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Summary

Summary

The present thesis elucidates facts about a prominent steppe plant’s
evolutionary history (i.e., geographic origin, migration route, distribution of
genealogical lineages and polyploidization events) and contemporary
population divergence (i.e., genetic diversity and differentiation, impacts of
abiotic and biotic factors). Artemisia frigida has been chosen as the target
species, with Mongolia as the focus study region. Because A. frigida is widely
distributed in the both New and Old Worlds, it was a suitable candidate for the
phylogeographic study. Moreover, because of its dominance in many
communities in Mongolian steppes and tolerance for cold, drought and
mechanical disturbances (grazing), evaluating the effect of environmental
factors and grazing pressures on its population genetics was profitable. The
overall goal of this thesis was to assess the effects of paleo- and current
climate, and land use changes on the distribution of A. frigida’s genealogical
lineages and genetic variations.

The thesis is divided into two main parts: (i) Chapter 3 focuses on
Phylogeography. Within this, section 3.3 depicts a study on the
phylogeography of A. frigida, covering samples from its distributional range
across the northern hemisphere. The study resulted in Asia being the species’
main origination and diversification center, and the species spread northwards
to the Russian Far East and eventually crossed the Bering Strait to North
America. Among four geographical regions sampled, seven genetic lineages
were found, with Middle Asia having the most diverse populations. According
to our phylogenetic analysis, two populations of Kazakhstan in Middle Asia
represented the most likely ancestral diploids, and subsequent
polyploidization events have occurred on several occasions independently.
The observed phylogeographic patterns of the species showed that
paleoclimate, especially glaciation events of the Quaternary has
predominantly affected species’ current distribution, along with the expansion
and contraction of the Eurasian steppe.

The second part (Chapter 4) is dedicated to Population genetics to
reveal the effects of the current climate and land use on population genetic
variation. Three studies were conducted at local and regional levels, focusing
on Mongolia. The first study (Section 4.1- review of local literature) was done
to offer background information about Mongolian steppes, and the effects of
climate and grazing on the steppe vegetation. As a result, steppe vegetation
responded to grazing in different ways, depending on the interplay of local
environmental factors. In particular, an overall negative effect of grazing was
found in desert, dry and high mountain steppes, but no or even positive
effects in meadow and mountain steppes. The study highlighted the
importance of the interaction effect of local environmental conditions and
grazing in Mongolian steppe vegetation. The second study (Section 4.2)
employed large scale climatic gradient and local scale grazing gradients to
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Summary

assess the effects of grazing and environmental factors on the population
genetics of A. frigida. Precipitation gradient covered 110 — 300mm difference
of mean annual precipitation from central to southern Mongolia. While three
levels of grazing gradient, such as heavy, moderate, and least grazed sites
were examined. According to the study, grazing in overall, had no substantial
effect on the genetic diversity of A. frigida, while environmental factors, i.e.,
summer precipitation and soil phosphorous content, promoted high genetic
diversity. Genetic differentiation among populations across large climatic
gradients was extremely low, suggesting the existence of considerable gene
flow among populations across the steppes of Mongolia. The third study
(Section 4.3) employed grazing exclosures to evaluate the genuine effects of
grazing. Because Mongolia has a long-term nomadic pastoralism history, and
grazing of large herbivores is already an integral part of the steppe vegetation.
Thus, we utilized reference site fences along the Trans-Mongolian Railway
(TMR), where fences have been built and maintained since 1955, resulting in
over 60 years of grazing exclusion. In addition, we supplemented this with
data from Hustai National Park (HNP), where three fences were established in
2003. As a result, we found a significant positive impact of grazing on the
genetic diversity of A. frigida, implying that a certain level of grazing is
beneficial for the species. While no grazing effect on the population genetic
differentiation was detected, but climatic and soil variables strongly influenced
population genetic structure.

In summary, this thesis provided an in-depth investigation of the
phylogeography and population genetics of the species A. frigida, which can
stand as an exemplar for other Eurasian steppe species. Paleoclimate had
largely shaped the current distribution pattern of the species, while
contemporary climate and environmental heterogeneity promoted species’
polyploidization and genetic variation. Grazing by large herbivores showed no
detrimental effect, or even a positive impact on the genetic diversity of
A. frigida. Artemisia frigida populations in Mongolia are thus apparently
genetically ‘healthy’, in spite of pervasive grazing in the region. Climate
variables and environmental heterogeneity had a substantial impact on the
species’ both genetic diversity and differentiation, indicating its higher
sensibility to climate change than to land use change. The findings of the
thesis could be valuable in understanding species genetic variation under
global land use and climate changes.
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1. Introduction

Chapter 1. Introduction

Steppes are characterized by a continental climate, with substantial seasonal
variation in precipitation and high diurnal fluctuations in temperature. The
origin and climatic characterization of the steppe biome are predominantly
shaped by paleoclimate and orogenic processes of the Cenozoic. Hence,
contemporary distribution pattern of a steppe plant could be primarily
determined by a paleoclimate, while current climate and environmental
heterogeneity may affect species genetic variety across their distribution.
Global changes in climate and land use are causing ecological land
degradation in terms of quality, productivity, biological diversity and genetic
variety, particularly in the water-limited steppe biome (Barabanov et al. 2018;
Zhang et al. 2018b).

The study area of this thesis focused on Mongolia, which harbors
nearly 1.3 million km? of steppe, accounting for about 13 % of the Palaearctic
steppe biome (Henwood 2010; Wesche et al. 2016). Steppes have undergone
significant transformations, and large areas of steppes in Central and Eastern
Europe have been turned into cultivated landscapes (Hurka et al. 2019;
Smelansky & Tishkov 2012). While Mongolia’s steppes are still remarkably
intact due to the country's sparse human population and a continued tradition
of nomadic pastoralism (Batsaikhan et al. 2014). However, 25 — 40% of the
Mongolian steppes were found to be moderately degraded, owing mainly to
overgrazing (Jamsranjav et al. 2018; Sainnemekh et al. 2022). Another
prevailing factor that threatens land degradation is climate, especially aridity
(Sainnemekh et al. 2022). The Mongolian steppes receive the lowest mean
annual precipitation compared to other Palaearctic steppes (Wesche et al.
2016). During the last 75 years, the country’s mean annual precipitation has
decreased by 7 % and mean annual temperature has increased by 2.24 °C
(i.e., almost twice higher than the global average; Han et al. 2021), making
the Mongolian steppes potentially sensitive to both overgrazing and climate
change.

The main aim of this thesis was to assess the impacts of paleo- and
current climate and land use changes on the distribution of genetic lineages
and genetic variations in Artemisia frigida, a prominent steppe species. First
of all, a phylogeographic study was conducted to elucidate the species’ spatial
arrangements of genealogical lineages in its distributional range. Second,
regional and local studies on grazing effects on Mongolian steppe vegetation
were reviewed to characterize the impacts of grazing and climate. Third,
population genetic studies were done to assess the impacts of the
environment (climate, geography, soil condition) and grazing on the genetic
variation between and within populations of A. frigida. Given the substantial
impacts of overgrazing in Mongolian steppes, the impact of grazing was
investigated using two different study designs in two studies with: (i) grazing
intensity gradients and (ii) grazing exclusion.
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1. Introduction

An introduction to readers:

The main body of this thesis is divided into two parts: Phylogeography
(Chapter 3) and Population genetics (Chapter 4), with separate discussion
and synthesis sections for each topic. Section 3.3. “A Case Study:
Phylogeography of A. frigida” has been published in the Journal of
Evolutionary Biology. Sections 4.2. “Climate — grazing interaction on plant
population genetics” has been published in the Journal of Conservation
Genetics and 4.3. “Effects of grazing exclusion on plant population genetics”
has been submitted to the Journal of Arid Environments. In addition, a local
literature review was conducted to characterize effects of grazing and climate
on steppe vegetation. Thus section 4.1, “Climate — grazing interactions in
Mongolian steppe vegetation”, is included as an additional background, which
has published in Frontiers in Ecology and Evolution.

The authors retain copyright to the text and illustrations in published
papers and drafts. Reprint of any part of this dissertation requires permission
of the copyright holders.

Figures and tables in the thesis are not renumbered, keeping the
original publications’ numbering. Supplementary materials and appendices
can be found from each publication’s online sources. Supplementary
materials for the last paper, which has yet to be published, are available in the
electronic version of this thesis.

Thesis comprised following publications:

Oyundelger, Kh., Harpke, D., Herklotz, V., Troeva, E., Zheng, Z., Li, Z.,
Oyuntsetseg, B., Wagner, V., Wesche, K. and Ritz, C.M. (2021).
Phylogeography of Artemisia frigida (Anthemideae, Asteraceae) based
on genotyping-by-sequencing and plastid DNA data: Migration through
Beringia. Journal of Evolutionary Biology, 35 (1), 64-80.
https://doi.org/10.1111/jeb.13960

Oyundelger, Kh., Herklotz, V., Harpke, D., Oyuntsetseg, B., Wesche, K.
and Christiane. R. (2021) Contrasting effects of local environment and
grazing pressure on the genetic diversity and structure of Artemisia
frigida. Conservation Genetics, 22, 947-962.
https://doi.org/10.1007/s10592-021-01375-w

Munkhzul, O., Oyundelger, Kh., Narantuya, N., Tuvshintogtokh, 1.,
Oyuntsetseg, B., Wesche, K. and Jaschke, Y. (2021) Systematic
review of grazing effects on vegetation in Mongolian steppes. Frontiers
in Ecology and Evolution. 9, 703220.
https://doi.org/10.3389/fevo.2021.703220

Oyundelger, Kh., Munkhzul, O., Ritz, C.M. and Wesche, K. (submitted) Long-

term grazing exclusion effects populations genetics and functional traits
of Artemisia frigida in Mongolia. Journal of Arid Sciences.



https://doi.org/10.1111/jeb.13960
https://doi.org/10.1111/jeb.13960
https://doi.org/10.1007/s10592-021-01375-w
https://doi.org/10.1007/s10592-021-01375-w
https://doi.org/10.3389/fevo.2021.703220

2. Material and methods

Chapter 2. Material and methods
2.1. Study region: Mongolian steppe

Mongolia covers the largest and still intact parts of the Palearctic steppe
biome (Hilbig 2007; Pfeiffer et al. 2018). Mongolian steppe differs from other
Palearctic steppes (European, Middle Asian, Tibetan and Mediterranean) by
having the highest continentality (seasonal differences in mean monthly
temperatures; 50.3 K), with low mean annual precipitation (MAP; 180 —
400 mm) and low mean annual temperature (MAT; -0.2 — 2.7 °C; Wesche et
al. 2016).

Steppes encompass about 66 % of the country’s area (Tuvshintogtokh
2014), bordering the Siberian taiga to the north and Gobi Desert to the south.
The steppes in Mongolia comprise different ecological-physiognomic
vegetation subtypes: high cold mountain steppe, mountain steppe, meadow
steppe, dry steppe (including typical steppe), desertified and desert steppe
following the Steppe Vegetation of Mongolia (Tuvshintogtokh 2014).
Characteristics of the highly continental climatic, especially the availability of
precipitation, and its seasonal and geographical distribution drive the
development of vegetation types across the region. There are pronounced
latitudinal and altitudinal vegetation gradients in Mongolia: precipitation
decreases as temperature increases along a north-to-south gradient,
determining dominant vegetation subtypes. Mountain systems (Altai in the
west, Khangai in the central west, Khuvsgul in the north and Khentii in the
northern east) provide an altitudinal differentiation of vegetation that sharpens
their contrast (Chuluunkhuyag et al. 2021).

There are more than 600 vascular plant species from 227 genera and
54 family distributed in the Mongolian steppes, with meadow steppe (with ca.
300 species) being the most species rich and productive type (Tuvshintogtokh
2014). However, they cover only around 3% of the country's total area, while
the most prevalent vegetation types are dry steppe (22%), followed by desert
steppe (20%), where a number of characteristic grassland species of Stipa,
Agropyron, Artemisia, Leymus, Allium, and Caragana, predominate.

Mongolia has a history of more than 4000 years of nomadic
pastoralism, and thus, livestock grazing is an integrate part of the steppe
ecosystem. Grazing has substantial impact on vegetation productivity, plant
community composition and species richness of the steppe ecosystem, and
interacts with abiotic environmental conditions (Ahlborn et al. 2020; Bat-Oyun
et al. 2016; von Wehrden et al. 2012a). Unfortunately, due to a drastic
increase in livestock numbers over the last three decades, Mongolian steppe
is partly under threat of degradation and desertification (Jamsranjav et al.
2018; Liang et al. 2021; Liu et al. 2013b).
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2. Material and methods

2.2. Focus species: Artemisia frigida Willd.

The flora of Mongolia listed 103 Artemisia species (Baasanmunkh et al.
2022), among which dry steppe and forest steppe species are the most
numerous. One of the most prevalent species, distributing across the country
is Artemisia frigida Willd. (xyntcar wapunx, arb; Fig.1a). The species most
likely evolved during the Pleistocene-Holocene (Yurtsev 1987), and it primarily
distributed in the circumpolar arctic-alpine region and continental steppes of
the northern hemisphere (Oyundelger et al. 2021a). It is an aromatic,
perennial and very polymorphic species. It’s life form varies from xerophyte
semi-dwarf shrub with regularly branching and sympodially growing skeletal
axes, vertical or prostrate, to almost herb form (Undarmaa et al. 2015; Fig. 1b-
f). It grows primarily on fixed and semi-fixed silty-sandy soil. Artemisia frigida
is a prolific seed producer, with each small inflorescence containing ca. 1,000
seeds (Harvey 1981), which maintain a consistent seed bank in the soil. In
addition to sexual reproduction, it also has a clonal growth strategy (Jinhua et
al. 2005).

The species was considered to be diploid (2n= 2x = 18) (Garcia et al.
2004; Korobkov & Kotseruba 2015). However, the tetraploid cytotypes
(2n = 4x = 36) were found from Yakutia, Baikal Siberia, and Inner Mongolia
(Korobkov et al. 2014; Pellicer et al. 2010; Wan et al. 2011).

Artemisia frigida is tolerant to coldness, drought and grazing (Bai &
Romo 1996; Coupland 1950), and therefore it can expressly predominate in
degraded steppes of Mongolia. Nonetheless, it is considered in Mongolia as
an excellent rangeland plant with high nutritional value in Mongolia (Damiran
2005).

The species’ broad distribution across the northern hemisphere, makes
it ideal for phylogeographic study. While, its dominance in Mongolian steppes
and tolerance to grazing, made it good candidate for population genetics,
particularly in assessing effects of grazing and climate on genetic variation.

- & ;, LI
Figure 1. a) Central Asian distribution of Artemisia frigida and b-f) species
appearances in its typical habitats in Mongolia.
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2. Material and methods

2.3. Molecular markers employed for the phylogeographic and
population genetic studies and their characteristics

The phylogeographic study of the thesis is primarily based on a novel
approach of high-throughput sequencing (HTS). Although HTS is steadily
being utilized in many different research fields (e.g., in disease genetics,
metagenomics, and forensics etc.), its adoption in phylogeography has lagged
behind others due to non-model organisms usually being targeted, the
massive number of samples required per species, and the associated high
expenses (McCormack et al. 2013). We applied a genotyping-by-sequencing
(GBS) approach that uses restriction enzyme to reduce genome complexity,
allowing high throughout genotyping of large number of samples with
thousands of single nucleotide polymorphisms (SNPs) (Elshire et al. 2011).
Other advantages of the GBS include the fact that it is applicable even with
little or no prior knowledge on genome, and is more cost-efficient than whole
genome sequencing (WGS) for large number of individuals.

In addition to that, a traditional method, i.e., a noncoding region of
chloroplast DNA (cpDNA) marker was used for the phylogeographical study.
The cpDNA markers are initial and still dominant in plant phylogeography,
because they are usually uniparentally inherited and permit genealogical
traces to be followed between populations, species and higher taxonomic
levels (Bermingham & Moritz 1998). Many studies still rely on these markers
due to their neutrality, elevated mutation rates, lack of recombination (in most
taxa), and ease of isolation due to their high number of copy number per cell
(Beheregaray 2008). We employed rpl32 — trnL intergenic spacer that was
tested and proven to contain a high percentage of informative sites compared
to other regions (i.e., psbA — trnH and trnL — trnF), which were frequently
applied on the genus Artemisia L. (Hussain et al. 2019; Malik et al. 2017;
Riggins & Seigler 2012).

For population genetic studies, co-dominant, neutral and multiallelic
markers, i.e., microsatellites (SSRs; Simple Sequence Repeats) were
employed. Because SSRs (repeats of two to six nucleotide DNA motifs) are
common in genomes, they could be used to investigate a large number of
independent and highly variable loci. Its natural codominance and elevated
mutation rate result in high allelic diversity that is useful for studying
microevolutionary processes, including in population genetics of polyploids.
Yet on the down side, SSRs produce frequent null alleles, face difficulty
estimating the number of mutations, and has limited applicability outside of
the taxon (Albayrak et al. 2012; Zink 2010). Due to a lack of species-specific
SSR markers for A. frigida, we had to develop new markers, which was done
utilizing whole genome sequencing (WGS). The WGS of few cytotypes
(individuals) could allow mining of hundreds of microsatellite loci, yet to obtain
good polymorphic loci requires further polymerase chain reaction (PCR)
optimization (Taheri et al. 2018).

12
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Chapter 3. Phylogeography
3.1. Eurasian steppe and its evolutionary history

The Eurasian steppe is the largest steppe region worldwide that stretches
8,000 kilometers from the Hungarian basin in the west to the Amur in the east
(Lavrenko & Karamysheva 1993). Steppes are defined not only by their
physiognomic characteristics, i.e., their vegetation dominated by drought-
resistant xeromorphic grasses, perennial herbs, low shrubs, as well as
geophytes and therophytes, but also by the geology and climate that sustain
them (Wesche et al. 2016). Based on the evidences of paleoclimate,
paleoenvironment, and paleobotany data, formation of the steppe presumably
began in Central Asia in the Early Neogene, with strong influences of the
Paleogene cooling trend and the establishment of the Asian monsoon system
(Hurka et al. 2019; Zerdoner Calasan et al. 2019). Global overall cooling,
which interrupted by warming periods, continued in the Late Oligocene and
Miocene (see Fig.2 for geological time scale of the Cenozoic), and several
spatial and temporal changes had major impacts on the establishment and
development of the Eurasian steppe (Hurka et al. 2019):

(i) The Turgai Strait, which connected the
- = _—
Tethys Sea with the Arctic Sea, o -} =3
disappeared in the Early Oligocene, | §§ E&% % |3
resulting in an extension of terrestrial E—
area and formed land bridges between 5 = Tarantian | ***2 |
: = —— 0126
western and eastern Eurasia. §  |Pleistocenef~ Ic"?”:” -
. . . . %\ alaorian
(i) The final disconnection of the C ] e R
Paratethys Sea from the Mediterranean Bliocene _|P2cenzan jZi
occurred in the Middle Miocene, ;a”?]ea” 5302
. L. . essinian
resulting in isolation and retreat of the % ] 7246
P h 3 g’ : Serravalian obe
aratethys. g 8 | Miocene ——13.65
(i) The emerging mountain system |§& I g
. . . . . O Burdigalian
increasingly separated marine basins in > Aquitanian | -+
i i © : 23.03
western Eurasia, and uplift of the 5 Gitosine ghattllan i
. . upelian
Himalaya and Tibetan Plateau (HTP), = 0
and associated mountain ranges, like 2 | ocene | Beronan j;j
Tian Shan, Altai-Sayan, Pamir and g - .
H . d | d . t E .. = Ypresian -
angai developed in eastern Eurasia in B Thanstan | *>°
the Middle and Late Miocene. Paleocene | sefandian | .
The elevated orography of the HTP Daan ] 655

influenced atmospheric thermal circulation  Figure 2. Chronostratigraphic
over Asia, forming the Asian monsoon, with tCh?hrt (?f ’;he Ct?F\OZIOCi:C according
its seasonal re\{ers.als“ in winds and oon S?ra?igerrar\];hl;ingoz 1‘;817”_“33'0”
precipitation, resulting in “wet” summers and

“‘dry” winters (Wang 2006). The climate in Central Asia became strongly
seasonal and semi-arid. Moreover, Tian Shan and Pamir screened of westerly
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3. Phylogeography

moisture, which certainly affected herb steppe expansion in Central Asia
(Barbolini et al. 2020).

