using metric
(principal component analysis (PCA) and hierarchical clustering) and ordinal
(Spearman rank correlation and non-metric multidimensional scaling (NMDS))
methods. The independence of the three traits was tested using Chi-square test
and Fisher's exact test with simulated p-values. Finally, the relationship between
topological indices and functional traits was analysed using linear mixed models.
In the models, individual indices were the response variables, while traits were
included as fixed effects and networks as random effects. Before building the
models, ten indices had to be transformed due to their left-skewed distribution and

each index was standardised within its network.

4.4. Results and discussion

According to our results, the studied 18 topological indices can be grouped into
five distinct clusters, each identifying different species as keystone species. The
grouping is well explained by the way each index takes into account the strength
and direction of interactions. This is consistent with the results of previous small-
scale studies (Jordan et al., 2006, 2007; Lai et al., 2015).
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Regarding traits, the topological importance of organisms with different mobility
differed significantly in 82% of the comparisons. This trait best explains the
topological importance predicted by the top-down (estimating predation effects)
and weighted (estimating the role in material flow) indices. Body length
significantly explained the importance predicted by the indices in almost 70% of
the comparisons and was related to index values similarly to mobility. In contrast,
habitat explained topological importance well in only 50% of the cases, although

it worked well for all centrality indices.

As the three traits are not independent of each other, the results suggests that 1)
hierarchical indices ranking by predation effects identify fast-moving, large
(>1m) species as keystone species, while 2) indices ranking by bottom-up effects
and energy fluxes highlight the importance of passively drifting groups, that are
smaller than 1 cm. 3) In addition, medium-sized, 1-10 cm, slow-moving, benthic
species may also occupy a central position in the network (based on centrality
indices): their direct effects and unique position in connecting others make them
stand out.

4.5. Conclusions and suggestions

In our studies of marine food webs, we have found that using biological traits can
help us notice robust patterns across ecosystems and better understand the

biological underpinnings of our mathematical methods.
The indices we studied can be grouped into distinct clusters, which estimate the

importance and the role of organisms through different functions:

e Centrality indices estimate the direct and short-term indirect effects of
species based on the presence/absence of feeding relationships. They
highlight groups with the greatest direct impact (e.g., DC) or those
important in linking different parts of the network (e.g., BC).
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e Weighted indices look for the groups through which most matter/energy
flows (short or medium term), so their role in the matter/energy cycle is
essential. Although these are highly informative indices, they require
accurate knowledge of the interspecific material/energy fluxes, which is
often unavailable or uncertain, and this can strongly affect the reliability

and usefulness of these indices.

e Hierarchical indices are designed to analyse highly structured networks
such as food webs. They can estimate the overall predation and resource
effects of groups and decouple these two effects to help answer specific
questions.

Based on this, we suggest using several (ideally 1-1 from each index cluster)
complementary indices at the same time when searching for key species, which
can help highlight all important groups.

The aim of our research was to link theoretical, network-based indicators of
ecological role with more practical, ecologically relevant traits. Although
exploring this link can help to ensure that theoretical models can provide real
support for practical conservation, many questions remain to be answered before
they can be applied. For example, it would be important to investigate what other
traits might be potentially important in aquatic ecosystems and how the
relationships between indices and traits depend on ecosystem type and depth.
Our research has shown that even simple, descriptive traits can successfully
complement food web research, but combining the right traits would bring us even
closer to understanding the ecological role and importance of groups. Such
theoretical research could be greatly aided by the creation and expansion of large,
standardized food web and trait databases. And new, increasingly sophisticated
algorithms (e.g. machine learning) can help in quantitative analysis and
uncovering hidden patterns. Thus, in the future, trait-based analyses have the
potential to offer more than in silico rediscovery of classical biological knowledge
(Endrédi et al., 2018).
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5. DISCUSSION AND CONCLUSIONS

In this thesis, I investigated how the use of biological traits can help us understand
the conservational status of populations, species and ecosystems and to set
conservation priorities. | have explored the question at different levels of
organisation (population, species and ecosystem), in different ecosystems
(terrestrial and marine), and using different methods (field data analysis,
experiments and theoretical model analysis) to gain a broader picture of the
potential uses of traits.

According to Gallagher et al. (2021), conservation practice consists of five major
steps: 1) assessing risk/sensitivity; 2) designing management strategies; 3)
prioritising interventions; 4) spatially coordinating interventions; and 5)
monitoring and evaluating the impact of interventions. The authors illustrate with
real examples that biological traits can be of great help in each of these steps.
Our research is related to the first three points. In the case of red helleborine, we
assessed the species' sensitivity to climatic and vegetation conditions (point 1), in
the case of the endangered fabaceous species we used seed traits to gather data to
refine conservation strategies (point 2), and in the case of food webs we used
biological traits to answer questions about which groups in marine communities
are key in protecting system functioning (point 3). In the first two cases, we
measured the traits we considered important ourselves and then compared them
between populations or species, thus, we could work with more accurate and
reliable data. However, this is a more time-consuming and costly approach and
still requires knowledge of trait correlations from the literature to interpret the
results and draw conclusions.