All the preceding events, global overall cooling, retreat of the Turgai Strait and
the Paratethys Sea, uplift of the HTB, together with the Asian monsoon
system intensified the aridification of interior Central Asia, and resulted in the
expansion of the Eurasian steppe and diversification of steppe plants.

Reflection of Eurasian steppe evolution on steppe plants’ distribution

From Paleogene to Neogene, the Earth’s climate system shifted from
“greenhouse” to “icehouse” and dominant vegetation elements changed from
evergreen and thermophilus to deciduous and temperate plants (Ilvanov et al.
2011). In particular, the Late Miocene and Pliocene were significant periods in
the evolution of the Eurasian steppe, where continuous Eurasian steppe belt
with a zonal landscape-climatic structure was stabilized and forests were
gradually replaced by forest steppe and temperate steppes (Friesen et al.
2016). At the end of the Pliocene, true steppes were widespread in Central
Asia, whereas forest-steppes precailed on the West Siberian Plain and in
south-eastern Europe (Barbolini et al. 2020). Following pollen-based
vegetation reconstruction conducted by Feurdean and Vasiliev (2019), a
gradual change in dominance of steppe elements (Artemisia and Ephedra)
and herbaceous plants (Poaceae, Asteraceae, Brassicaceae, etc.) occurred in
eastern Eurasia, with ~10 % in the Late Miocene (~8.5 Mya), ~20 — 30 %, in
the Miocene/Pliocene (~8.5 — 4.3 Mya), and up to ~80% in the Middle
Pliocene (~4.3 Mya); at the same time all forest types declined. Yet, with the
beginning of Quaternary, the onset of large glaciation started (2.8 — 2.4 Mya)
(Hurka et al. 2019), and the Northern Hemisphere was largely covered with an
ice sheet.

The Quaternary played in an important role for shaping the current
distribution of steppe plants, because of its numerous cold — warm (glacial
and interglacial) macrocycles. There were about 30 glacial events covering
different spatial range, with a dominant series of cold and dry glacial periods
(80 % of the Quaternary) and interspersed shorter intervals of warmer and
moister interglacial climates (Ehlers & Gibbard 2008). The last glacial
episode, which had significant changes in landscape in many areas happened
between 22 — 19 Kya, and is known as the Last Glacial Maximum (LGM,;
Hughes & Gibbard 2015). The ice-sheet stretched southwards across Eurasia
to about 50°N (Batchelor et al. 2019), and strong climatic gradients existed
across Eurasia due to the large ice sheet and the changes in ocean currents.
Along with these macrocycles, plant geographical distribution in the Northern
Hemisphere shifted southward and northward at high latitudes, as well as
upward and downward in mountain ranges at low latitudes (Comes & Kadereit
1998). Cold-adapted plants spread in the steppe during the cold periods,
while forest plants recolonized the same areas during the warmer interglacial
periods, causing expansion and contraction of species’ ranges (Taberlet &
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3. Phylogeography

Cheddadi 2002). This is known as expansion-contraction biogeographic
model as proposed by Provan and Bennett (2008). Furthermore, the
Quaternary has also been considered as a crucial period for genetic
diversification and speciation of plants. In particular, cycles of fragmentation
and re-expansion of species ranges led to extinction of many species that
were unable to re-colonize their former range, or to allopatric speciation in
which geographical isolation caused genetic differentiation among populations
(Willis & Niklas 2004). However, there is scant evidence whether Quaternary
isolations were long enough for genetic diversification and speciation to occur.
Differences in growth forms (e.g., herbaceous annuals vs. perennials) and
generation times are critical, resulting in differential genetic divergence
responses during isolation (Jackson & Overpeck 2000).

Nonetheless, steppe origination and steppe species diversification
happened largely in Central Asia, and species migration across Eurasia and
to North America was substantially influenced by paleoclimate. In addition,
formation of some important landscape elements, such as Altai-Sayan
Mountains, Tian Shan, or Khangai Mountains in Central Asia, that may have
hampered steppe plants' migration during the glacial periods; at the same
those mountain systems served as refugium for cold steppe plants during the
inter-glacial times (Caves et al. 2017).
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3.2. Artemisia L. (Asteraceae) as model plant for phylogeography

The genus Artemisia L. (sagebrush, Beiful3, wapwunx) is a large and diverse
genus comprising over 500 taxa with trans-continental distributions, including
both regional endemics and species found in both the New and Old Worlds
(Riggens and Siegler 2012). Species are mainly distributed in temperate
areas of the northern hemisphere from sea level to high altitudes, inhabiting
arid and semi-arid environments (Sanz et al. 2008).

The origin of the genus is dated back to the Late Oligocene (24.6 £ 2.6
Mya) with the onset of diversification taken place in Central Asia between the
Early and Middle Miocene (Sanz et al. 2011). Based on the most recent
comparative analysis of this genus (Hussain et al. 2019; and references
therein), there are six major divisions, treated as sections: Absinthium DC.,
Artemisia L., Dracunculus Besser, Seriphidium Besser, Tridantatae (Rydb.)
McArthur and Pacifica Hobbs & Baldwin. The phylogenetic analysis based on
nuclear and chloroplast DNA sequences of Artemisia and their allies by (Sanz
et al. 2008) indicated that the genus is paraphyletic, excluding several small
Asian genera and the North American genus Sphaeromeria. One of the
important evolutionary traits leading to plant speciation is polyploidy, and it
this is presumably be reflected in the genus Artemisia with somatic
chromosome numbers (2n) ranging from 14 to 144 (Vallés et al. 2011; Vallés
& McArthur 2001; and references therein). Despite the myriad of studies on
the genus’s relationships between species within the different sections are
difficult to interpret because of their taxonomic complexity, large number of
species and their often trans-continental distributions, and therefore, a plain
explanation of the evolutionary history is challenging.

Artemisia’s cosmopolitan distribution today and its origin in the
Palearctic make it an ideal candidate for phylogeographic studies at various
taxonomic levels, contributing to an increasing phylogeographic
understanding of the evolutionary history of the northern hemisphere. There
are several phylogeographical studies conducted on the genus. In particular,
Sanz et al,, (2011) studied the diversification process of the genus, and
reported that all Artemisia lineages (except North American endemics)
migrated from Central Asia westward to Europe and colonized the
Mediterranean Basin several times at different epochs. There were two arrival
occasions to North America, most likely via NALB and BLB: one is the
divergence of the North American endemic group in the Mid Miocene (ca. 10
Mya) and the other is the diversification of the American endemic A. mexicana
Willd. from its Eurasian vicariants of the A. vulgaris L. complex (ca. 8 Mya).
Moreover, Hobbs and Baldwin (2013) investigated some Hawaiian endemic
species (A. australis Less., A. kauaiensis (Skottsb.) Skottsb. and A. mauiensis
(A. Gray) Skottsb.) and found that A. chinensis L. of southeast Asia is the
closest living relative of Hawaiian Artemisia taxa. A study on the European
high mountain plant A. eriantha Ten. was in line with the overall migration
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pattern of the genus, i.e., from Central Asia to Europe and there colonizing the
European mountains, by long-distance dispersal (Sanz et al. 2014). Further
investigation on the coastal species of A. crithmifolia L. found low inter-
population diversity, but well-defined genetic groups along the Atlantic
coastline of Europe, suggesting a mixture of punctual founder effects and
defined potential refugia during Quaternary glaciations (Garcia-Fernandez et
al. 2017). A recent study on phylogeograpy of A. herba-alba Asso in the
Iberian Peninsula and North Africa revealed a complex phylogeographical
structure related to the division of the Mediterranean Basin, explaining their
recurrent establishment success (Bougoutaia et al. 2021).
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3.3. A case study: Phylogeography of Artemisia frigida Willd.

Artemisia frigida Willd.
Distribution map of Artemisia frigida Willd. (Map is drawn by Jan Treiber)

The content of this chapter has published in Oyundelger, Kh., Harpke, D.,
Herklotz, V., Troeva, E., Zheng, Z., Li, Z., Oyuntsetseg, B., Wagner, V.,
Wesche, K. and Ritz, C.M. (2021a). Phylogeography of Artemisia frigida
(Anthemideae, Asteraceae) based on genotyping-by-sequencing and plastid
DNA data: Migration through Beringia. Journal of Evolutionary Biology. 35: 64-
80. https://doi.org/ 10.1111/jeb.13960.
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Abstract

Artemisia frigida is a temperate grassland species that has the largest natural
range among its genus, with occurrences across the temperate grassland
biomes of Eurasia and North America. Despite its wide geographic range, we
know little about the species’ distribution history. Hence, we conducted a
phylogeographical study to test the hypothesis that the species’ distribution
pattern is related to a potential historical migration over the ‘Bering land
bridge’. We applied two molecular approaches: Genotyping-by-Sequencing
(GBS) and Sanger sequencing of the plastid intergenic spacer region (rp/32 —
trnL) to investigate genetic differentiation and relatedness among 21
populations from North America, Middle Asia, Central Asia and the Russian
Far East. Furthermore, we identified the ploidy level of individuals based on
GBS data. Our results indicate that A. frigida originated in Asia, spread
northwards to the Far East and then to North America across the Bering
Strait. We found a pronounced genetic structuring between Middle and
Central Asian populations with mixed ploidy levels, tetraploids in the Far East,
and nearly exclusively diploids in North America except for one individual.
According to phylogenetic analysis, two populations of Kazakhstan (KZ2 and
KZ3) represent the most likely ancestral diploids that constitute the basally
branching lineages, and subsequent polyploidization has occurred on several
occasions independently. Mantel tests revealed weak correlations between
genetic distance and geographical distance and climatic conditions, which
indicates that paleoclimatic fluctuations may have more profoundly influenced
A. frigida’s spatial genetic structure and distribution than the current
environment.

Keywords: Bering land bridge, phylogeography, GBS, prairie sagewort
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Introduction

The topic of phylogeography in the Northern Hemisphere has fascinated
scientists since the discovery of remarkable floristic and faunistic similarities
between Eurasia and North America (Donoghue et al. 2001; Elias & Crocker
2008; Graham 1972; Gray 1840, 1846; Jiang et al. 2019b; Tiffney 1985a).
Two land connections existed during the Cenozoic that allowed biotic
exchange between the New and Old Worlds (Tiffney 1985a; b), such as the
North Atlantic land bridge (NALB; from late Paleocene to the late Eocene; ~55
— 35 Mya) and the Bering land bridge (BLB; from early Paleocene to the
Pleistocene; ~66 — 2 Mya). The NALB, which connected the northeast of
North America with Europe, has been viewed as a principal migration route for
thermophilic taxa during the Paleocene (Andrews 1985; Brouillet & Whetstone
2000). During the same period, migration via the BLB occurred between the
northwest of North America and East Asia, but it was presumably more limited
due to the higher latitude and cold temperatures (Tiffney & Manchester 2001).
However, after the disruption of the NALB in the late Eocene (ca. 38 — 34
Mya; Manchester 1999), the BLB region became warmer and served as an
important crossing for warm- to cold-temperate taxa (Graham 1993), which
played a crucial role in shaping the prevailing species diversity at both the
continental and regional levels. Several animal species have apparently
crossed the BLB and successfully colonized both sites, including for instance
bison, brown bear, several species of voles, tree frogs, and even fleas that
found from small mammals (Conroy & Cook 2000; Elias & Crocker 2008;
Krasnov et al. 2015; Li et al. 2015). In contrast, a considerable number of
species was restricted to only one side of the BLB, such as the wooly
rhinoceros, the North American camel and river otter, and a number of leaf
beetle as well as weevil species (Combe et al. 2021; Elias & Crocker 2008;
Meiri et al. 2013; Salis et al. 2020). However, plants had a higher
intercontinental exchange between the New and Old Worlds compared to taxa
of mammals, arthropods, reptiles, amphibians and fungi (Jiang et al. 2019a).
The Beringian region (including Alaska, the Yukon Territory and
Eastern Siberia) facilitated migration until the Pleistocene (Wolfe 1994).
However, due to the significant climatic fluctuations over time (Sanmartin et
al. 2001), genetic exchange was not uniform in terms of direction or
composition (Jiang et al. 2019a). There are a number of phylogenetic
reconstructions of Beringian woody taxa (Donoghue & Smith 2004; Liu et al.
2017), yet studies on herbaceous plants are scarce, and Ickert-Bond et al.
(2009) revealed a large disparity in taxon sampling. Examples of plant species
that crossed the Bering land bridge include Hordeum spp. L. (Blattner 2006),
Heracleum lanatum W. Bartram (Harris 2007), Carex L. spp. (Maguilla et al.
2018; Yurtsev 2001) and Artemisia L. spp. (Riggins & Seigler 2012; Tkach et
al. 2008b), for which Beringia served as a dispersal route and glacial refugium
(Ickert-Bond et al. 2009). The most frequent direction of Beringian dispersal
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was from Asia to North America (Waltari et al. 2007); however, long-distance
dispersal between the continents via alternative means has also been
reported in a number of studies, particularly for species with high dispersal
capacity (Escudero et al. 2010; Maguilla et al. 2018). In addition, geological
and / or climatic shifts have triggered further diversification within continents
as well as differentiation between the Asian and North American floras
(Donoghue et al. 2001).

The uplift of mountains, e.g., the Rocky Mountains in North America,
and the Tibetan Plateau, the Tian Shan, the Altai Mountains in Central Asia,
had a significant and complex effect on the evolution of the flora on the
respective continents (Qian 2002). This uplift increased geographic
heterogeneity and altered climatic conditions, including seasonal variations in
temperature or precipitation (e.g. rain shadow areas; Broccoli & Manabe
1997). The Altai Mountains constitute a western barrier for the eastern Asiatic
summer cyclones and monsoon rains, such that the climate and vegetation
between the two sides of the mountain range differ substantially, which results
in a pronounced biogeographic separation between Middle and Central Asia
(Hurka et al. 2019). The climatic conditions between these neighboring
regions are mainly differentiated by their seasonal variability, particularly with
respect to precipitation (Wesche et al. 2016). Most notably, winter
precipitation characterizes phytogeographic patterns in Middle Asia, while
summer rain during the growing season is the most defining factor for Central
Asia. Elsewhere, similar climatic conditions may occur in regions separated by
far greater distances, e.g. the prairies of central North America and the
steppes of the Russian Far East, where most of the precipitation falls during
the growing season (Blair et al. 2014) and temperatures range from -60 °C to
45 °C between winter and summer (McGinn 2010).

Artemisia L. (Asteraceae) is a large genus with more than 500 species
(Vallés et al. 2003), including many Eurasian and North American endemics
as well as numerous widespread species (Ling 1982; McArthur 1979;
Oberprieler et al. 2009; Vallés & McArthur 2001). The genus has served as a
model for studying plant systematics and phylogeography, which has
broadened the understanding of patterns and processes of diversification in
arctic, alpine (Sanz et al. 2014; Tkach et al. 2008a) and temperate regions
(Wang et al. 2004; Yunfa et al. 2011). Based on paleontological data,
Artemisia is assumed to have originated in the semi-arid steppes of
northwestern Asia during the early Oligocene, about 30 — 32 Mya (Liu et al.
2003; Wang 2004; Zhi-chen et al. 2004). However, Central Asia is considered
to be the genus’s main center of speciation (Pellicer et al. 2007). According to
Tkach et al. (2008b), 16 to 22 migration events have occurred from Asia to
North America, but only two to five in the reverse direction. Following Ling
(1991, 1994), the putative ancestor of the genus Artemisia existed in Northern
Asia, and the migrations from this place supposedly occurred along three
routes: i) westward to Europe, Western Asia, Asia Minor, the Mediterranean
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Basin and Africa; ii) eastward to Siberia and to western North America, and iii)
further south into Asia.

Artemisia frigida Willd. (section Absinthium DC.) is primarily distributed
in the circumpolar arctic-alpine region and has a wide distribution across the
continental steppes (Fig. 1) of the northern hemisphere (Harvey 1981; Hultén
1968). This perennial subshrub is an important component of the dry steppe
flora, as it is resistant to cold temperatures, drought and mechanical
disturbance, especially grazing. Therefore, comprehensive studies on its
systematics (Garcia et al. 2011; Pellicer et al. 2011; Riggins & Seigler 2012)
and population genetics within its distribution range have already been
conducted (Liu et al. 2012; Oyundelger et al. 2021b; Wan et al. 2008; Wang et
al. 2004). A number of studies have focused on the cytogenetic diversity of
A. frigida (Garcia et al. 2004; Korobkov et al. 2014; Korobkov & Kotseruba
2015; Pellicer et al. 2007, 2010), which revealed diploid and tetraploid
individuals with 2n =2x=18 and 2n = 4x= 36, respectively. Despite the
species’ wide distribution range and an increasing understanding of its
biology, no extensive phylogeographical study has been conducted on
A. frigida. There are two opposing and unresolved hypotheses with respect to
its migration history: 1) Yurtsev (1987) noted that the species presumably
evolved during the Pleistocene as a pre-boreal element of the Altai-Mongolian
steppe region before migrating to North America; whereas 2) Riggins and
Seigler (2012) stated that A. frigida could be one of the tertiary relicts of North
America’s Rocky Mountains that migrated eastwards.

The main aim of this study was to unravel the phylogeographic history
of A. frigida, and thus provide more evidence on migration patterns between
Asia and North America. Specifically, we investigated the genetic
differentiation and relatedness among populations from North America, Middle
and Central Asia, and the Russian Far East. We first employed Sanger-
sequenced plastid markers, as they are usually maternally inherited and easy
to interpret, and they have proven to be valuable tools in numerous
phylogeographical studies, including Artemisia (e.g., A. crithmifolia in Europe
by (Garcia-Fernandez et al. 2017); Hawaiian Artemisia species by (Hobbs &
Baldwin 2013)). In addition, we applied genome-wide single-nucleotide
polymorphisms (SNPs) comparisons, which we obtained through Genotyping-
by-Sequencing (GBS). The GBS approach has proven its effectiveness as a
tool to resolve relationships within species in a number of recent population
genomic studies (Fernandez-Mazuecos et al. 2018; Nicotra et al. 2016;
Pérez-Escobar et al. 2020). Based on these molecular approaches, we first
investigated the origin and possible migration history of A. frigida. Secondly,
we aimed to reveal the evidence for genetic sub-structuring and ancestry
proportions among geographical regions. Third, we explored whether major
environmental factors played an important role in the current populations’
genetic structure.
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Material and methods
Taxon sampling and DNA extraction
Young branches of A. frigida were collected during its growing season in July

and August in 2018 and 2019. A total of 176 samples from 21 populations
(eight to ten individuals per population) were sampled from Canada, Russia,
Kazakhstan, Mongolia and China (Fig. 1). Further details about the sampling
material are shown in Table 1. Air-dried or silica gel dried leaves were used
for DNA isolation using Mag-Bind Plant DNA DS Kit (Omega Bio-Tek,
Norcross, GA, United States) following the manufacturer's protocol.
Quantification was done on the Qubit Fluorometer 4.0 using Qubit dsSDNA HS
Assay Kit (Life Technologies, Carlsbad, CA, United States) and agarose gel
electrophoresis to verify high molecular weight molecules.
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Figure 1. Distribution of A. frigida based on different floras (list of the floras is
provided in Table S1) and localities of the sampled populations across its distribution
range supplemented with data from precipitation.

Sequencing of plastid markers
Based on previous research on the genus Artemisia (Hussain et al. 2019;

Malik et al. 2017; Riggins & Seigler 2012), we pre-selected three plastid
noncoding regions: rpl32 — trnL, psbA — trnH and trnL — trnF for amplification.
The markers were tested on 21 samples (one individual from each population)
and were sequenced in both directions. The rpl32 — trnL spacer (rpL32: 5'-
CAGTTCCAAAAAAACGTACTTC-3,, trnL(UAG): 5'-
CTGCTTCCTAAGAGCAGCGT-3’; (Shaw et al. 2007)) contained the highest
percentage of informative sites and was consequently chosen for subsequent
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phylogenetic analyses. PCR amplification was performed in a 25 pL reaction
mixture containing 0.25 pyL peqGOLD Taq polymerase (Peqlab, VWR
International, LLC), 2.5 uL of 1x S-Buffer (Peglab), 5 uL of Enhancer
(Peqglab), 2.5 pL of dNTPs (2 mM), 1.5 pyL of MgCI2 (25 mM), 0.25 pL each
forward and reverse primer (10 yM) and 1 pL of genomic DNA (20 — 100 ng).
Cycling conditions were carried out for 3 min at 94 °C, followed by 34 cycles
of 94 °C for 40 s, 54 °C for 40 s and 72 °C for 1 min, and a final elongation
step of 10 min at 72 °C. The PCR products were sequenced at the central
laboratory of the Senckenberg Biodiversity and Climate Research Center
(SBiK-F, Germany) using an ABI3730 sequencing (Life Technology) machine.
We developed an internal sequencing primer to increase the sequencing
coverage (IntrArfi. 5-CACGGAATGGATTAGTTTGAAC-3’) and used it for the
sequencing. Sequence reads of plastid markers were deposited in the NCBI
GenBank and made publicly accessible under the accession number
Banklt2456346: MZ216749 — MZ216873 (see Table S2 for accession number
of each individual).

Library preparation and high-throughput sequencing
In order to obtain genome-wide SNP data, we conducted Genotyping-by-

Sequencing (GBS) analyses (Elshire et al. 2011). Library preparation and
sequencing were performed at the Leibniz Institute of Plant Genetics and
Crop Plant Research (IPK), Gatersleben, Germany. For each sample, 200 ng
of genomic DNA was used and cut with the restriction enzymes Pstl-HF (New
England Biolabs, R3140S) and Msp/ (New England Biolabs, R0106S).
BluePipin (Sage Science) was used for size-selection of the library consisting
of fragments between 400 to 600 base pairs (bp). Fragment size distribution
and DNA concentration were evaluated using an Agilent BioAnalyzer High
Sensitivity DNA Kit (Agilent Technologies, Inc.) and the Qubit DNA Assay Kit
in the Qubit 2.0 Fluorometer. The DNA concentration of the library was
checked using a quantitative PCR run. Library preparation, individual
barcoding and single-end sequencing (1x110 bp) on the Illumina NovaSeq
6000 followed the manufacturer’s protocols (lllumina). Barcoded reads were
then de-multiplexed using the CASAVA pipeline 1.8 (lllumina), and quality
control was done with FASTQC (Andrews 2010). Cutadapt v1.16 (Martin
2011) was used for adapter and quality trimming of sequence reads (phred
score > 25, reads shorter than 65 bp were discarded). Sequence reads for the
GBS lllumina runs were deposited in the NCBI Sequence Read Archive (SRA)
and made publicly accessible under BioProject (accession number
PRJNAG80535; available at
https://www.ncbi.nlm.nih.go v/sra/PRJNAG680535).

Analysis of chloroplast sequencing data
Chloroplast sequences were edited and aligned using the MAFFT algorithm

(Katoh et al 2002) implemented in Geneious® 10.2.6
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(https://www.geneious.com). A total of 125 sequences were aligned, with the
remaining sequences being removed from the analysis due to poor quality.
Plastid haplotypes were determined from nucleotide substitutions and used
for building a TCS network (Clement et al. 2002) with PopArt (Leigh & Bryant
2015) running under the default settings. The TCS algorithm employs the
parsimony criterion (95%) to estimate the maximum number of mutational
connections based on all pairwise comparisons of haplotypes (Clement et al.
2002). Nucleotide diversity, number of segregating sites, number of
parsimony-informative sites and Tajima’s D statistics were estimated in
PopArt. Artemisia xerophytica Krasch. was used as the outgroup in the
haplotype network because it was the most closely related to A. frigida
(Pellicer et al. 2011; GenBank accession number JN86112.1). It is a central
Asian desert species that does not occur in North America (eFloras 2008;
Pellicer et al. 2007).

Analysis of Genotyping-by-Sequencing data

A de-novo assembly of the GBS data of 176 A. frigida individuals was carried
out using ipyRAD v0.7.19 (Eaton 2014). The minimal number of samples per
locus was set to 100, the clustering threshold was set to 0.85. Despite
indications for tetraploidy (Oyundelger et al. 2021b), the ploidy level was
taken as unproven, and the maximum number of alleles per site parameter
was consequently set to two (biallelic SNPs). As a result, 3,575 sites were
omitted, accounting for 8% of the total sites detected. For the other
parameters, the default settings of parameter files generated by ipyRAD were
used. Because of the poor input DNA quality, eight samples from the
Mongolian population MN6 (SamplingIlD-40D) were removed, while eleven
samples from Kazakh populations were omitted due to insufficient coverage.
After running step7 of the ipyRAD pipeline again, the remaining 40,307 SNPs
of the 155 samples (totaling 1,020,646 raw SNPs; 16% missing data) were
used in subsequent analyses.

Inferring ploidy levels from GBS data
In the absence of chromosome counts or genome sizes, SNP ratios and

heterozygosity were used to infer the ploidy levels. All GBS loci were
sequenced multiple times and were therefore represented by several reads.
As each allele was sequenced proportional to its frequency ratio, assumptions
on ploidy level were possible (e.g., for biallelic SNPs 0.5/0.5 in diploids,
0.33/0.67 in triploids, and a mixture of 0.25/0.75 and 0.5/0.5 in tetraploids). To
infer the frequency of SNPs, heterozygous 21 bp k-mer pairs were identified
using kmc 3.0 (Deorowicz et al. 2013) and smudgeplot (Ranallo-Benavidez et
al. 2020) for 30 samples comprising at least one representative per
population. K-mers of 21 bp with exactly one SNP difference were regarded
as a pair. Sequence pairs with a coverage of less than 30x were discarded.
Using the output file of smudgeplot, coverage ratios for the heterozygous k-
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mer pairs were calculated and plotted as histograms using R-package ggplot2
(Wickham et al. 2016).

A second method using Bayesian assignment was additionally
employed using observed heterozygosity and the ratio of DNA sequences of
ipyrad vcf for the complete dataset to validate the result. The ipyrad vcf output
was converted using VCFConverter2.py
(https://github.com/dandewaters/VCF-File-Converter) and the analysis was
conducted using R-package gbs2ploidy (Gompert & Mock 2017). The
estimation of SNP proportions was set to 0.25, 0.33, 0.5, 0.66 and 0.75,
assuming the possible presence of diploids, triploids and tetraploids. Two
independent repetitions were run with each three Monte Carlo Markov chains
for 10,000 steps with a 10% burn-in. For uncertain and non-complementary
outcomes, to include as much data as possible, gbs2ploidy was run again
with the same settings as before, but based on the coverage of heterozygous
21 bp k-mers being obtained with the smudgeplot pipeline rather than the vcf.

Population genetic analyses
Genetic diversity and population differentiation
The number of heterozygous sites of each sample in the vcf output file was

estimated, with an assumption that SNPs are biallelic and correspond to the
settings in ipyrad. The estimation was done in DnaSP 6 (Rozas et al. 2017)
using multi-MSA data files. The output was used to calculate the ratio of
heterozygous sites to the total number of sites of the sample (hereafter,
‘observed heterozygosity (Ho)'). We generated histograms of the Hgp to infer
whether there were two groups of Hp values. The existence of a second
cohort with a higher Hp can indicate the presence of individuals with higher
ploidy levels, which are characterized by being more strongly heterozygous, in
that they show a higher intra-individual allelic diversity in comparison to
diploids.

The vcf file was converted to a genlight object using R-package vcfR
(Knaus & Grunwald 2017) to estimate pairwise Nei’s genetic distances (Nei
1972) and Fixation Indices between populations (Fst; Weir & Cockerham
1984) using the R-package StAMPP (Pembleton et al. 2013). These two
distance measures were highly correlated (r?=0.77, p < 0.001), and thus
further analyses were based on the Nei distances only. Population-wise Nei
distances were represented on a heatmap using the R-package gplots
(Warnes et al. 2020).

Population structure and phylogenetic analysis
We explored population genetic structure using model-based Bayesian
analysis implemented in the LEA R-package (Frangois 2016). The number of
clusters was determined using a cross-entropy criterion, which is based on
the prediction of a fraction with masked genotypes (matrix completion), and
on the cross-validation approach. An initial run was performed for K = 1:22,
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and the lowest entropy determining the optimum number of clusters (ancestral
populations) was observed for K = 7, so K = 1:7 was run again with 20
repetitions. In addition, a Q-matrix was obtained by LEA, which includes the
ancestral assignment frequencies showing clusters by different color-coding.
The clusters were sorted using R-packages tidyverse (Wickham 2017) and
plotted with ggplot2 (Wickham et al. 2016).

Phylogenetic analyses were conducted using Maximum Likelihood
(ML) and Maximum Parsimony (MP) approaches. The final alignment was
294,733 bp long, containing 41,332 SNP positions and 17.91 missing sites.
As outgroup, two individuals of A. pontica L. (sect. Absinthium) were used,
which were collected from Russia (collected by S. Pfanzelt with collection IDs:
SP1077 and SP1078, vouchers deposited in Herbarium Gatersleben (GAT)).
The ML analyses were performed using RAXML (Stamatakis, 2014) applying
the autoMRE criterion (final bootstraps: 600) with the GTR+G substitution
model and search for the best scoring ML tree algorithm. The MP analysis
was performed with PAUP” 4a161 (Swofford 2002) using the heuristic search
algorithm with TBR branch swapping for the concatenated GBS-derived
sequences. Gaps were treated as missing data, and 1,000 random-addition-
sequences (RAS) were used to construct the starting trees in the heuristic
search for the GBS data to avoid suboptimal tree-islands. Bootstrap support
values were obtained by 500 bootstrap re-samples using the same settings as
before but without RAS. The splits data was visualized in SplitsTree
v5.0.0_alpha (Huson & Bryant 2006) with individual-level Hamming distances
as default (Hamming 1950) and the Splits Network algorithm (Dress & Huson
2004), in order to obtain a splits network with 3,344 nodes and 6,182 edges.

Partitioning climate and geographic effect on genetic variation
In order to evaluate the effect of present climatic conditions and geographical

location on the observed pattern of genetic structure, we conducted Principal
Coordinate Analysis (PCoA) using the ape R-package (Paradis & Schliep
2019) based on Nei distances among populations. Monthly meteorological
data covering 35 years (between 1979-2013) were retrieved for each
population from the high-resolution time series CHELSA V1 dataset (Karger
et al. 2017). Based on the dataset, mean annual temperature (MAT), mean
annual precipitation (MAP) and seasonality variables (i.e. summer and winter
mean temperature and precipitation) were estimated for each site and used
as predictors. A post hoc test was used to fit all environmental variables
(including latitude, longitude and elevation) on the ordination axes, testing the
correlation with 999 permutations. Climographs were built based on the
monthly data average of 35 years for each region using the R-package
climatol (Guijarro & Guijarro 2019), and typical representatives were chosen
for illustration.

To assess the significance of correlation between geographic
(Euclidean distance) and genetic distances (Nei), we performed a Mantel test
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with 999 permutations. An additional Mantel test was conducted between
climatic differences (Euclidean distances based on centered and standardized
climate data including MAT, MAP, summer and winter mean temperature and
precipitation) and genetic distances (Nei) using the R-package adegenet
(Jombart 2008), with two datasets informing each Mantel test: i) among all
populations, and ii) among Asian populations. All these analyses were
conducted in R v.4.0.3 (R Core Team 2020).
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Table 1. Characteristics of the study sites (population code, localities, coordinates (WGS84), altitude, collection date and number of

samples) of Artemisia frigida. Populations are ordered and coded according to longitude within countries (see Fig. 1).

Pop Country Region Location E N Altitude Date No. of
Code [m a.s.l] sample
CA1 Canada North America North Viking, Beaver County, Alberta -111°51'32" 53°10'18" 693 Jul. 2018 10
CA2 Canada North America South Viking, Beaver County, Alberta -111°51'27" 53°05'04" 692 Jul. 2018 8
CA3 Canada North AmericaKinsella, Beaver County, Alberta -111°34'37" 53°00'35" 702  Jul. 2018 8
CA4 Canada North America Ribstone Creek Heritage Rangeland Natural Area, -110°23'11" 52°43'53" 644 Jul. 2018 8
Alberta
KZ1 Kazakhstan Middle Asia Region Almaty, lle-Alatau National Park 76°59'02" 43°03'35" 2506 Jul. 2019 8
KZ2 Kazakhstan Middle Asia Region Almaty, Panfilov District 79°18'16"  44°22'54" 1791 Jul. 2019 8
KZ3 Kazakhstan Middle Asia Region Almaty, Panfilov District 79°28'45"  44°29'31" 2174 Jul. 2019 8
KZ4  Kazakhstan Middle Asia Region Almaty, Raiymbek District 79°59'14"  43°04'36" 2207 Jul. 2019 8
KZ5 Kazakhstan Middle Asia East Kazakhstan, Urzhar District 81°25'12"  47°23'25" 1706 Jul. 2019 8
MN1  Mongolia Middle Asia  Khukh nuur, Khovd Province, western Mongolia 91°45'24"  46°51'07" 2922 Aug. 2018 8
MN2 Mongolia Central Asia Zavkhan province, west-central Mongolia 97°14'48" 48°16'43" 1981 Aug. 2018 8
MN3 Mongolia Central Asia Hustai National Park, Tuv Province, central 105°55'48" 47°41'29" 1325 Aug. 2018 9
Mongolia

MN4 Mongolia Central Asia Airag, Dundgovi Province, southern Mongolia 109°22'57" 45°45'52" 1032 Aug. 2018 9
MN5  Mongolia Central Asia Khalkh gol, Dornod Province, eastern Mongolia 119°02'17" 47°00'01" 976  Aug. 2018 8
CN1  China Central Asia Duolun county, Xilingol League, Inner Mongolia 116°17'03" 42°01'59" 1320 Jul. 2019 9
CN2 China Central Asia Duolun county, Xilingol League, Inner Mongolia 116°17'03" 42°02'56" 1320 Jul. 2019 8
CN3 China Central Asia Baizin Xile Pasture, Xilingol League, Inner Mongolia 116°42'01" 43°38'00" 1187 Jul. 2019 8
CN4  China Central Asia Maoding Pasture, Xilingol League, Inner Mongolia 116°45'00" 44°18'01" 1079 Jul. 2019 8
RU1 Russia Far East Yakutsk, Central Yakutia, Sakha Republic 129°30'43" 61°52'02" 117  Jul. 2018 9
RU2 Russia Far East Yakutsk, Central Yakutia, Sakha Republic 129°33'19" 61°54'41" 97  Jul. 2018 9
RU3 Russia Far East Yakutsk, Central Yakutia, Sakha Republic 129°36'40" 62°02'11" 131 Jul. 2018 9

30



3. Phylogeography

Results
Variation in the plastid DNA sequences and haplotype network
The alignment of the rp/32 — trnL intergenic spacer sequences was 1,050 bp

long, and it showed a considerable level of polymorphism among the 125
samples of A. frigida. Specifically, 15 parsimony-informative sites were
observed within 27 polymorphic (segregating) sites, and the nucleotide
diversity (1r) at the species level was 0.0044. The analysis of genetic
relatedness of the 21 populations (comprising 125 individuals of A. frigida)
was based on 27 substitutions from 18 haplotypes (Fig. 2). The most frequent
haplotype was found in Central Asian populations, followed by a haplotype
detected in populations from the Far East and Middle Asia, then haplotypes
sampled in North American populations. The outgroup, A. xerophytica, was
separated by six substitutions from the Asian haplotypes, indicating the
possible origin of A. frigida in Asia, and a subsequent migration to the Russian
Far East and then on to North America.

Kz4_6

QO

1 sample

MNorthAmerica
MiddleAsia
CentralAsia
FarEast
Cutgroup

o000

A. xerphytica
Figure 2. Parsimony network based on plastid marker rp/32 — trnL intergenic spacer
covering 21 populations (population code, see Table 1) of A. frigida across its
distribution range. Size of ellipses reflect the haplotype frequency and hatch marks
represent mutational differences.

Population genetic diversity
A total of 40,307 SNPs were identified using the GBS approach within 21

populations of A. frigida. The observed number of alleles across populations
ranged from 86,456 (CN4) to 99,532 (CN1), with an average of
94,408 + 3,144 alleles. Observed heterozygosity (Ho) among populations
ranged from 0.021 (CA1) to 0.067 (KZ5), with an average of 0.044 (Table S3).
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The highest genetic diversity was found in the Far East (Ho = 0.061), whereas
it was lowest in North America (Ho = 0.023; Fig. 3).

The frequency distribution of individual levels of heterozygosity showed
two groups, one of which had twice as high values of Hp than the other
(range: 0.02 to 0.04 vs 0.05 to 0.07; Table S4). The different methods used to
infer ploidy levels were in 99% agreement (comparison is given in Table S4),
demonstrating their utility for ploidy level estimation from GBS data.
Gbs2ploidy assigned tetraploidy to individuals with Ho 0.05 to 0.07 and
diploidy for all individuals with Ho lower than 0.04, and mostly with high
posterior probabilities (pp) except for three samples (CA1_1 Ho =0.019,
CA1 4 Ho=0.018 and CN1_4 Hp=0.042). Consequently, all diploid
populations and those of mixed ploidy levels showed lower genetic diversities
than tetraploids (Fig. 3). To illustrate this in depth, we chose one to three
samples (focusing on uncertain and contrary outcomes) per putative mixed
ploidy populations to look closer into the respective SNP ratios (Fig. S1). As a
result, all samples with Ho > 0.05 had a higher SNPs frequency (0.01 to 0.02)
with a percentage proportion of 25/75 in comparison to samples with
Ho <0.04. In these cases, the frequency of SNPs with a 50% proportion
ranged from 0.025 to 0.04. While samples with Ho < 0.03 had a frequency of
25/75 SNPs proportion below 0.01, the 50% proportion of SNPs was higher
(0.03 to about 0.05), with the exception of CA1_4, which had a high SNP
frequency (25/75 proportion = 0.014; Table S4). Despite its low heterozygosity
(Ho = 0.018), this individual appeared to be the only putative tetraploid among
the North American populations.
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Figure 3. Violin plot of GBS-based observed heterozygosity (Ho) in A. frigida samples
per population. N — number of samples per population.
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Based on minimal cross-entropy with the Bayesian population assignment
analysis, a K value of seven was determined as the most likely number of
genetic clusters (Fig. S2). As a result, populations from the Far East and
North America constitute their own clusters (red and pink, respectively),
however, samples from the Far East show a slight pattern of admixture with
the North American clusters and one of the Central Asian clusters (light blue;
Fig. 4a). Considerable genetic differentiation was found within the Middle
Asian populations, as three independent clusters (light green, green and dark
green) were observed in Middle Asia. Similarly, Central Asian populations
were primarily composed of two genetic lineages (shown as light blue for
Mongolia and dark blue for China; the exception of population CN3 from
China, which is assigned to the light blue cluster). The highest level of
admixture was found within Asian populations, and particularly in two
populations of Mongolia from Middle and Central Asia (MN1 and MN2,
respectively). Population MN1 was almost equally assigned to clusters from
the Far East (red), Central Asia (light blue) and Middle Asia (dark green),
while MN2 was assigned mainly to the Central Asian clusters but also to
clusters from the Far East and North America. As shown in Fig. 4a, there
appears to be no association between ploidy level and population genetic
admixture.

Furthermore, genetic differentiation among populations was moderate
(global Fst=0.33, Nei =0.03), but very high genetic distances were found
between two of the Kazakh populations (KZ2 and KZ3) and the rest (Table
S5; see heatmap in Fig. S3). At the regional level, populations from Middle
Asia and the Far East showed the lowest genetic distance (Nei = 0.01), while
the greatest distance was recorded between the North American and Central
Asian populations (Nei = 0.02).

Phylogenetic analysis with Maximum Likelihood supported our
haplotype network analysis based on plastid DNA, showing that diploid
populations of Kazakhstan (KZ2 and KZ3) were sister to the rest of the Asian
populations, and those are sister to a clade of populations from Russian Far
East and North America (Fig. S4 and Fig. 4b). These clades were also
complimentary to the Bayesian analysis resulting in seven genetic clusters
(Fig. 4a) with populations from Middle and Central Asia harbouring three and
two genetic lineages, respectively. In addition, populations from North
America are aligned closely with those from Far East as well as with some
from Central Asia, indicating genetic exchange (Fig. 4b). According to ploidy
estimation this network implies that KZ2 and KZ3 are the most likely ancestral
diploids, and subsequent polyploidizations has occurred multiple times
independently.
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Figure 4 a). Individual ancestry estimation based on Bayesian clustering of GBS data
assuming seven (K = 7) populations for A. frigida (color-coded). On the x-axis, each
column represents an individual, while the y-axis shows assigns proportions as
posterior probability. The assumed ploidy level of populations is according to Table
S4. b). Phylogenetic network based on Hamming distances of GBS data.