Although most ecological research using traits today still uses species-level
averaged trait values, it should be taken into account that within-species trait
variability is the basis of adaptation (Moran et al, 2016), so knowledge of this is

key to understanding how individual taxa will respond to environmental change
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(Bolnick et al., 2011; Westerband et al., 2021). For this reason, it is important to
have as many population-level trait measurements as possible and to ensure that
our models can take these into account (Funk et al., 2017; Moran et al., 2016;
Westerband et al., 2021). We also found different trait distributions in populations
of red helleborine in different environments, which highlighted important
relationships and helped us to understand that, although the species has a
relatively wide tolerance for climatic and light conditions, its close biotic
interactions make it potentially sensitive to climate change. Thus, to predict the
future distribution of populations, the sensitivity of its interaction network to

climate change needs to be assessed.

Although the best way to answer questions appropriate to the conservation
objective is to measure case-specific characteristics, this is not always feasible. In
many cases, experiments or field data collection may be too risky/disruptive for
protected species, so consideration should be given to designing a conservation
strategy based on available data from species with similar ecological traits. It is
also impossible to measure all species’ functional traits to compare food webs in
different ecosystems, so it is particularly important to rely on existing data.
Suppose a large number of measurements are available for ecologically similar
species, and the traits selected are appropriate to the question. In that case, the
analysis can provide reliable results and be more cost-effective than research
limited to experimental and field data collection (Gallagher et al., 2021).
However, this requires databases with sufficient coverage, accuracy and
reliability. Although trait databases have recently achieved unprecedented
coverage (e.g. Kattge et al., 2020), there are still critical knowledge gaps. Among
plants, in particular, trait data for rare species are missing (Kattge et al., 2020),
and among traits, seed-related properties— except seed mass (Jiménez-Alfaro et
al., 2016; Saatkamp et al., 2019) are surprisingly underrepresented, even though
these traits have a major influence on species dispersal, establishment and

persistence (Jiménez-Alfaro et al., 2016), and are among the most important plant
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traits from a conservation perspective. In the case of animals, in particular,
invertebrate taxa are data-poor (Gallé & Batary, 2019; Moretti et al., 2017). Thus,
an important task for future research is to expand the trait databases for unknown
species and functional traits (Kremer et al., 2017; Moretti et al., 2017) and
preferably map also the within-species variability of traits (Funk et al., 2017,
Westerband et al., 2021). Another task is to develop standardised protocols for
the use of traits. The latter has recently been increasingly exemplified in
conservation (Gallagher et al., 2021). It is already apparent that functional traits
can help, for example, in the designation of conservation areas (Miatta et al.,
2021), habitat restoration (Carlucci et al., 2020; Clark et al., 2012) and in
estimating species invasion potential (Funk et al., 2016; Mathakutha et al., 2019)
or sensitivity (Fordham, 2024; Gonzalez-Suarez et al., 2013). Thus, their use in

setting conservation priorities is expected to be a major focus in the future.
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6. NEW SCIENTIFIC RESULTS

In our research, we investigated the use of biological traits to answer conservation

questions at three different levels of organisation.

In the first study, we investigated vegetative and generative traits of red
helleborine at different altitudes to infer its climate sensitivity. Our main finding
is that the vegetation and climatic conditions of the habitat affect reproductive
success mostly indirectly, probably through pollinators, strongly limiting

generative reproduction in some populations.

In the second study, the seed characteristics of endangered native fabaceous
species, the Siberian vetch, the arrowleaf clover and the Hungarian milkvetch,
were investigated to understand the reasons for their endangerment. We have
shown that
e seeds of all three species show high viability and physical dormancy,
e the seed masses of both the Siberian vetch and the arrowleaf clover show
great variation in different populations,
e in Siberian vetch, seed weight affects germination more than in arrowleaf
clover, but above 10 mg seed weight they are more likely to germinate,
e the seeds of the Siberian vetch have a lifespan of not much more than five
years,
e the arrowleaf clover seeds have not lost their ability to germinate within
Six years,

e and the seeds of Hungarian milkvetch can germinate after 99 years.
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In the third study, we analysed food web models in marine ecosystems to see how
functional traits can help us understand which species occupy key positions in
each ecosystem. We have shown that

e indices developed to search for key species can be grouped into five
groups, which estimate the importance of species through different
biological functions,

e our study was the first to quantify and confirm through a large-scale,
cross-ecosystem statistical analysis that the size and mobility of species
provide a good estimate of their impact on the community:

- fast-moving, large species control the numbers of others while

- passively drifting, small groups provide the material and energy to
the community and

- medium-sized, slow-moving, benthic species have a unique

position and an important linking role in the network.
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