Effects of geographic distance and current climate on genetic variation
The Mantel tests revealed an isolation by distance effect; however, it was not

strong at either of the scales. In particular, the correlation between
geographical and genetic distances among Asian populations was higher
( =0.06, p=0.002) than it was when North American populations were
included (r* = 0.02, p = 0.03). The greatest distance between North American
and Asian populations was 8,000 km, while a maximum of 4,000 km
separated Asian populations, indicating that genetic differentiation was
relatively high among Asian populations. A similar pattern was observed for
correlations between climatic differences and genetic distances, which
showed a higher correlation for Asian populations (r?> = 0.05, p = 0.006) than
for all sites including North American populations (r? = 0.02, p = 0.04). This
indicates that climatic differences only have a minor impact on genetic
differentiation across all populations, but the large climatic differences within
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Asia were partly associated with the genetic differentiation of A. frigida
populations in that region.

Principal Coordinate Analyses were conducted on all populations and
within Asian populations to reveal significant environmental factors influencing
population structure. At the larger scale, spatial effects and seasonal
precipitation showed major correlations with population genetic structure (Fig.
5a). Within Asian populations, the amount of seasonal precipitation had the
highest impact (Fig. 5b). The level of precipitation and its seasonal variability
differed strongly between regions, which is represented in the climographs
obtained for the representative localities associated with the regional
populations (Fig. 5). Climate patterns in Middle Asian populations were
partially consistent with the genetic structure revealed via Bayesian cluster
analysis (Fig. 4a).
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Figure 5. Principal Coordinate Analysis (PcoA) based on population-wise Nei
distance: a) including all populations, and b) within Asian populations of A. frigida.
Environmental predictors were fitted post hoc on the ordination plots (only those that
passed p < 0.05 according to a test with 999 permutations are displayed). WinterPrec
— winter mean precipitation, and SummerPrec — summer mean precipitation.
Climographs of the regions were illustrated based on the typical representatives:
CA2, KZ3, KZ5, MN1, CN2 and RU3, respectively.
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Discussion
A number of studies have shown that the genus Artemisia presumably

originated in northwestern Asia during the early Oligocene (30 — 32 Mya), with
major speciation events occurring in Central Asia (Garcia et al. 2011; Liu et al.
2003; Pellicer et al. 2007; Tkach et al. 2008b; Wang 2004; Zhi-chen et al.
2004). Weber (2003) revealed that some North American Artemisia taxa
found in the Rocky Mountains may have originated in the Tertiary, and they
may consequently represent relics of once widely distributed taxa. Our genetic
analyses based on plastid and GBS data suggests that Asia is the ancestral
area of A. frigida (Fig. 2, Fig. 4b, Fig. S4). However, we cannot specify from
plastid data whether they originate from Middle or Central Asia because two
haplotypes (Middle Asian, KZ2+KZ3, haplotype and a mixture of Middle and
Central Asian, blue and green haplotypes) were separated by the same
number of substitutions from the outgroup species (Fig. 2). GBS data,
however imply a Middle Asian origin (Fig. 4b, Fig. S4). Nevertheless, as the
species’ migration appeared to continue to the Far East and then on to North
America, it is likely this happened via the Bering Strait, which is consistent
with Garcia et al. (2011)’s findings that many species of Artemisia sect.
Absinthium (about 80 species within the section) followed this migration route.
Furthermore, our findings refute the hypothesis of Riggins and Seigler (2012)
that A. frigida may represent a tertiary relict in North America.

The dominance of Artemisia pollen in many records of the Quaternary
indicates the importance of that period for the genus’ diversification and
expansion (Wang 2004), with the latter process likely having been stimulated
by climate oscillations. The Quaternary is characterized by the development
of widespread glaciations (onset 2.8 — 2.4 Mya) in temperate mid-northern
latitudes, while overall cooling led to the expansion of permafrost, open
landscapes and the replacement of forests by various steppe formations
(Hurka et al. 2019). The greatest diversity and expansion of steppe
communities occurred in northern Eurasia during the glacial periods of the
Pleistocene, as evidenced by diversification and expansion of typical steppe
taxa such as Capsella Medik., Clausia aprica (Stephan) Korn.-Trotzky,
Goniolimon speciosum (L.) Boiss., Sisymbrium L. and Krascheninnikovia
ceratoides (L.) Gueldenst. (Franzke et al. 2004; Seidl et al. 2020, 2021;
Volkova et al. 2017; Zerdoner Calasan et al. 2021b; a). The same likely holds
true for A. frigida.

In our study, we found mixed ploidy levels between and within
populations of Middle and Central Asia, while exclusively tetraploid cytotypes
were found in the Far East and diploid cytotypes in North America, with the
exception of one 4x individual in population CA1 (Table 1). Our phylogenetic
analyses (Fig. 4b, Fig. S4) suggest that polyploidization happened several
times independently and may have arisen by autopolyploidization events
within single populations. As represented in Fig. 5, Asia is characterized by
highly variable climatic conditions, which may have promoted polyploidization
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and colonization of various habitats in the region, as Maguilla et al., (2021)
demonstrated in Centaurium Hill. The Asian polyploid populations of A. frigida
were collected from high altitudes, which is in accordance to the general
observation that perennial herbs from high elevations in the temperate zones
are frequently polyploids, which in turn is interpreted as an adaptation to
harsh environments (Rice et al. 2019). This is in line with the findings of
Mansion et al. (2005) and Maguilla et al. (2021), who discussed that varied
climatic conditions promoted polyploidization in the genus Centaurium,
promoting success in the new or expanded area rather than facilitating the
dispersal event per se, thus conferring a fithess advantage in heterogeneous
areas.

In addition, the presence of tetraploid populations in the Far East is a
common characteristic of the arctic flora, which has a high prevalence of
polyploids, including many Artemisia species (Tkach et al. 2008a; b). This has
been explained by the fact that more strongly heterozygous and duplicated
genomes aid population survival (by avoiding inbreeding and genetic drift)
during periods of dramatic climatic changes (Brochmann et al. 2004), and that
polyploids colonized new ranges more effectively following deglaciation than
diploids (Van de Peer et al. 2021).

Considering the predominantly diploid populations in Canada, we
assume that either only diploids migrated to North America through the
Russian Far East; or polyploid cytotypes were not captured from the region
owing to lack of sampling. We only sampled four populations from the
northern prairies in southwestern Canada, where grasslands are scattered
due to natural fragmentation and a recent conversion to crop land (Downing &
Pettapiece 2006). However, the southern prairies in Canada encompass
areas that remained ice-free during the last glacial period (Klassen 1994).
Thus, it is important to note that our sampling in Canada may be not
representative for the entire area of the species in North America (Fig. 1).
However, we found one tetraploid individual in the Canadian population
(CA1_4), indicating that autopolyploidization might have occurred there as
well (Fig. 4b and Fig. S4).

Polyploidy is usually associated with greater genetic diversity because
of the duplicated genomes, which often arise from different lineages
(allopolyploidy). Indeed, the tetraploid populations in our study represented an
overall higher genetic diversity than the diploids (Fig. 3). The lowest genetic
diversity among regions was found in the North American populations
(Ho =0.021 -0.024; Table S3). Isolation by natural and anthropogenic
fragmentation can prevent genetic exchange where populations occur in more
isolated landscapes shaped by multiple former glaciation events (Jackson Jr
and Little, 2004) or by more recent habitat fragmentation caused by extensive
transformation of steppes into farmland (Raddatz, 1998). Such fragmentation
may have hampered genetic exchange among the North American
populations, and have led to genetic drift and inbreeding as was shown for the
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prairie forb Asclepias L. spp. (Kim et al., 2015). As noted before, our study
area only covered a limited range of A. frigida’s distribution in North America,
which perhaps resulted in low average hetrozygosity owing to a local effect.
However, within population diversity should not be affected by a smaller
samples size. Nevertheless, future research should cover a broader range of
landscapes and regions to better understand the evolutionary history of the
species across its entire distribution range.

Genetic differentiation between populations within the different regions
was not particularly high in our study (global Fst = 0.33, Nei = 0.03), and the
North American populations were more closely related to the Russian Far
East populations (average Nei=0.018; Table S5). Meanwhile, two
populations from Kazakhstan in Middle Asia (KZ2 and KZ3) showed the
greatest genetic distance (average Nei = 0.068 — 0.071; Table S5), which may
indicate more restricted gene flow among the disjunct populations leading to
strong genetic drift and inbreeding. This is also indicated by their low genetic
diversity (Ho =0.026 and 0.025, respectively). Remarkably, these Middle
Asian populations were sampled at high altitudes in mountainous regions
(1700 — 3000 m; Table 1), where gene flow might be further restricted due to
topography. Moreover, extensive glacial complexes occurred in the Asian high
mountains (Owen, 2013), including the Altai and the neighboring mountain
systems during the Quaternary (Lehmkuhl et al. 2011). Glacial and interglacial
periods during the Pleistocene caused plant populations to repeatedly expand
and contract, resulting in several events of colonization of new areas
(dispersal) and fragmentation of ancestral areas (vicariance), as evidenced by
a number of studies on temperate plant phylogeography (Barbolini et al. 2020;
Franzke et al. 2004; Hurka et al. 2012; Kirschner et al. 2020; Qiu et al. 2009;
Seidl et al. 2021; Wang et al. 2013). This could explain the high genetic
differentiation of A. frigida populations in Middle Asia, for which structure
analysis revealed three genetically distinct clusters, with MN1 having the
highest degree of genetic admixture (Fig. 4a). Although speculative at this
point, KZ2 and KZ3 may represent remnants of A. frigida’s ancestral
distribution area.

Based on the Mantel tests, which indicated limited correlation between
the current environment and populations’ genetic structure, we assume that
paleoclimatic fluctuations, and thus ancient migrations, have more profoundly
influenced the spatial genetic structure and distribution patterns of A. frigida
than the current environment. As we discussed above, glacial and interglacial
climate oscillations influenced species distribution and population dynamics
through an alteration of expansion, contraction and fragment phases (Hewitt
2000; Hurka et al. 2019). These dynamics have shaped the current
distribution and structuring of the intra-specific genetic diversity of many plant
species (see Richardson & Meyer 2012; Tournebize et al. 2017; Yan et al.
2013a, 2019). In particular, the population structure of Middle Asian
populations observed in our study could be a result of small populations being
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isolated within refugial habitats during past interglacial phases, where genetic
drift was increased and population divergence was favored. Populations of
Middle Asia differed both in terms of their genetic structure (three distinct
genetic clusters within Kazakhstan were observed; Fig. 4a) and prevailing
climate (climographs partly fit to the genetic patterns; Fig. 5), even within
smaller spatial space (the average distance among populations is 500 km). In
contrast, individuals from North America and the Far East were genetically
relatively closely related to each other, despite being approximately 6000 km
apart and the ranges of precipitation and temperature being substantially
different (Fig. 5). Therefore, the current environment has a rather limited effect
on the spatial genetic structure of A. frigida populations.

Conclusion

Our study contributes to an increasing phylogeographic understanding of the
evolutionary history of one of the most widely distributed temperate grassland
species, and provides insights into its migration history by confirming and
refining previous findings. Our study species, Artemisia frigida, represented a
good example of a distribution pattern shaped by former migration over the
Bering land bridge (BLB). The species originated presumably in Middle Asia,
with its main diversification occurred in Asia likely to be triggered by high
climate variability. This may have been aided by several polyploidization
events, which could provide a fitness advantage in colonizing and establishing
in heterogeneous environments.

Many other arctic and steppe-tundra species used the BLB as a
dispersal route and glacial refugium, but the BLB also remained as a
biological barrier, as evidenced by a number of animal species, e.g., wooly
rhinoceros, musk-oxen, the North American river otter, American marten, and
several groups of steppe-tundra beetles, including cold-adapted weevils and
leaf beetles that are restricted to only one side of the BLB (Combe et al. 2021;
Elias & Crocker 2008; Meiri et al. 2013). Our study thus contributes to the
understanding of the evolutionary history of temperate steppe regions,
including their intercontinental disjunctions summarized in comprehensive
reviews (Barbolini et al. 2020; Hurka et al. 2019) and advanced methods in
phylogeography (Kirschner et al. 2020; Seidl et al. 2020, 2021).
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Chapter 4. Plant population genetics under changing
climate and grazing

Combined pressures of warming climate and increased stocking densities in
Mongolia have large impact on vegetation and soil condition. Between 1940
and 2015, MAT in Mongolia increased by 2.24 °C (i.e., twice higher than the
global average) and MAP decreased by 7% (Han et al. 2021), while livestock
number has increased three-fold, reached 56 million heads (National
Statistics Office of Mongolia 2020). It is well known that steppe types respond
differently to the changing climate and grazing pressure, depending on their
interplay (Ahlborn et al. 2020; Bat-Oyun et al. 2016; Jamiyansharav et al.
2018; Khishigbayar et al. 2015; Munkhzul et al. 2021). Referring a common
hypothesis of rangeland systems: southern Mongolia, with dry and desert
steppes, characterizes a climate-driven non-equilibrium rangeland system
(NEQ), whereas the northern Mongolia, with its moist part with meadow
steppes represents a competition-driven an equilibrium rangeland system
(EQ; Fernandez-Giménez & Allen-Diaz, 1999; von Wehrden et el., 2012;
Wesche & Retzer, 2005). However, Ahlborn et al., (2020) demonstrated that
there is no border of NEQ and EQ systems in Mongolian steppes, rather a
zone, which shifting from year to year. Our study on Climate — grazing
interactions in Mongolian steppe (Section 4.1) supported above, resulted with
a detrimental effect of grazing on desert steppe vegetation. This indicates the
existence of combined pressure of climate and grazing in arid habitats,
making them potentially sensitive to overgrazing and climate change.

Repeated monitoring studies in Mongolian steppes have documented
declining species diversity and production (Addison et al. 2012), as well as
vegetation cover and species richness in some steppe types (Khishigbayar et
al. 2015). In addition, Jamsranjav et al., (2018) demonstrated that under
combined climatic and grazing effects, species composition in Mongolian
steppes shifts from palatable perennial species to unpalatable or ruderal
annual species, particularly in mountain and dry steppes.

However, it is unknown whether and which impacts have a changing
climate and increasing grazing pressure on steppe species' genetic diversity
in Mongolia. Response of species’ genetic diversity and structuring, in form of
variation within species, to the abrupt changes in both climate and grazing
regimes is important for grassland functioning and thus ecosystem services.
My dissertation with sections 4.2. and 4.3 aimed to answer these questions to
full the study gap, using one of the most prevalent steppe species.
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4.1. Climate — grazing interactions in Mongolian steppe

Typical steppe vegetation of eastern Mongolia. Photo was taken by Oyundelger Kh.
in Dornod province in August, 2019.

The content of this chapter has published in Munkhzul, O., Oyundelger, Kh.,
Narantuya, N., Tuvshintogtokh, I., Oyuntsetseg, B., Wesche, K. and Jaschke,
Y. (2021). Grazing effects on Mongolian steppe vegetation — A systematic
review of local literature. Frontiers in Ecology and Evolution. 9: 703220.
https://doi.org 10.3389/fevo.2021.703220).

41


https://doi.org/10.3389/fevo.2021.703220

4. Population genetics

Abstract

The Mongolian steppes cover a large area of the Palaearctic steppe biome
and are still relatively intact with a long history of homadic pastoralism. As
livestock number has increased over the last two decades, grazing has been
considered as the main reason of pasture degradation. However, the impact
of grazing on vegetation dynamics, and its interaction with climate, is still not
clear.

We reviewed 44 publications in Mongolian language, covering 109
sites in five main steppe types, i.e., desert, dry, meadow, mountain, and high
mountain steppe, with a mean annual precipitation and temperature range
from 120 to 370 mm and from -6 to +5 °C, respectively. We calculated relative
changes in vegetation cover, species richness, and aboveground biomass
from heavily grazed with respect to lightly/non-grazed conditions. Multiple
linear regression models were used to test the impact of environmental
factors, i.e., mean annual precipitation, coefficient of variation for precipitation,
mean annual temperature and elevation.

Grazing had a stronger effect on the vegetation of dry, desert and high
mountain steppes, whereas its effect was less pronounced in the meadow and
mountain steppes with mesic climate. Vegetation cover, species richness and
aboveground biomass were reduced by heavy grazing in the dry, desert and
high mountain steppes. In the meadow steppes, grazing reduced vegetation
cover, but increased richness and had nearly no effect on biomass. In the
mountain steppe, richness and cover were not affected, but biomass was
reduced by heavy grazing. Additionally, grazing effects on biomass tended to
be more pronounced at sites with higher amounts of annual precipitation, and
effects on cover changed from negative to positive as elevation increased.

In conclusion, grazing effects in Mongolian steppes are overall
negative in desert, dry and high mountain steppes, but no or even positive
effects are found in meadow and mountain steppes. Especially, grazing
showed a detrimental effect on all vegetation variables in desert steppes,
indicating the existence of combined pressure of climate and grazing in arid
habitats, making them potentially sensitive to overgrazing and climate change.
Grassland conservation and management should consider characteristics of
different steppe types and give importance to local environmental conditions.

Keywords: steppes, grazing, diversity, biomass, climate, human impact
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Introduction

Grasslands cover 41% of the World’s terrestrial surface (White et al. 2000),
which sustain livelihoods for nearly 800 million people, and are a crucial
source of livestock forage and habitat for diverse wildlife (White et al. 2000).
Most of the world’s grasslands are found in temperate regions, and these
temperate grasslands have the distinction of being the most altered terrestrial
ecosystems on the planet (Henwood 2010) and the most threatened globally.
Of these temperate grasslands, 19.6% (10.3 million km?) belong to the
Palaearctic steppe biome, which forms a vast belt across the mid-latitudes of
Eurasia, with nearly 1.3 million km? occurring in Mongolia (Henwood 2010;
Wesche et al. 2016). The Mongolian grasslands are still relatively intact,
representing the world’s largest grasslands that are still healthy in terms of
biodiversity and traditional land use (Batsaikhan et al. 2014). Hence in the last
two decades, Mongolia has become a key region for studying the effects of
land use to devise potentially sustainable land use strategies.

Mongolia has a long tradition of nomadic pastoralism, which has been
the main agricultural sector in Mongolia for centuries. Approximately 83% of
the territory (1.3 million km?) is rangeland (including grasslands, shrublands,
forest steppe, and deserts that are grazed by domestic livestock; Angerer et
al., 2008), supporting 71 million heads (118.7 million Sheep Units [SU™";
(National Statistics Office of Mongolia, 2021)). Until 1990, the number of
livestock was 25.8 million heads (54.3 million SU), however, after institutional
and societal changes in the 90s, decentralization began and herders were
allowed to privatize their herds. Since then, the number of livestock has
increased dramatically, especially the number of sheep and goats increased
due to the high market value of cashmere. Livestock density has increased
more than threefold, i.e., from 32 SU per 100 ha in 1961 to 99 SU in 2017
(National Statistics Office of Mongolia, 2018). According to a national report
on the rangeland health of Mongolia, 58% of Mongolian rangeland areas are
estimated to be degraded, of which 14%, 21%, 13% and 10% are slightly,
moderately, heavily and fully degraded respectively based on field monitoring
data (Densambuu et al. 2018b).

Several global quantitative reviews (Cingolani et al. 2005a; Milchunas
& Lauenroth 1993) revealed that grazing effects on vegetation interact with
productivity. The latter in turn is controlled by abiotic factors, such as climate
(precipitation, temperature) and topographic conditions. Mongolian grasslands
often experience very high intra- and interannual rainfall variability, and
growing season precipitation has the greatest effect on plant productivity
(Liang et al. 2002). In wet regions with high productivity, moderate grazing
can reduce the dominance of competitively superior species, thus increase
plant diversity; while in dry grasslands with relatively low productivity, grazing

' horse = 7 SU, cattle = 6 SU, camel = 5 SU, sheep = 1 SU, goat = 0.9 sheep (NSO, 2019).
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effects tend to be neutral or moderately negative, with interannual variation of
mean annual precipitation having a stronger effect than grazing on plant
communities (OIff & Ritchie 1998). Similar results were also found in
Mongolian dry steppes, where grazing effects were smaller in drought years
(Bat-Oyun et al. 2016). However, negative grazing impact on vegetation has
been reported both in the forest-steppe in northern Mongolia (Takatsuki et al.
2018) and in the desert-steppe in northern China (Deng et al. 2013; Zhang et
al. 2018c). Contradictory results suggest that Mongolian grasslands are a
mixture of equilibrium and non-equilibrium systems (Ahlborn et al. 2020;
Fernandez-Gimenez & Allen-Diaz 1999; von Wehrden et al. 2012b; Zemmrich
et al. 2010b). In areas where mean annual precipitation (MAP) is less than
250 mm and the coefficient of variation of annual precipitation (cvP) is greater
than 33% (Ellis & Chuluun 1993), the low and extremely variable annual
precipitation has an overriding impact on livestock numbers, while in regions
with higher and relatively constant precipitation, grazing should play a greater
role in determining plant community structure and composition (Ellis & Swift
1988). Furthermore, Mongolia has a typical continental climate with enormous
daily and annual temperature fluctuations, and extreme climate events such
as drought and cold harsh winter (dzud) also have huge effects on vegetation,
animal husbandry, and thus economic situation of households. Local
topographical conditions, for example location along a slope, might also
interact with grazing effects, because soil moisture might decrease from valley
bottom to upper slope (Fujita et al., 2009). And slope direction also affects
nutrient availability and plant growth form, therefore interacts with grazing
effects (Lkhagva et al., 2013).

Considering such substantial effects of grazing and environment on
vegetation in Mongolian grasslands, dozens of studies have been conducted.
However, publications on the effects of grazing on vegetation and its
interaction with the local climate provide partly contradictory results, and thus,
no consensus has arrived in the international literature. Hence, the current
study aims to perform the first meta-analysis of publications in Mongolian
language, which reported grazing effects on the country’s steppe vegetation
from 1966 onwards. These publications provide valuable information, but are
unfortunately not accessible without knowledge of the language, and many
were not published in widely distributed outlets. Based on a thorough review
of these publications, we addressed the following hypotheses:

1) Heavy grazing by livestock negatively affects vegetation cover, species
richness, and aboveground biomass. Species richness and
aboveground biomass are supposed to be highest under moderate
grazing intensity compared with light and heavy.

2) The magnitude of the grazing effects differs among steppe types due to
their specific environmental conditions. Grazing effects in meadow
steppe and mountain steppe tend to be stronger, in line with classical
equilibrium rangeland theory, as they receive usually more summer
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rainfall and the productivity of such grasslands is high. In contrast, size

of grazing effects on desert steppe and dry steppe is expected to be

smaller as a consequence of the overriding impact of precipitation

patterns as implied by non-equilibrium dynamics.
Methods

Study region
Mongolia is a landlocked country of Central Asia, situated between 41°35’ and
52°08’ N, 87°44’ to 119°55’ E, far from any ocean. Its land area comprises
1.564 Mio. km? (National Statistics Office of Mongolia, 2019), which is roughly
equivalent to all countries of western and central Europe. Mongolia
experiences an extreme continental climate characterized by long cold
winters, short summers, and most precipitation falls during mid-June to
August (Liu et al. 2013b). The climate is further characterized by high
differentiation among four seasons and high diurnal temperature variation.
Mongolia can be classified into six ecological zones (Fig. 1), i.e., the high
mountain, taiga, forest steppe, steppe, desert steppe and desert zones
(Tuvshintogtokh 2014). Among them, the forest steppe, steppe, desert steppe
and parts of the desert zone are primarily rangelands. From the north to the
south of Mongolia, the climate becomes drier (temperature increases and
precipitation decreases).
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Fig. 1. Ecological zones and steppe vegetation types of Mongolia, with 109 study
sites extracted from the reviewed publications. Ecological belt zones are based on
the adapted vegetation map of the People’s Republic of Mongolia (Ulziikhutag 1985;
Yunatov & Dashnyam 1979). Steppe vegetation types follow the Steppe Vegetation
of Mongolia (Tuvshintogtokh 2014), and “dry steppe” here includes “typical steppe”,
as is commonly done in literature. The high-cold mountain steppe is abbreviated as
the high mountain steppe in the following. The sites located in the desertified steppe
are grouped into the desert steppe in the analyses. The Site ID is the same as in
Table A1.
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Between 1944 and 2014, mean annual temperature (MAT) has
increased by 2.1°C on average, with the increase being stronger in winter
(3.6°C) than in summer (1.8°C). In particular, MAT increased by 2.0-3.7°C in
the forest steppe zone, 0.7-2.0°C in the steppe and desert zones (these two
zones were considered together in the analysis; (Dagvadorj et al., 2010;
MARCC, 2014). As a result, the aridity index and the number of extreme
warm days increased significantly (MARCC 2014). The change in mean
annual precipitation (MAP) varied strongly in both spatial and temporal
perspective. For instance, MAP decreased by 8.7-12.5 % in the central and
southern regions and increased by 3.5-9.3 % in the eastern and western
regions of Mongolia (MARCC 2014).

The total number of livestock in Mongolia has increased 2.7 times
since 1990, when the democratic revolution took place and livestock was
privatized. The magnitude of increment, however, differs among ecological
zones: the total number increased 2.0 times in the high mountain belt, 3.2
times in the forest steppe and steppe zone, 2.5 times in the desert steppe
zone, and 2.6 times in the desert zone (National Statistics office of Mongolia
2019). As a result, the steppe zone sustains the highest number of livestock,
followed by the forest steppe and the desert steppe zone (Fig. 2). The
significant drops in livestock numbers in 2000-2002 and 2010 show the
effects of dzud, i.e., severe winter, which caused the death of 28.5 and 17.6
million SU livestock, respectively, after the winters of 1999 and 2009. Still, and
in contrast to the non-equilibrium theory, over the last decade, livestock units
have shown a general increase, even in the dry and highly variable desert
steppes.
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Fig. 2. Change in livestock numbers in different ecological zones of Mongolia. The
total number of livestock in a particular zone was calculated from data at the soum
(small administrative unit within a province) level (330 soums and 9 districts of the
capital city, in total, N=339). A total of 216 soums had only one dominant ecological
zone, so the livestock number in this zone is equal to the soum level. When a soum
consists of more than one ecological zone, then each of the two (N=111) or three
(N=12) most dominant zones were considered to have the same number at soum
level, because livestock mobility is high even within a single soum. Therefore, there
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is an overestimation of total livestock numbers (the sum of sheep units from
ecological zones are 11-20% higher than those from soums for the respective year
range). Data at the soum level were provided by the National Statistics Office of
Mongolia, 1970-2019. The Taiga zone is not included because this zone is a boreal
forest, where hardly any pasture exists.

Data extraction

Considering that our focus was on overcoming language barriers and
enhancing the international knowledge base, we searched for all available
Mongolian publications on grazing effects on the rangeland vegetation in
specialized databases, such as local libraries of the Mongolian Academy of
Science, National University of Mongolia, and Mongolian University of Life
Science (see detailed list from Table A2). As search criteria, we used the
Mongolian terms "urgamaljilt’, "belcheer", "belcheerlelt", "belcheerleltiin noloo"
and "hashsan talba" which translate to "vegetation", "rangeland,"
"pastureland," "grassland," "grazing", "grazing effect" and "fenced area". In
particular, for literature, books and (conference) proceedings that were
published before 1990, we first searched for the title, and checked the context
and included the suitable studies. The main vegetation indicators we consider
here are species richness (SR), vegetation cover (VC) and aboveground
biomass (AGB) as they are the most frequently reported quantitative
measurements of rangeland conditions. We included studies published
between 1966 and 2019. In total, 44 publications were found (Supplementary
material 1), i.e., one dissertation, six master theses, five book sections, and
32 journal articles that together reported data from 109 sites (Table A1).
Among them, conditions of different grazing intensity levels (i.e., light,
moderate and heavy grazing, indicated by the distance to river or that to
winter/summer camp in the original publications) could be compared for 51
sites, by dividing the values of the response variables under heavy grazing to
the same variables under light (or zero) grazing at the same site:

relative grazing effect of heavy grazing = (heavy - light) / light grazing, and
similarly, relative grazing effect of moderate grazing = (moderate - light) / light
grazing.

The dominant grazers in different steppe types are provided in Table 1.
Sheep and goats mainly graze on all steppe types, which constitutes ca. 85%
(ca. 58 million heads) of the total livestock of Mongolia (National Statistics
Office of Mongolia, 2021). Hence, the impact of grazing is largely similar in all
steppe types. This way, trends are comparable between main rangeland
types, in spite of absolute values for all indicators being much lower in the
desert steppes and high-mountain steppes. Multiple-year (= 2 years)
monitoring data was available from another 32 sites, but grazing intensity was
only mentioned at four sites, which had fences to exclude livestock grazing,
thus we made a summary of fence effects on those sites only. We did not
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analyze the studies which reported either the results of one year at a single
grazing level, or studies on seasonal vegetation dynamics within one study
year. The workflow chart of the data extraction is summarized in Fig. A1.

We extracted quantitative values either directly from tables, or through the
UN-SCAN-IT graph digitizer software (Silk Scientific, Inc.) from figures for the
main response variables in the original publications. However, depending on the
study design and purpose, surveying methods were inconsistent among studies.
In particular, authors surveyed SR in different sizes of plots, which were usually
large plots of 10 x 10 m? (3-10 replicates), or occasionally small plots of 0.5 x 0.5
m? or 1 x 1 m?. Some were sampled along a 50 m or 100 m transect (3-5
replicates) and recorded the total species number in quadrats of 0.5 x 0.5 m? or 1
x 1 m?along the transect at an intervel of 10 m or 20 m for the 50 m and 100 m
transect, respectively. Moreover, whether estimates were based on the sum or
the mean species number from subplots was not always clear. Reported VC was
usually estimated from the same sample areas as for SR, and we calculated
mean values of the repeated measures. AGB was estimated based on clipped
standing biomass from 0.5 x 0.5 m? or 1 x 1 m? (with 3-10 replicates), and mostly
from grazed sites rather than from grazing-exclusion plots; thereby providing only
the residual biomass instead of primary productivity. When authors reported AGB
values over the whole growing season, we selected the value of the peak
biomass (late July or early August). Most biomass data were in units of
centner/ha, so we recalculated them to g/m?

Latitude, longitude, and elevation were usually directly reported in the
publications. Else, we used Google Earth to estimate elevation based on the
specific coordinates. Climate data was not always reported by authors, and even
when it was, the timescale for the reported data was often missing. As the
reviewed publication ranges between 1966-2000s, we extracted the available
long-term climate data from Worldclim 2.1, i.e., monthly precipitation data from
1961-2018 and MAT for time range 1970-2000 (Fick & Hijmans 2017; Harris et
al. 2014). Data are compared with the data obtained from the National Agency
for Meteorological and Environmental Monitoring (https://namem.gov.mn/eng/)
for quality control. Annual total precipitation from Worldclim 2.1 data are
largely realistic compared to station data and are much better than those from
Chelsa V2 for our reviewed sites especially for recent years. Although the
calculated cvP values based on Worldclim for 40 years seem to
underestimate cvP values in this region (Supplementary material 2), the trend
that cvP values are higher in desert steppes than other steppe types still hold
(Fig. A2), thus we opted Worldclim 2.1 climate data for further analyses.

Data processing

Most of the publications reported the vegetation types for their study sites,
which were typically five steppe types, i.e., desert steppe, dry or typical
steppe, meadow steppe, mountain steppe, and high mountain steppe. Typical
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steppes mostly occur in eastern Mongolia and are dominated by tall feather
grasses, while dry steppes, in a strict sense, occur in western and central
Mongolia, as well as in the south of the typical steppe. Dry steppes are drier and
regularly associated with shorter feather grassess and shrub species (Pfeiffer et
al. 2020; Tuvshintogtokh 2014). However, here we combine both steppe types
into one, because the climatic and vegetation differences are relatively small
compared to the differences among other steppe types. Furthermore, in earlier
times, researchers often did not differentiate between these two steppe types and
even mixed the two terms (Tuvshintogtokh 2014). The main environmental
characteristics and dominant plant species and dominant livestock types for
five steppe types are summarized in Table 1, and the differences in the major
environmental variables are illustrated in Fig. A2.

All measured response variables from the same location (i.e., with the
same coordinates) were combined into one dataset. For some studies which
were conducted at the same location and focused on the same response
variables, but either 1) covering different study years, or 2) by different
research groups, we calculated the mean to put them into one dataset.

Statistical analysis

We first calculated means and 95% confidence intervals from absolute values
of each vegetation indicator at different grazing intensity levels for each
steppe type and did not exclude outliers. Site-based paired t-tests were not
performed due to the small number of samples in some cases. We also did
not perform a strict formal meta-analysis, because most studies did not report
sd / se values. We tested the impact of environmental factors (scaled to zero
mean / unit variants) on relative grazing effects using multiple linear
regression models. We only tested the main effects of environmental factors
(i.,e. MAP, cvP, MAT and elevation) and did not include interaction terms
because multiple environmental-grazing interactions are difficult to interpret
due to the lack of specific ecological hypotheses. We fitted simple models
without random factor, because only one value for each site was input for the
model. We started with the most complex full model, including all
environmental factors, and obtained estimates of effects for each. Then we
simplified the initial full model in a stepwise procedure by progressively
removing the least significant factor until we arrived at a null model. We
compared the initial model with all subsequently reduced models in an
ANOVA framework by comparing explained variance. Based on ANOVA
results, we selected the final model in which all the remaining predictors were
significant, and we reported the estimates for coefficients and standard errors
for these predictors. For one of the studies on multiple year fence data, a two-
way repeated measure ANOVA was performed to test the main effects of
fencing and year on vegetation indicators with repeated subsites under
different grazing regimes when such data were available. The significance
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level for all tests was p < 0.05 and all statistical analyses were conducted in R
3.1.0 (Ripley & Murdoch 2020). R packages “rstatix” (Kassambara, 2020a),
“‘ggplot2” (Wickham, 2016), “tidyverse” (Wickham et al., 2019), “ggpubr’
(Kassambara, 2020b) and “cowplot” (Wilke, 2020) were used (R Development
Team 2020).

Results
Research history

Our review of Mongolian publications between 1966 and 2019 allowed us to
distinguish two major stages of research in Mongolia. The earliest investigations
were conducted from 1970 to 1990, as a part of the Mongolian and Russian Joint
Biological Expedition (MRJBE). During this expedition period, botanists aimed to
study different vegetation types in various ecological zones, and thus established
different monitoring stations in (i). mountain and forest steppe (1970-1985 at
Tuvshruulekh soum in Arkhangai province), (ii). Meadow steppe (1976-1990 at
Shaamar soum in Selenge province), (iii). Flooded meadow steppe (between
1987-1990 and since 2009 at Mungunmorit soum in Tuv province), (iv). Typical
steppe (from 1982 to present at Tumentsogt soum in Sukhbaatar province), (v).
dry steppe (1973-1976 at Bayan-Unjuul soum in Tuv province), (vi). Desert
steppe (1970-1976 at Bulgan soum in Umnugovi province), and (vii). Desert
(1977-1990 at Ekhiin gol soum in Bayankhongor province). Studies from this
period provided valuable qualitative information on plant community composition
and flora. The herbarium collection also began with MRJBE and other expeditions.
Moreover, some essential data on SR, VC, AGB, phenology and seasonal growth
dynamics etc., have been collected not only at monitoring stations, but also during
field trips across the whole range of steppes.

The second stage includes vegetation studies by Mongolian and
international researchers in 2000-2019. During this period, researchers have
focused on quantitative surveys based on different vegetation sampling methods
(e.g., line-point intercept). Both study stages provided essential information about
Mongolian vegetation. Although not all vegetation types were equally
represented, the most commonly distributed steppe communities have been
investigated.

Vegetation conditions in different steppe types
Based on data from 51 sites, where three grazing intensity levels were studied,
main indicators were compared among light, moderate and heavy grazing
conditions from five steppe types (Table 2). In general, light grazing sites had
higher VC in desert steppe and meadow steppe than heavy grazing, and AGB
was higher under light grazing compared to heavy grazing across all steppe types,
except in meadow steppe. Furthermore, changes in SR were generally not
significant except in the desert and high mountain steppe. However, the absolute
values of SR might show artifacts due to different sizes of sampling plots among
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studies as described in the method section, while comparisons within steppe
types remain valid.

Relative grazing effects

Relative grazing effects of heavy and moderate grazing differed among
vegetation indicators and also among steppe types. Heavy grazing (Fig. 3a)
showed 1) negative effects on SR and VC in desert steppes; 2) negative effects
on AGB and SR, yet neutral effects on VC in dry steppes; 3) positive effects on
SR, yet negative effects on VC in meadow steppes; 4) negative effect on AGB,
yet neutral effects on SR and VC in mountain steppes; 5) neutral effects on AGB
and SR, yet neutral effects on VC in high mountain steppes. Moderate grazing
(Fig. 3b) had relatively weaker negative effects, or neutral and even positive
impacts compared to heavy grazing. Particularly, the effect of moderate grazing
on SR was neutral except for meadow steppes.
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Fig. 3 Relative grazing effects of (a) heavy and (b) moderate grazing on AGB, SR and VC
in five different steppe types: Relative grazing effects were calculated as (heavy-
light) / light grazing, and (moderate-light) / light grazing, respectively. There was no data
on AGB under heavy grazing conditions in the desert steppes, so that box was not drawn.
The abbreviations for vegetation indicators are the same as in Table 2.

Environmental interactions on relative grazing effects
Results from linear models showed that MAP and elevation had significant
interactions with heavy grazing on AGB and VC, respectively (Table 3). Grazing
effects on AGB were more negative when MAP was lower, while the magnitude
of effect decreased as MAP increased (Fig. 4a); In addition, effects of heavy
grazing on VC were neutral or even slightly positive at higher elevations, but
became predominantly negative at lower elevations (Fig. 4b). The relative effects
of moderate grazing on VC interacted with MAP , i.e., moderate grazing showed
neutral effects on VC when MAP was high (around 320mm), but effects became
strongerly negative when MAP was lower (Table 3, Fig. A3).
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Fig. 4. Change of the relative grazing effects (HG: heavy vs. light grazing) on vegetation
indicators along major environmental gradients. (a) change of GE on AGB (N=28; no data
on desert steppe) along the MAP gradient, (b) change of GE on VC (N=30) along the
elevation gradient. Environmental factors are selected based on the results from Table 3.

Fencing effect on vegetation condition across multiple years

Four studies reported fence effects across multiple years (Table 4). Three of
them were carried out in mountain steppes, one in meadow steppe (one site
included two steppe types) and one in desert steppe. One of these studies,
i.e., the 5-year fence experiment (1970 — 1974) in Arkhangai province in the
Khangai mountain taiga range, reported AGB values under fenced vs. grazed
conditions (with three subsites of three grazing regimes, i.e., light, moderate
and heavy grazing). We considered “subsite” as a repeated measurement
because there were no major difference in vegetation conditions among those
subsites, fence and year as the two fixed factors. The results of two-way
repeated measures of ANOVA showed that year (F [4, 16] =9.78, p < 0.001)
and fence (F [1, 4] = 30.59, p = 0.005) both had significant effects on AGB.
The interannual variation of AGB was evident from both fenced and grazed
plots, and the difference between fenced and unfenced plots was larger for
the first three years, but became smaller in the fifth year (Fig. 5).
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Fig. 5. Fence effects on aboveground biomass across five years in the mountain steppe,
Tuvshruulekh monitoring station in Arkhangai province (redrawn based on the data from
Banzragch and Chognii, 1975). Three subsites under different grazing intensity levels
were considered as repeated measurements here.

Discussion

Our results demonstrated strongly variable responses of vegetation indicators to
the intensity of livestock grazing, and the effects of local environmental conditions
in the Mongolian steppes on these responses. In line with our first hypothesis,
heavy grazing generally had negative effects on AGB, SR and VC, and moderate
grazing (compared to no / light grazing) mostly had positive effects on SR in
accordance with the global reviews (Gao & Carmel 2020; Milchunas & Lauenroth
1993). Our results also support our second hypothesis that the magnitude of
grazing effects differs among steppe types, but this also depends on indicators.
Interestingly, grazing had a strongly negative effect on dry steppe, desert steppe
and high mountain steppes, whereas the negative effect was less pronounced,
and even turned to positive or neutral in the meadow and mountain steppes.
Notably, heavy grazing had no effect on 1) AGB in meadow steppes; 2) SR in
mountain steppe and 3) VC in dry steppe, mountain steppe and high mountain
steppe, and a positive effect on SR in meadow steppe. Different sensitivities of
steppe types reflect the interaction of large scale environmental factors with
grazing effects. The pattern of moderate grazing effect is largely similar to that of
heavy grazing.. Thus, our further discussion will first focus on environmental
interactions and then on the specific situations for certain steppe types.

Environmental interactions with relative grazing effects

A recent global meta-analysis on grazing effects on grassland vegetation showed
that 41% of the variation in plant richness globally was explained by aridity,
vegetation type and stocking rate together (Gao & Carmel 2020). Several meta-
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analyses conducted in the grasslands of China showed that heavy grazing
significantly decreased plant biomass (above and below ground biomass, also
litter), but the extent of these responses was highly dependent on grazing
intensity and environmental conditions, especially precipitation (Hao & He 2019;
Wang & Wesche 2016; Yan et al. 2013b). All of these studies emphasized the
importance of the interplay between grazing intensity and environmental
conditions. Grazing effects on plant species composition and ecosystem
functions, i.e. forage provision, in grasslands largely depend on precipitation and
its variability (Sloat et al. 2018).

Heavy grazing had mostly negative effects on AGB with exceptions at some
sites from meadow steppe and mountain steppe, which is in line with
equilibrium theories that emphasize closer feedback between vegetation and
herbivores instead of climatic controls. The strong negative effects in dry
steppes when MAP is around 220 mm indicate that non-equilibrium theory
does not necessarily apply to this steppe type.

Interaction with precipitation pattern

In semi-arid grassland systems, MAP and cvP play an important role in shaping
vegetation dynamics (Vetter 2005; von Wehrden et al. 2012b). Our results find
that MAP had interactions with grazing effects. This pattern could be partly
explained by equilibrium theory, which suggests in humid and productive systems
such as the meadow steppe and mountain steppe, grazing effects are more
evident, while prediction from non-equilibrium theory is not supported. in systems
with low and unstable rainfall, such as dry steppe and desert steppe, abiotic
factors have overriding effects on livestock density, thereby alleviating the grazing
effects on vegetation condition. In particular, negative grazing effects on AGB
(Fig. 4a) were weaker under higher MAP, but became stronger when MAP
decreased, which might also indicate interactions with local soil nutrient
conditions: AGB could be favored by grazing in nutrient-rich habitats like
meadow and mountain steppes. However, reduced AGB only implies livestock
removes forage a lot, but does not indicate degradation. were more
detrimental in nutrient-poor habitats, such as dry and high mountain steppes,
where MAP was low and cvP values were relatively high (Fynn & O’Connor
2000; Proulx & Mazumder 1998). However, we notice that the long-term cvP
values based on Worldclim V2 for desert steppes were too low, with median
of 22% (Fig. A2). However, in typical non-equilibrium systems, cvP value
should usually be large than 33%. Moreover, for recent years (2010-2018),
cvP values based on meteorological station data were ca. 37%, indicating
stronger variation of precipitation in this steppe type. The use of different cvP
values based on different time periods and different data sources might affect
the results of the significance tests for cvP values.
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Interaction with elevation

Elevation showed significant interactions with grazing, with grazing effects on VC
being less pronounced or even slightly positive at the higher elevation. According
to our linear models, elevation was more important than MAT and we thus
assume that this is not a mere result of temperature declining with elevation. The
change of VC was relatively constant between 1500 — 1900 m, but grazing effects
were negative at the lower elevations in dry and desert steppes. The difference in
plant community properties might explain this pattern. From low to high elevation,
species composition changes from grass-sedge-forb to forb-shrub dominated
vegetation (Lkhagva et al. 2013), and at higher elevation, plants tend to be
smaller/ shorter to adapt environmental stress (Halbritter et al. 2018), which may
lead to less accessible phytomass and VC for livestock. Only a few studies have
looked into the relationship between elevation and grazing on Mongolian
rangeland vegetation. In particular, Zemmrich et al. (2010) found that elevation
was not an important factor in grazing-induced vegetation change, although they
pointed out that their analysis covered a limited altitudinal range. In addition,
Lkhagva et al. (2013) compared lower and upper steppes on south- and north-
facing slopes in northern Mongolia, and found variable responses of VC, AGB,
and SR change depending on nutrient and water availability along the elevation
gradient.

Negqgative grazing effects on SR yet neutral effects on VC in high mountain
steppes

We found a negative grazing effect throughout on AGB and SR, while there was
no effect on VC in the high mountain steppes. Former studies reported that higher
elevation mountain steppe pastures in the desert zone were more degraded than
lower elevation vegetation receiving less rainfall but similar grazing pressure
(Sheehy & Damiran 2012). In our case, the high mountain steppes differ from all
other types by their extremely low temperatures (MAT —6 °C, Fig. A2a) and lower
AGB, thus supporting the lowest number of livestock among all steppe types (Fig.
1). It is surprising that SR decreased under grazing there because most plants in
high mountains are well adapted to cold and nutrient-poor environments, which
often also is beneficial with respect to grazing avoidance or resistance (Miehe et
al. 2011). For example, growth forms that stay close to the ground, i.e., rosette or
cushion plants, are adapted to strong wind and low temperatures, but are also
protected from grazing because livestock can hardly reach and graze them if they
are palatable. The average VC in this steppe type is ca. 60 %, in which cold-
adapted cushion plants (e.g., Stellaria pulvinata Grubov, Androsace
chamaejasme Wulfen and Eremogone meyeri (Fenzl.) [konn.) account for nearly
30% of the VC, while common caespitose grass species (e.g., Festuca lenensis
Drobov, Koeleria altaica (Domin.) Krylov and Poa attenuata Trin. account for just
about 10% of the VC, and the rest are other forbs and semi-shrubs
(Tuvshintogtokh 2014). Therefore, heavy grazing might directly reduce the AGB
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of palatable graminoids and forbs, but grazing-tolerant plants might not be
affected. The negative effects on SR might relate to local topographical
conditions, such as the steepness of the slope, which lead to sensitivity to
trampling and difficulty of seedling establishment.

No grazing effects on VC and SR in mountain steppes

It is also surprising that in the mountain steppes, VC and SR were not affected by
heavy grazing, although AGB was reduced. This is contradictory to a previous
English publication (Takatsuki et al. 2018), which may point to some
publication bias that more pronounced results are internationally published
while non-significant results remain local. Non-significant grazing effects might
be attributed to a shift in community plant shift at species level and plant
functional type levels, i.e., balances between decreasing palatable species,
and increasing unpalatable species. Several studies noted substantial floristic
and edaphic changes caused by grazing in mountain steppes. The proportion
of grazing tolerant sedges increased and highly palatable grasses and shrubs
decreased under heavy grazing (Jamiyansharav et al. 2018; Khishigbayar et
al. 2015; Zemmrich et al. 2010b). Lkhagva et al. (2013) found that heavy
livestock grazing increased SR of wet and nutrient-rich sites in the boreal
mountain steppe, which was, however, explained by local colonization of
grazing-tolerant species.

Positive effects on SR in meadow steppes

Interestingly, SR and AGB responded positively to heavy grazing, although VC
decreased in meadow steppes. Increased SR may be attributed to increas in free
patches of bare soil, thus giving new seedlings, especially of annual species, get
chances to germinate (Frank 2005). Additionally, plant density is highest in
meadow steppes among all steppe types due to high precipitation, high soil
moisture and high nutrient levels (Pfeiffer et al. 2020), resulting in strong
competition among species. Thus, heavy grazing can remove large amounts of
AGB of dominant palatable species, and reduce competitive exclusion among
species, which then gives less dominant species a chance to survive and grow.
However, the increase in SR might not necessarily indicate the improvement of
steppe condition in terms of forage quality, because the increase might only
involve unpalatable species, as shown in the study by Yuan et al., (2016), where
unpalatable annual species (i.e. Artemisia annual. and A. sieversianal.)
increased in grazing-disturbed sites. The increase in AGB might also suggest
compensatory growth when defoliated plants produce more biomass than non-
defoliated plants (Oesterheld & McNaughton 1991). Although no evidence of
compensatory growth from meadow steppes in Mongolia is available, the grazing
effects on cumulative growth of plants could be positive when the availability of
leaf area, meristems, stored nutrients, and soil resources are high, and the
frequency and intensity of defoliation are still suitable to stimulate plant regrowth

56



4. Population genetics

(Noy-Meir 1993). Moreover, the limited effects of grazing on AGB in meadow
steppes also imply that the extend of biomass removal was not so large.

Neqative effects on AGB, SR, yet neutral effects on VC in dry steppes

We noted negative grazing effects on AGB and SR, and a highly variable
response of VC in dry steppes. The reduction of AGB and SR in dry steppes was
reported in different studies in Mongolia (Bat-Oyun et al. 2016; Jamiyansharav et
al. 2018), where plant species composition shifted, i.e. a decrease in palatable
species due to the increase of grazing intensity. However, the effect was
associated with local climate patterns, with grazing having a greater impact at
drier sites than on wetter sites (Jamiyansharav et al. 2018). The highly variable
response of the VC could be attributed to the combination of two steppe types
(dry steppes comprise typical steppes as well), in which plant cover might remain
invariant in the moister steppes, but in drier sites, variation in VC was pronounced
due to variability in onset and total amount of annual precipitation. Thus large
inter-annual variations might also lead to large variations in the VC, such as in
desert steppes (Table 1). Another possible explanation could be that grazing
reduces plant height and sexual reproduction, so the plants increase their
vegetative growth by horizontal growth (broadening) (Gao et al. 2015). In this way,
VC may increase although biomass decreases. Finally, similar to other steppe
types, lack of change in VC might be related to potential shifts in species
composition (not studied).

Neqative effects in desert steppes

In contrast to generally limited or even absent effects on aboveground parts that
were found in many other studies in the desert steppes of Mongolia (Fernandez-
Gimenez & Allen-Diaz 2001; Jamiyansharav et al. 2018; Wesche et al. 2010) and
Inner Mongolia (Bai et al. 2012), we found that SR and VC decreased by nearly
40% under heavy grazing (no data for AGB). The desert steppe vegetation is
often considered to show non-equilibrium dynamics, which should be overridingly
controlled by rainfall variability rather than grazing. Plants adapted to drought are
also often tolerant of grazing, thus grazing effects on vegetation are often
insignificant (Jaschke et al. 2020). However, soil moisture deficiency is the main
driving factor in the desert steppe (Zemmrich et al. 2010b), thus grazing-reduced
litter and plant cover might intensify the water deficiency, make sandy soils more
vulnerable to soil erosion (Li et al. 2008). Soil degradation then has subsequent
negative feedback on vegetation, especially on VC. It is also important to note
that the desert steppes of Mongolia and Inner Mongolian are under different
ranges of MAP, i.e. 150 - 250 mm in China (Li et al. 2019), but 110-170 mm in
Mongolia (Pfeiffer et al. 2020). The possible reasons for the inconsistency
between our results and previous studies might be the differences in 1)
moisture availability, which is closely related to soil texture, and 2) dominant
plant community, i.e. presence/absence of subshrubs or shrubs, or ruderal
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species. For example, when ruderal forbs, particularly Chenopodium spp.
become prevalent in heavily grazed sites, SR could be much lower compared
to no / light grazing (Fernandez-Gimenez & Allen-Diaz 2001). Additionally,
when the percentage change of SR caused by grazing was around 10%, it
might only involve the loss of 1-2 species compared to 8-19 species under
ungrazed conditions in the southern Mongolian desert steppes (Wesche et al.
2010) . The desert steppe has limited functional redundancy, thus its
ecological functioning is sensitive to species loss (Liu et al. 2013a). Perhaps
most mportantly, although there are still interannual fluctuations in the total
livestock number in the desert steppes, the general trend is toward increasing
numbers even in desert steppes (Fig. 2), which indicates that non-equilibrium
dynamics may not apply anymore.

Conclusion

Our review shows that assessment of grazing effects depends on indicators being
selected, and on steppe type under different abiotic environmental conditions.
Elevation and precipitation patterns interact with grazing effects. According to our
findings, meadow steppes demonstrated equilibrium dynamics, while responses
of desert steppes did not support non-equilibrium dynamics. Although desert
steppes have the highest cvP among all steppe types, the general increasing
trend of livestock numbers (Fig. 2) conclusively demonstrates that non-equilibrium
dynamics simply do not hold anymore.

Responses in the mountain steppe might depend on local soil nutrient conditions.
As such, further studies focused on vegetation should also include soil conditions.
High mountain steppes share some characteristics with alpine steppes in other
regions, but further information on topographical conditions might be helpful for
clarifying grazing effects there. We also found support that moderate grazing
promotes species richness in steppes where resource availability is relatively high
and stable, i.e. meadow steppes. Therefore, differences in grazing impact among
steppe types should be acknowledged for grassland management and
conservation. Moreover, change in VC or AGB alone, without information on
species composition change, especially the proportion of forage (palatable)
species, may not be the best indicators of grassland condition change, thus
grassland assessment on degradation should consider more and more relevant
indicators.
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4.2. Climate — grazing interactions on plant population genetics
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An illustration of a study design that uses climate and livestock gradients to analyze
the impacts of climate and grazing. Study design was drafted by C. Rémermann and
K. Wesche.

The content of this chapter has published in Oyundelger, Kh., Herklotz, V.,
Harpke, D., Oyuntsetseg, B., Wesche, K. and Ritz, C.M. (2021b) Contrasting
effects of local environment and grazing pressure on the genetic diversity and
structure of Artemisia frigida. Conservation Genetics. 22: 947-962.
https://doi.org/10.1007/s10592-021-01375-w
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Abstract
Drylands count among the most globally extensive biomes, and while many

desert and dry rangeland ecosystems are under threat, genetic structures of
dryland species are still rarely studied. Artemisia frigida is one of the most
widely distributed plant species in the temperate rangelands of Eurasia and
North America, and it also dominates in many habitats of Mongolia due to its
tolerance to low temperatures, drought and disturbance. Local environmental
conditions and grazing pressure can influence species performance and affect
spatial patterns of genetic diversity in contrasting ways, and our study set out
to evaluate such effects on the genetic diversity and structure of A. frigida. We
first developed new species-specific Simple Sequence Repeats (SSRs)
markers using whole genome sequencing. We then analysed 11 populations
of A. frigida that had been sampled along a large climatic gradient in
Mongolia, which were sub-structured according to three levels of grazing
intensity. Estimates of genetic diversity at the population level were high (Hp =
0.56, He = 0.73) and tended to increase with higher precipitation and soll
nutrient availability. Grazing had no effect on genetic diversity; however, a
high number of grazing-specific indicator alleles was found at grazed sites.
Genetic differentiation among populations was extremely low (global Gsr =
0.034). Analysis of Molecular Variance revealed 5% variance between
populations along the climatic gradient, with 3% of the variance being
partitioned among different grazing intensity levels. We found no relationship
between geographic and genetic distances, and thus no isolation by distance
in this widely distributed species. The relatively low genetic structuring
suggests that considerable gene flow exists among A. frigida populations
across the rangelands of Mongolia, in spite of the pervasive grazing in the
region.

Keywords: Artemisia frigida, Microsatellites, Population genetics, Mongolian
rangeland
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Introduction
The study of genetic changes in natural populations in response to

environmental conditions, land use, and the respective interactions have
become a major research topic (Grant & Grant 2002; Sork 2018). How
populations (and species) react to local selection pressures and perform in
long-term survival strongly depend on sufficient levels of genetic diversity and
its partitioning between and within populations (Li et al. 2018; Pazouki et al.
2016). Maintaining population genetic diversity depends on a variety of
factors, such as, geographical distribution range, reproductive system, and
ecological traits of a species (Nybom 2004). In continuously distributed and
outcrossing species, gene flow promotes genetic diversity, and counteracts
genetic differentiation among populations. Whereas, in isolated populations
and/or self-fertilizing species, gene flow is rather restricted, resulting in
erosion of local genetic diversity due to inbreeding and genetic drift, and
increases the differentiation among populations (Kimura 2020). Moreover, the
extent of gene flow between populations might not only depend on geographic
distance but also on isolation patterns defined by environmental conditions
(Sexton et al. 2014). If gene flow is high between populations from different
environments, adaptation to local environment may be stalled; if gene flow
occurred among similar environments, it may facilitate local adaptation by
increasing population size and introducing new alleles that are beneficial
(Sexton et al. 2014). Hence, climatic conditions are among the most important
natural selective forces. Furthermore, human land use, for example livestock
grazing could have a direct effect on population genetic structures as well as
genetic diversity, which also interacts with the local environment. It might have
positive effects on genetic diversity either by directly accelerating mutation
rates due to herbivore damage (Marcotrigiano 2000), or indirectly by diaspore
transport across long distances via epizoochory (BlaR et al. 2010), and by
providing safe sites for germination due to grazing-induced gaps in vegetation
(Frank 2005). Negative effects of grazing on genetic diversity could be
attributed to decreasing effective population sizes or restricting of gene flow
due to direct consumption or damage of the entire plant or its flowers or fruits
(Souto & Tadey 2019), or by the spread of selectively favoured genotypes
adapted to grazing. Thus, understanding population genetic variability and
sub-population structure with respect to both, abiotic constraints and human
land use is of high importance for conservation and management of genetic
resources.

Drylands are particularly relevant in this respect, because they cover
30 — 40% of the global terrestrial surface, and they are subject to harsh
climatic conditions as well as are often intensively grazed. However,
population genetics of dryland species remain severely understudied
(Greenville et al. 2017). Central Asia hosts one of the world’s most extensive
dryland regions. Climate, soil conditions and grazing are among the key
variables to control plant species occurrence and abundance in this region
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(von Wehrden et al. 2009; von Wehrden & Wesche 2007). Central Asia
includes Mongolia, northern and western China and the Tibetan Plateau, and
comprises a total of ca. 5 million km? of steppes (Wesche et al. 2016),
accounting for more than half of the entire Palaearctic steppe biome.
Occupying ~80% of Mongolian territory, Mongolian grassland have been
subjected to a number of studies dealing with the impact of its extreme
continental climate (Bat-Oyun et al. 2016; Fernandez-Giménez & Allen-Diaz
1999; Sternberg 2008), its >4000 year old history of mobile pastoralism
(Herrero-Jauregui & Oesterheld 2018; Hoshino et al. 2009), as well as of
interacting effects of both climate and grazing on vegetation (Ahlborn et al.
2020; Bat-Oyun et al. 2016; Hoshino et al. 2009; Khishigbayar et al. 2015; von
Wehrden et al. 2012a).

There are only a few studies investigating grazing effects on population
genetics of Central Asian rangeland species and they yielded contrasting
results. Wang et al. (2004) reported that intensive grazing decreased the
genetic diversity in populations of Artemisia frigida Willd. in Inner Mongolia
because animal’s consumption of plants reduced plant sexual reproduction
leading to restricted gene flow and to the reduction of the species’ gene pool.
Likewise, Shan et al. (2006) reported that increased grazing pressure resulted
in stronger divergence among populations and decreased genetic diversity in
Stipa grandis P.A. Smirn, because of its small effective population sizes. In
contrast, overall genetic diversity of Stipa glareosa P.A. Smirn. Was smaller in
less-grazed populations (Oyundelger et al. 2020). Moderate grazing even
promoted the genetic diversity of Stipa krylovii Roshev. And S. grandis (Peng
et al. 2015), which was attributed to increased mutation rates due to herbivore
damage and/ or higher availability of free soil patches for seed germination.
These contrasting results underline the possible interaction of different effects,
particularly combinations of climatic and land use factors influencing the
genetic constitution of rangeland species (Wang et al. 2006; Wu et al. 2010;
Zhao et al. 2006).

Some studies dealt with the effect of environmental factors on
population genetics. For instance in Caragana Fabr. From Central Asia,
variation in precipitation had stronger negative effects on genetic connectivity
than isolation by distance (Yang et al. 2013). In addition, total annual as well
as total winter precipitation were crucial for shaping population structure in
Dactylis glomerata L. (Zhang et al. 2018a) and Ammoiptanthus mongolicus
(Komarov) Cheng (Jiang et al. 2019b), since low precipitation restricts plant
reproductive success.

Another counteracting factor for plant reproductive success in Central
Asian drylands is soil nutrient availability (Baranova 2018; Ronnenberg &
Wesche 2011a). Only few studies have demonstrated that soil nutrient
availability impacts on genetic variation of plant populations. High-nutrient soil
conditions increased growth (i.e., diameter, height and total biomass) of
Populus tremuloides Michx., and hence increased also genotypic variability in
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growth (Stevens et al. 2007). Reisch et al., (2020) revealed a clear impact of
soil nutrient conditions on clonal diversity and genetic variation in alpine
populations of Carex nigra L., which increased with the concentration of
phosphorous and decreased with the concentration of potassium.

Our study region Mongolia is ideal for testing contrasting effects of
environmental conditions and grazing pressure. Mongolia has experienced a
strong revival of pastoralism at the beginning of the 1990s, when privatization
of livestock has begun reviving discussions on potential degradation of
communal rangelands. Since the nineties, the number of livestock has
doubled to 71 million (National Statistics Office of Mongolia 2020), which has
tremendous effects on both vegetation and soil (Jamsranjav et al. 2018).
Besides of grazing effects, climatic conditions, such as annual precipitation,
its variability and the occurrences of droughts (Dai 2011) exert strong control
on vegetation distribution and land degradation (Ahlborn et al. 2020; Fatichi &
Ivanov 2014). Intensive grazing in mesic steppes results in invasion of more
drought-adapted species, a process called xerophytisation (Zemmrich et al.
2010a). In temperate grasslands, intensive grazing results in invasion of more
drought-adapted Artemisia species, including A. frigida (Bai & Romo 1996;
Jinhua et al. 2005), yet it is not clear if certain ecotypes of this species were
more successful than others. Artemisia frigida Willd. is a perennial,
outbreeding and wind-pollinated species, and one of the most widely
distributed rangeland plants (McArthur & Jeffrey 2004). From an ecological
point of view, A. frigida tolerates a large range of climatic conditions, including
coldness and drought. However, seed production and germination of this
species are largely dependent on climate, since in years with sufficient
precipitation plant growth and seed production are promoted (Bai et al. 1995;
Ronnenberg et al. 2007). Hence, this drought-adapted species is ideal to
study the effects of both local environment and grazing pressure on
population genetics, with potential high relevance for rangeland management
and conservation.

Recent developments in molecular methods have vastly enhanced the
understanding of genetic variation and adaptation in many important, yet non-
model species. Non-coding DNA regions are highly variable, and thus are
widely used for population genetic and phylogeographic studies (Pleines et al.
2009). Especially microsatellites, also known as Simple Sequence Repeats
(SSRs) are among the most popular and powerful markers for population
genetics based on their high polymorphism and co-dominant inheritance
(Kalia et al. 2011; Vieira et al. 2016). Microsatellites still remain an important
tool in the genomic era because of their cost-efficiency and possibility of
manual screening of loci (reducing error), since SSR analysis relies on a
relatively small number of loci compared to high-throughput sequencing
fingerprints e.g., RAD-seq (Hodel et al. 2016). As a neutral marker, SSR
cannot trace positive or negative responses of genotypes to selection; yet
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they give an insight in overall distribution of certain genotypes, which could be
characterized by favorable suits of traits under unknown (multigenetic) control.

Ouir first aim was to develop species-specific SSR markers using whole
genome sequencing for this wide-spread species and validate them. Hence,
for investigating genetic variation from larger to smaller scales (between sites,
between populations and within populations) involving a local grazing
gradient, we conducted SSR analysis for eleven populations, forming the first
genetic study of A. frigida in Mongolia. We hypothesize that i) genetic diversity
in populations of this drought and disturbance adapted species is high, but,
because of wind-facilitated genetic exchange in the vast steppe plains, we
expect moderate genetic structuring in space; ii) genetic differentiation is
probably higher in those populations where grazing pressure is more
pronounced due to adapted genotypes and/or accelerated genetic exchange
compared to non-grazed (least-grazed) populations, and iii) genetic
differentiation among populations would increase with increasing distance
because of the large geographical distance and strong environmental gradient
from north to south.

Materials and methods

Study species: Artemisia frigida Willd. (Asteraceae)
Fringed sagewort is an aromatic perennial sub-shrub of 20 to 60 cm in height

(McArthur & Jeffrey 2004) that occurs primarily on fixed and semi-fixed silty-
sandy rangelands. The entire plant is covered by dense silvery pubescence
(Fig. 1a) and the lower parts of stems are often strongly branched and woody.
The species has probably evolved during the Pleistocene-Holocene (Yurtsev
1987), and presently, it has an Amphi-Beringian distribution range growing
mainly in the steppe and prairie rangelands of Alaska, western Canada,
United States, Siberia, Kazakhstan, Mongolia and northern China (Harvey
1981). Fringed sagewort is a prolific seed producer; each 2.5 cm length of
inflorescence contains approximately 1000 seeds (Harvey 1981). In addition
to sexual reproduction, it also has a clonal growth strategy (Jinhua et al.
2005). The species was first considered to be diploid (2n=2x=18; (Garcia et
al. 2004)), yet Wan et al. (2011) identified a tetraploid cytotype (2n=4x=36)
from an Inner Mongolian population, and Pellicer et al. (2010) confirmed the
existence of tetraploid cytotypes in a Russian population. Artemisia frigida is
one of the first perennials becoming established on disturbed sites, and it
tends to increase in abundance with overgrazing (Coupland 1950; Sarvis
1941) since it can tolerate harsh climatic conditions as well as mechanical
disturbance. In Mongolia, it occurs throughout the country (Fig. 1b), and is an
important forage for livestock (Jigjidsuren et al. 2015; Li et al. 2012).

64



4. Population genetics
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Figure 1a) Artemisia frigida in its typical habitat in Mongolia, and b) its distribution in
Central Asia (samples were only collected from Mongolia; map drafted by Jan
Treiber).

Study design
Our study was conducted in central and southern Mongolia between June and

September 2018. Eleven populations were chosen (along a 600 km gradient
with 100-300 mm S/N differences in mean annual precipitation) from north to
south (Table 1, Fig. 2a). Population 2 was sampled from Hustai National Park
(NP), which lies slightly west of the gradient line and was chosen to avoid the
capital city Ulaanbaatar (Fig. 2a). Nested within this gradient, sub-populations
were sampled along local transects radiating away from herders’ camps or
wells (150 m — heavily-grazed, 750 m — moderately-grazed and 1500 m —
least-grazed) representing different levels of grazing intensity (Fig. 2b).
Distances among sub-populations differing in grazing intensity were based on
previous successful applications in the region (Oyundelger et al. 2020; Sasaki
et al. 2008) and elsewhere (Besnier & Glover 2013; Peper et al. 2011).
However, grazing gradients reflect also small-scale spatial gradients, and
therefore cannot be directly distinguished from small-scale effects caused by
isolation by distance. Hustai NP (Pop2) was different because it was the only
population where a fenced plot was available. The fence was built in 2003,
and since then grazing by large mammals was prevented. This fenced site
has a size of 10 m x 10 m, and represents a permanent sampling site for
monitoring of phenology (Tserendulam et al. 2018). In Hustai NP, main
grazers were Przewalski horse, marmot and red deer, while all other
populations were grazed by goat, sheep, cattle or horse.
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Figure 2a) Map of eleven study sites (corresponding to Table 1) with mean annual
precipitation totals and contour lines indicating elevation. Rainfall data were derived
from CHELSA and elevation data are from TanDEM-X - Digital Elevation Model
(German Aerospace Center (DLR) 2018); map drafted by Jorg Lorenz. b)
Experimental design to study the relative effect of precipitation and grazing in
Mongolian steppes. Eleven study sites were visited along a north to south gradient,
and at each three site sub-populations were sampled along local transect
representing different grazing intensities (A—C, initial draft C. Rémermann)
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Table 1. Characteristics of the study sites [localities, population code, coordinates, altitude, steppe habitat type, mean annual
temperature (MAT) and mean annual precipitation (MAP), coefficient of variation of annual precipitation (cvP), sample size (N)]
and genetic diversity indices estimated for each population (AD — allele diversity, EfN — number of effective allele, PPL [%] —
Percentage of Polymorphic Loci, Ho — Observed Heterozygosity, He — Expected Heterozygosity, Gis — Inbreeding Coefficient
and Bruvo index among samples within a given population.

Locaility, province Popcode  E N puds Habitat YAT  (UE ovP N AD EMN TET Ho He Gs Srve
Guntiin Davaa, Tuv Popl  106.74402 48.14746 1291 MoS 029 3040 130 3614 6  47.0 0.430.74 0.430.63
Hustai National Park, Tuv ~ Pop2  105.93008 47.69145 1325 MoS 014 2045 141 3412 5  42.2 0.530.75 0.290.58
Khushigtiin Khundii, Tuv ~ Pop3  106.83702 47.59631 1447 DryS  -023 1754 144 3616 7  53.0 0.500.74 0.330.56
Guntiin Davaa, Tuv Popd  106.63280 47.33764 1650 MoS 128 1458 153 3615 5  47.6 0.490.73 0.330.62
Guntiin Davaa, Tuv Pop5  106.55361 47.06427 1439 DryS 035 1775 153 3616 6 524 0.600.73 0.170.61
Bayantsagaan, Tuv Pop6 106.63921 46.79678 1392 DryS 1.00 138.6 1.58 1511 6 37.7 0.610.73 0.170.56
Hayaa, Dundgovi Pop7  106.64373 46.56192 1345 DeS 145 1248 165 2414 6  47.3 0.590.74 0.200.54
Deren, Dundgovi Pop8  106.54400 46.36338 1389 DeS 150 1313 154 3616 6 521 0.610.70 0.120.53
Saintsagaan, Dundgovi Pop9 106.29334 45.91903 1468 DeS 1.74 1113 1.73 3615 6 50.6 0.620.71 0.130.52
Luus, Dundgovi Pop10  105.85641 45.62553 1425 DeS 230 1197 153 3616 7  52.7 0.610.76 0.200.58
B“m”r?ugg\‘/'i‘ha” Nuruu, Pop11  103.59987 43.74417 2171 DryS 058 1880 132 3613 5 416 0.560.67 0.160.51
Mean 14 6  47.7 0.560.73 0.230.57

Steppe habitat types: MoS — mountain steppe, DryS — dry steppe and DeS — desert steppe
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Sample collection and analyses
Field collection

For a total of 361 individuals, fresh leaf material was collected and stored in
silica gel. For each population, representative herbarium specimens were
deposited at GLM. At each sub-population, 12 individuals of A. frigida were
sampled within a 10 m x 10 m plot. Within these plots, plant community
composition and total vegetation cover (%) of vascular plants were recorded
to characterize community properties. Later, plots were classified into different
steppe types according to a standard classification of Mongolian steppe
vegetation type (Tuvshintogtokh 2014). In addition, a sample of top soil (05
cm depth) with fine plant roots and the humic layer of each plot was collected
to examine nutrient availability of top soil.

Soil preparation and analyses

Soil samples were initially dried in the laboratory for 18 hours at 75 °C.
Samples were then sieved using a 2 mm sieve coarse screen, using the fine
material for further analysis. Soil pH and electrical conductivity (EC, as a
proxy for salinity) were measured in the laboratory with a pH/EC meter (water:
soil volume = 5:1). Plant available P, Mg, Ca, K, Al were extracted using the
Olsen P method (22 °C, 200 rpm for 30 min; (Sims 2000)) followed by ICP
determination. Nutrient contents in these extractions were measured by
spectrometry (ICP-OES, Institute of Soil Science, Hannover University). After
drying samples at 105°C for 24 hours, rest water was weighed. The carbonate
content was first assessed using a simple test with 10% HCI, and samples
showing a reaction were further analyzed using a calcimeter following
Scheibler's method (ON L 1084-99, 1999). Total N and C concentrations were
analysed using a CN analyser (Vario Pyro Cube; Elementar, Langenselbold,
DE). The rest water content was used to calibrate the nutrient contents per
gram of soil, and the carbonate content to correct C/N measurements.

Climate data extraction

Meteorological data of 20 years, i.e. mean annual temperature (MAT), mean
annual precipitation (MAP), and mean spring temperature (SpringT; March-
May), mean summer temperature (SummerT) and mean summer precipitation
(SummerP; June-August) between 1994 — 2013 were retrieved for each
locality from the high resolution CHELSA_V1 dataset (Karger et al. 2017). The
coefficient of variation of annual precipitation (cvP) was estimated based on
the retrieved MAP data and it was also used as predictor, since cvP is a
critical driver of rangeland dynamics (von Wehrden et al. 2012a).
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Detection of SSRs, primer design and marker validation

Library preparation and quality control
Two individuals of A. frigida selected randomly from two distinct populations

(collection ID: P8 15 and P9 _17; BioSample accession numbers:
SAMN16882070 and SAMN16882071) were used to develop new SSR
markers applying whole genome sequencing (WGS). High molecular weight
DNA was extracted with the Mag-Bind® Plant DNA DS kit (Omega Bio-tek,
Norcross, USA). Genomic DNA was quantified with Qubit 4 Fluorometer (Life
Technologies), and library preparation and sequencing were conducted in the
Leibniz Institute of Plant Genetics and Crop Plant Research (IPK). As an
input, 1.0 yg DNA (~ 20ng/pl) per sample was used for covarizing (Covaris
S220, Duty Factor: 8%, Peak Incident Power: 160, Cycles Per Burst: 200,
Time: 60 seconds) and BluePippin (Sage Science) was used to produce
fragments with an average size distribution of 450 base pair (bp) length.
Library preparation was carried out as described by Meyer and Kircher
(2010), and fragment size distribution was evaluated on an Agilent
BioAnalyzer High Sensitivity DNA Kit (Aglient Technologies, Inc). DNA
concentration was measured using the Qubit DNA Assay Kit in a Qubit 2.0
Fluorometer (Life Technologies). Finally, the DNA concentration of the library
was checked by a quantitative PCR run allowing a targeted quantification of
fragments having adaptor sequences on both ends before cluster generation.
Cluster generation on lllumina cBot followed lllumina’s recommendation.
According to these, paired-end sequencing (2x250 bp) was performed on the
lllumina HiSeq 2500 platform, with a 1% lllumina PhiX library used as an
internal control. The resulting 50 million raw reads were checked with
FASTQC for quality control ((Andrews 2010); available at
http://www.bioinformatics.babraham.ac.uk/projects/fastqc) and trimmed with
Trimmomatic v0.39 (Bolger et al. 2014). WGS raw sequencing data were
submitted to the NCBI Sequence Read Archive (SRA) and made publicly
accessible under BioProject accession number PRJNA680535,
https://www.ncbi.nim.nih.gov/sra/PRJNA680535.

Bioinformatics and SSR development
In order to find low coverage contigs, the velvet v1.2.10 (Zerbino 2010) de

novo genome assembler was utilized with a k-mer size of 45, maximum
coverage parameter of 500 and minimum contig length of 300 bp. Putative
SSR markers were detected in the contigs of the assembled nuclear genome
using the MISA tool with default parameters (Thiel et al. 2003). The contigs
possessing SSR markers were compared between both A. frigida assemblies
using blast+ v2.7.1 (Camacho et al. 2009), and only contigs with differences
in their repeat length were selected for further analysis. Back mapping of the
raw reads against contigs containing di- and tri-nucleotide SSR motives were
done with Bowtie2 v2.2.4 (Langmead et al. 2009). They were further
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examined by converting the mapping results and extracting the mapped
contigs with SAM tools v1.2 (Li & Wysoker 2009) and visualized by
Geneious® v. 10.2.6 (https://www.geneious.com). Editing was not necessary
since reads were correctly mapped to the contigs. Primers were designed
using the ThermoFisher tool with default parameters, i.e., 18 — 22 nucleotides
long, with a GC content ca. 40 — 50% (Tm between 58 — 60°C), and
preferably G/C-rich at the 3’-end. Heterodimers of the primers were checked,
and as a result 40 primers that met these requirements were preferentially
selected to produce a PCR product in the range of 100 — 600 bp, allowing
multiplex PCR. Primers were synthesized by Metabion International AG. The
forward primer of each set was tailed with a M13 sequence (TGT AAA ACG
ACG GCC AGT,; according to (Schuelke 2000)) to facilitate dye-labeling. The
nucleotide sequences of the primer pairs used for each microsatellite are
shown in Table 2. The loci named with “Arfi” are the markers developed in this
study, and the loci names starting with “Ch” are from the master thesis of
Wang (2011).
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Table 2. Characterization of eleven polymorphic microsatellite markers used in the population genetic study Artemisia frigida.

Allele size range
(bp)

1 Arfi2 (CA)19 F: TGT AAA ACG ACG GCC AGT 55 467-552 VIC multiplex this study
TAGACAATAAGCACACAGAACC
R: GAGAGCTAGAGGGATCATTCAG

2 Arfi15 (AAG)1s  F: TGT AAAACG ACG GCC AGT 55 207-300 VIC this study
GTACCGGTGGATACCTTACG
R: CCTAATCCAACACACAAGAA

3 Arfi5 (AC)11 F: TGT AAA ACG ACG GCC AGT 55 230-310 6 FAM multiplex this study
TCCACATGCATGACACTC
R: CAGTTGGAACTATGGGTTTG

4 Arfi13 (GAT)12 F: TGT AAAACG ACG GCC AGT 55 406-520 6 FAM this study
ACACGCAGAGATGATGAGT
R: CACAATACCAGCCTTTGTC

5 Arfi16 (TCA)10 F: TGT AAA ACG ACG GCC AGT 55 200-275 PET singleplex this study
GGTTCTTTCATCAAGTCCA
R: ATTGCCAATGAACATCCAG

6 Arfi14 (ACA)s F: TGT AAA ACG ACG GCC AGT 55 222-335 NED singleplex this study
TGTTTATGTTGCCCTGTG
R: GCATGTTAGACCCCTTGA

7 Arfi19 (CAA)g F: TGT AAA ACG ACG GCC AGT 55 140-318 VIC singleplex this study
GTCTAAAATCTGAAGGCGG
R: CAACTCATCCCATGGTCAC

8 Ch459 NA F: TGT AAA ACG ACG GCC AGT 42 103-200 6 FAM singleplex Wang 2011
TTACCAAATGCTCCATTGAC
R: TTGGAAGCACCATGTGAC

9 Ch468 NA F: TGT AAA ACG ACG GCC AGT 58 160-226 NED singleplex Wang 2011
TAGGGTTGCAGAAGATAAAC
R: CTTTAGTAGGAAGTGAAGAAGC

10 Ch477 NA F: TGT AAA ACG ACG GCC AGT 58 103-140 VIC singleplex Wang 2011
GGGACCCAATTTACCGAAAG
R: CAAAGAATGGGTAAAGCTCAGTG

11 Ch484 NA F: TGT AAA ACG ACG GCC AGT 58 146-240 PET singleplex Wang 2011
TCGTTCAAACGCGTACACAC
R: AGCATGCATGAAGAAACAAGC

No Locus Repeat motif Primer sequences (5'-3’) Ta (°C) Florescent dye  PCR type Reference
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Application of SSR markers

Genomic DNA was extracted according to the ATMAB protocol (Doyle &
Doyle 1987) with modifications by Ziegenhagen (1990). Developed SSR
markers were tested with randomly chosen samples from the 11 populations.
A total of 40 primer pairs were run as an initial screening for 8—16 samples.
After PCR optimization, eight of these loci proved to be reproducible, and
those markers have been used again with the same set of samples to receive
positive controls (for details about primers see Table 2). Parallel to this, ten
SSR markers developed for A. frigida published in the master thesis of Wang
(2011) were tested with our samples. Potential duplications between both
markers’ sources were checked beforehand. Based on reproducibility and
polymorphisms, four loci published by Wang (2011) were chosen in addition
to our seven newly developed markers. Thus, a total of 11 SSR amplifications
were performed in a total volume of 12.5 ul, and different PCR reaction
mixture and cycling programs were used (Suppl. 1 Table 1). Fragment sizes
were determined by the central laboratory of the Senckenberg Biodiversity
and Climate Research Center (SBiK-F, Germany) using an ABI3730
sequencer with LIZ600 size standard (Life Technology). The program
Genographer version 2.1.4 (Benham 2001) was used for initial screening of
the microsatellite data, and Geneious® 10.2.6 (https://www.geneious.com)
was used to score allele sizes. To estimate genotyping error, DNA
amplification and fragment scoring were replicated for the randomly selected
8-16 samples (Hoffman & Amos 2005). In addition, each plate included two to
three positive controls, as a result, all the replications provided identical
results. The number of microsatellite alleles per locus was compatible with the
proposed tetraploidy, since individuals displayed at maximum four alleles per
locus. Due to lacking information on allele dosage in polyploids only “allelic
phenotypes” and not genotypes could be assessed. Thus, deviations from
Hardy—Weinberg equilibrium could also not be calculated nor could the
frequency of null alleles be estimated (Dufresne et al. 2014).

Analysis of genetic variation and population structure
Population genetic structure

Population structure was estimated by Bayesian clustering with STRUCTURE
v. 2.3.4 conducted in R-package ParallelStructure (Besnier & Glover 2013).
To choose the model with the best fitting number of clusters (K), Evanno’s
method was employed with Structure Harvester (Earl & VonHoldt 2012;
Evanno et al. 2005). Results of Bayesian clustering were illustrated using
Distruct v. 1.1 (Rosenberg 2004). To examine the distribution of genetic
variation between populations and sub-populations, Analysis of Molecular
Variance (AMOVA; (Excoffier et al. 1992)) was performed in R-package poppr
(Kamvar et al. 2014) based on the individual level Bruvo distance matrix
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estimated in R-package Polysat v. 1.7 ((Clark & Jasieniuk 2011); Suppl. 2
Table 1). The Bruvo metric has been especially developed for microsatellite
data in polyploids and considers allelic dosage in ambiguous polyploid
genotypes with a step-wise mutation model (Bruvo et al. 2004; Dufresne et al.
2014). Therefore, we used the Bruvo distance wherever possible, and
estimated mean Bruvo distances for population and sub-population levels
using function ‘meandist’ in R-package vegan ((Oksanen et al. 2007); Suppl. 2
Table 2 & 3). To facilitate comparison of genetic differentition with other
studies, we additionally estimated pairwise Gst (Nei & Chesser 1983) in
Polysat (Supl. 2 Table 4 & 5). Principal Coordinate Analysis (PCoA) was
conducted for assigning individuals to populations based on i) sub-population
level mean Bruvo and ii) individual level Bruvo genetic distances using the R-
package vegan (Oksanen et al. 2007). On the sub-population level ordination,
environmental variables were fitted post hoc using vegan (Oksanen et al.
2007) and ggplot2 (Wickham 2011) to reveal environmental variables and
grazing intensity that are significantly associated with population genetic
structure. Environmental variables covered geography (latitude, longitude,
and altitude), climate (MAT, SpringT, SummerT, MAP, SummerP and cvP),
soil nutrient content (P, Mg, Ca, K, Al, C, and N), and vegetation type
(mountain steppes, dry steppes, and desert steppes). Data on geographic and
climatic variables are given in Table 1, and vegetation cover, plant species
richness, and analyzed soil nutrient values are provided in Suppl. 1 Table 2.

To evaluate the number of alleles specific for a certain grazing level,
data were exported from Polysat as a dominant marker matrix (presence/
absence of alleles; Suppl. 2 Table 6) and used for Indicator Species Analysis
(ISA) implemented in R-package indicspecies (De Caceres & Jansen 2014).
The analysis was based on i) the frequency of a given allele within a given
groups (grazing level) and ii) the frequency distribution across groups (which
share of overall occurrence was found in a given group). Both i) and ii) were
multiplied and this number was tested for significance using a permutation
test, thereby testing whether alleles were significantly associated with a
certain group. By taking the entire data into account, ISA ensured that alleles
potentially associated with grazing do not simply reflect small-scale isolation
by distance.

Genetic diversity

Genetic diversity among and within populations was assessed with GenoDive
v. 3.04 (Meirmans 2020) and the R-package Polysat v. 1.7 (Clark & Jasieniuk
2011; R Core Team 2020), which offer various tools to handle microsatellite
data of any ploidy level with allele dosage correction. First of all, diversity and
polymorphism of the employed markers were analysed using G-statistics in
GenoDive. Further, based on the individual level Bruvo distance, we
developed a surrogate for gene diversity by calculating mean Bruvo distances
among individuals for any given population using ‘mrpp’ function in R-package
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vegan (Oksanen et al. 2007). As a result, we obtained single value for each
population (hereinafter Bruvo index), which we used as a representative of
genetic diversity measurements. In addition to that, allele diversity (AD, mean
number of alleles per locus), effective number of alleles (EfN, number of
alleles in a population weighted for their frequencies), percentage of
polymorphic loci (PPL %), observed heterozygosity (Ho), expected
heterozygosity (He) and inbreeding coefficient (G;s; analogous to Fis) were
estimated in GenoDive for all (sub-) populations in order to facilitate
comparison with other studies (Table 1). To overcome the problem of higher
diversity in polyploids compared to diploids, we estimated the expected
heterozygosity (Hg, gene diversity) according to Nei (Meirmans 2020),
representing a generic method that is independent of ploidy level. In contrast,
observed heterozygosity (Ho) was based on allelic phenotypes (e.g. AB), but
both full and partial heteorozygosity was taken into account (possibilities of
genotypes AAAB, AABB or ABBB) to allow direct comparison between Ho
and Hg (for further information see (Meirmans 2020)). Correlations among
different genetic diversity indices are given in Suppl. 1 Table 3.

Furthermore, we performed a Linear Mixed Model Analysis
implemented in R-package Ime4 (Bates et al. 2007) to contrast the effects of
local environment and grazing pressure on genetic diversity. Based on the
data distribution and variables, Bruvo index was used as a response variable,
and significant environmental variables revealed by PCoA (MAT, MAP, cvP,
latitude, soil P and Ca) were used as continuous predictors, while “grazing”
was included as a factor. The response variable was log-transformed, and all
predictors were scaled to zero mean-unit-variance prior to modeling to make
them comparable. Starting from the most comprehensive model, we
conducted model simplification by dropping the least relevant models, and all
complex models that did not result in significantly better results were skipped.
We plotted residuals of the final parsimonious model to check for possible
deviations from normality and reasonable distribution of variances.

Relations between genetic and spatial distances

The relationships between genetic distances and geographical distances
(Euclidean distances) were analyzed for 11 populations of A. frigida by Mantel
test (10,000 randomizations) using the R package vegan (Oksanen et al.
2007). An additional Mantel test was conducted between genetic distance and
differences in plant community composition (Bray-Curtis distance of log-
transformed vegetation cover). Correlation with geographical distance was
based on population level mean Bruvo, whereas sub-population level mean
Bruvo was used for correlation with plant community composition based on
the available data for each grazing level within populations. All analyses were
conducted in R 3.5.1 (R Core Team 2020).
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Results

Microsatellite marker profile

The 11 SSR markers proved to be highly polymorphic, with an overall 76% of
polymorphic information across all primers (Table 3). The locus Arfi16 was
less polymorphic than others, yet did not have negative impact on analyses
according to pre-analyses excluding this locus (data not shown). Therefore,
further analyses were based on all available 11 loci. The most polymorphic
loci were Arfi2 and Arfi15, as shown by the number of effective alleles (EfN),
and the expected heterozygosity (Hg; Table 3). The 11 loci amplified in
A. frigida yielded a total of 317 alleles across all samples. The total number of
alleles (Num) was high in all the loci, yet effective number of alleles differed
substantially.

Table 3. Characteristics of the employed 11 markers using G-statistics based
on Nei from GenoDive: PIC — Polymorphic Information Content, Num -
number of alleles, EfN — number of effective alleles, Ho — Observed
Heterozygosity, He — Expected Heterozygosity, Gst — Fixation Index, G;s —
Inbreeding Coefficient and P-values were calculated using Gst (Nei).

Locus PIC Num EfN Ho He GST G|s

Arfi2 0.95 29 13 0.72 0.94 0.01 0.37 0.01
Arfis5 0.65 32 0.36 0.56 0.04 0.29 0.01
Arfil3  0.78 29 0.50 0.71 0.03 0.16 0.01
Arfil4  0.84 28 0.33 0.80 0.05 0.21 0.01
Arfils  0.94 28 0.73 0.93 0.01 0.24 0.01
Arfil6  0.25 18 0.16 0.17 0.01 0.59 0.01
Arfil9  0.79 42 0.65 0.72 0.02 012 0.01
Ch459 0.86 35 0.78 0.86 0.02 0.09 0.01
Ch468 0.90 34 0.73 0.88 0.02 010 0.01
Ch477 0.66 13 0.55 0.68 0.02 0.16 0.02
Ch484 0.80 29 0.62 0.74 0.05 016 0.01
Overall 0.76 29 0.56 0.75 0.03 0.23 0.01
The loci named “Arfi” were developed in this study, and the loci names starting with
“Ch” were taken from the master thesis of Wang (2011).

QB WONWGRWN

Population genetic structure

The coefficient of genetic differentiation across all populations was low
(Global Gst = 0.034, p<0.001), with genetic variation being partitioned to 5%
among populations, 3% between sub-populations (among different grazing
intensity levels), while the largest share was resided between individuals
(92%, p<0.001, AMOVA; Table 4). The STRUCTURE analysis suggested the
11 populations form two genetic clusters (best fitting k = 2), which were not
completely segregated, though Pop2 and Pop10 tended to have some genetic
admixture (Suppl. 1 Fig. 1). The PCoA also revealed similar pattern as the
STRUCTURE analysis, with the first two axes explaining about 11% of
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genetic variation (Fig. 3). Furthermore, PCoA ordination with post hoc fitted
predictor variables revealed significant correlations between genetic structure
and environmental variables (MAT, MAP, cvP and latitude) and thus major
habitats, yet no main effect of grazing on genetic similarity (Fig. 3 & Suppl. 1
Fig. 2).

Table 4. AMOVA for 11 A. frigida populations, and different grazing intensity
levels within populations.

Variance

Source of variance Df Sum Sq % Total Ost
component

Between populations 10 8.93 0.02 4.8%** 0.08

Between sub-

populations 20 8.10 0.01 3.3 0.03

Within sub-populations 330 94.73 0.29 92*** 0.05

Total 360 111.76 0.31 100

However, according to ISA, there were some indicator alleles
associated with a certain grazing level across widely spaced populations, i.e.,
some alleles were prone to occur at only one grazing level, and/ or being
absent at other levels irrespective of their location along the main climatic
gradient (Suppl. 1 Table 4). A total of 63 alleles were significantly indicative,
which corresponds to 20% of all alleles. The heavily-grazed sites had 31
indicator alleles, which is more than a three-fold of those found in the least-
grazed sites. In addition, 23 alleles were indicative for moderately-grazed
sites, indicating that certain alleles are associated with higher grazing
intensity.

PCoA with mean Bruvo distance

MAT

024 Grazing

B heavily-grazed (A)

A moderately-grazed (B)
il #® |east-grazed (C)

Populations
® Pop1
Pop2
® Pop3
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004

Axis 2 (T%)
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2
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Figure 3 Principal Coordinate Analysis (PCoA) based on sub-population level mean
Bruvo distance using 11 SSR markers for the populations of A. frigida. Environmental
predictors were fitted post hoc on ordination plot (shown only those that passed
p < 0.05 according to test with 1,000 permutations). MoS — mountain steppe, DryS —
dry steppe and DeS — desert steppe
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Genetic diversity
Populations along the main climatic gradient differed with respect to their

genetic diversity (Table 1). The observed heterozygosity (Ho) among
populations ranged from 0.43 — 0.62 in Pop1 and Pop9 respectively; the
expected heterozygosity (Hg) within populations was highest in Pop10 (Hg =
0.76). In contrast, allele diversity and number of effective alleles were
relatively invariant among all populations. Across all populations the Average
Inbreeding Coefficient was low (G;s = 0.23) and Percentage of Polymorphic
Loci was 48%, showing a moderate level of polymorphism. The highest Bruvo
index was found in Pop1 (Bruvo index = 0.63) and the lowest was in Pop11
(Bruvo index = 0.51). This estimator was used for subsequent statistical tests
involving genetic diversity.

Diversity within populations, i.e. among different grazing intensity levels
were moderate (Suppl. 1 Table 5). The highest genetic diversity was found in
the heavily-grazed plot of Pop3 (Bruvo index = 0.67), and the lowest was
found in the moderately-grazed plot of Pop11 (Bruvo index = 0.46). According
to our linear mixed effect model, genetic diversity of A. frigida was affected by
total summer precipitation and soil phosphorus content (Table 5). Estimators
indicate that Bruvo index increased with higher amounts of summer
precipitation and soil phosphorus content. We further checked their interaction
effect, but no interaction was found. Moreover, we found no significant grazing
effect on genetic diversity, or significant differences among different grazing
intensity levels in the linear mixed effect model.

Table 5. Summary of Linear Mixed Model assessing the effects of
environmental and climatic variables and grazing on Bruvo index as an
estimator of genetic diversity of the populations of A. frigida in Mongolian
dryland. The interaction term did not contribute to model quality, and thus was
skipped. Grazing was not significant according to model simplification.
Estimate Std. Error Pr(>|t|)
(Intercept) 0.56 0.006 <0.001 ***
Summer 0.02 0.008 0.04 *
precipitation
Soil phosphorous 0.02 0.008 0.01 *
Pr(>|t|) — significance p-value

Relations between genetic and spatial distances

A Mantel test revealed no correlation of geographical and genetic distances
between populations (r2= 0.02, p = 0.1), therefore, no indication of isolation by
distance across the studied range of 600 km in southern central Mongolia was
found. A further test with plant community composition also revealed a
negligible correlation (= 0.001, p = 0.2). Taken together, there was little
evidence to suggest that genetic distances were strongly influenced by simple
spatial trends.
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Discussion
SSR marker development and application in polyploid Artemisia

In population genetics, several molecular markers are proposed and
employed. In particular, co-dominant microsatellite markers facilitate the
estimation of population genetic parameters in polyploids compared to
dominant fingerprint systems (Clark & Jasieniuk 2011). Our newly developed
SSR markers for the wide-spread polyploid species A. frigida proved reliable
and provide a sound basis for further research including on other species
within the genus, as we could successfully cross-amplify three loci in the
rather distantly related annual A. scoparia Waldst. et Kit. We also improved
cost efficiency, because allele sizes and fluorescent dyes of each marker
were adjusted to allow for multiplexing four to seven loci in one well for
genotyping.

Polyploidy causes major obstacles for population genetic analysis. It
matters whether a taxon is auto- or alloploid (Dufresne et al. 2014), yet this is
often neither known nor easily detected. Since dosage information is missing,
complete genotyping is still not feasable with SSR markers, and thus genetic
diversity from polyploids might be overestimated. Few software applications
and statistical approaches have been proposed to correct possible bias in
polyploids (see Dufresne et al. 2014 for a list) . The R package Polysat (Clark
& Jasieniuk 2011) and the software GenoDive (Meirmans 2020) are
specifically designed to handle microsatellite data with polysomic inheritance
and need for dosage correction, and thus, we decided to choose these two to
analyse the at least partly tetraploid samples of A. frigida. To keep
consistency, one measure of genetic diversity (Bruvo index) was employed
through many analyses, yet others were provided for cross comparisons with
published studies (Table 1). Further comparisons should, however, be taken
with caution because of different markers systems used. Moreover, in SSR
analysis the choice of both diversity metrics and software may employ
different dosage corrections and mutation models even for the same index
calculation (Dufresne et al. 2014).

Population genetic differentiation

Artemisia frigida is a wide-spread, wind pollinated long-lived perennial and
considered as an excellent rangeland plant with high nutritional value in
Mongolia (Undarmaa et al. 2015). Our results clearly showed that the large
plain steppe of Mongolia supports adequate gene flow between populations.
The highest share of molecular variance was found between individuals within
sub-populations (92%), while the variance between populations was 5% and
that among different grazing intensity levels was 3% (Table 4). The overall
degree of differentiation across populations was low (Global Gsr = 0.034),
which was consistent with another studies on A. frigida conducted in Inner
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Mongolia, China (Dst = 0.05, Liu et al. 2010, and Fst = 0.01- 0.31, Liu et al.
2012).

In our study, the highest genetical distance was found between
population 2 and others (Pop2 Hustai NP; Gst = 0.027 — 0.042). There, we
had our single fenced site (Pop2C), yet this fenced site was not much
genetically different from other sites, while both grazed sites from Hustai NP
(Pop2A > Pop2B) differed strongly. Given that the sites in the NP were not
different in terms of geography and climate (Table 1), other factors may have
influenced the observed genetic structure. Hustai NP lies 100 km away from
the capital city Ulaanbaatar (UB). Every year hundreds of herders with a large
number of livestock head to the capital city for purchasing purposes. Due to
the close location of Hustai NP to UB, herders from all over Mongolia pass
through/ or in the vicinity of the NP, which may results in diaspore input even
from rather distant sources. Indeed, it has been shown that epizoochory has a
large potential for dispersal over greater distances, and diaspores can be
transported in sheep and goat fur of up to 15 km per day in Mongolian dryland
(Blak et al. 2010). Genetic diversity was lower in grazed sites compared to the
fenced site in Hustai NP (Suppl. 1 Table 5), but grazed sites contained a
higher number of indicator alleles (see below). Possibly, genotypes introduced
by herder movements might have spread sucessfully on grazed sites only
because the fenced site did not provide free soil patches for germination
(Frank 2005).

To reveal the presence of grazing-adapted genotypes, we conducted
ISA analysis that detected some indicator alleles characteristic for certain
grazing intensity levels along the large-scale transect (Suppl. 1 Table 5). As a
result, almost 50% of significant alleles were indicative of heavily-grazed sites,
while 37% was attributed to moderately-grazed sites. Remarkably, most of
these significant alles were found in the grazed sites of population 2, as well
as in population 6. This might again explain the higher genetical differentiation
of the grazed sites of Hustai NP. Given that SSR loci are expected to be
evenly scattered throughout the genome and to represent neutral non-coding
sections of DNA, this data do not provide direct evidence of selection and
adaptation. Nevertheless, the high number of indicator alleles found in the
heavily- and moderately-grazed sites may point to the evolution of adapted
genotypes and thus local adaptive divergence among sub-populations.

Genetic diversity

Levels of genetic diversity of Mongolian populations of A. frigida were higher
than those found in China based on SSR markers with 0.33 — 0.58 (Ho) and
0.54 — 0.68 (Hg; (Liu et al. 2012)). In our study, Ho and Hg varied between
0.41 — 0.68 and 0.64 — 0.78 at sub-population level, respectively (Suppl. 1
Table 5). A further three studies employed RAPD markers (Random
Amplification of Polymorphic DNA) on A. frigida in Inner Mongolia, China (Liu
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et al. 2010; Wan et al. 2008; Wang et al. 2004). All of them detected higher
overall shares of polymorphic loci with 83 %, 95 % and 79 % across all
populations, compared to ours at PPL= 48 % (Table 1). These data, however,
come from profiles of RAPDs as a dominant and completely anonymous
marker system. In general, we found high estimates of genetic diversity in
A. frigida compared to that reported for other widespread, and long-lived
perennials (Nybom 2004; Nybom & Bartish 2000).

We further found that higher amounts of summer precipitation and soil
phosphorous promoted genetic diversity of A. frigida (Table 5), suggesting
that environmental conditions have a substantial impact on genetic diversity.
In Mongolian rangelands, abiotic constraints exert strong controls on the
vegetation, where precipitation and adequate soil moisture in the growing
season are critical conditions for seed germination of several species,
including A. frigida (Ronnenberg et al. 2007). It has also been shown that soil
carbon and phosphorous had significant positive effects on the establishment
of seedlings and plant growth of Artemisia species even under relatively dry
conditions (Yang et al. 2015). Successful seed germination promotes
reproductive success, and thus more breeding individuals contribute to the
gene pool, leading to an increase of the genetic diversity. Unfortunately,
previous population genetic studies on A. frigda did not investigate the impact
of environmental factors on genetic diversity. However, there are a few other
studies on Artemisia (shrub and sub-shrub) species from rangelands that
have revealed several climatic factors affecting genetic diversity. In particular,
Huang et al. (2014) found that higher genetic diversity of A. halodendron
Besser. was associated with a higher range of annual temperatures (intra-
annual variation of temperature). Chaney et al. (2017) demonstrated that
greater temperature seasonality and higher summer precipitation resulted in a
greater probability of population survival of A. tridentata Nutt. These results
support our findings that higher precipitation promotes genetic diversity of the
sageworts.

In contrast, we found relatively limited grazing effects on genetic
diversity of A. frigida. This was partly expected, because the species is
adapted to drought and disturbance, and/or may even benefit from
mechanical disturbance. Artemisia frigida is characterized by a highly variable
response to disturbance, i.e., propagates by stolons (Li et al. 2004) to occupy
more space because grazing suppresses its apical dominance (Jinhua et al.
2005). Our focus species also produces volatile organic compounds under
grazing, inhibiting the growth of grass seedlings (Zhao-Jiang et al. 2011),
resulting in Artemisia dominance stands under severe overgrazing. This might
be interpreted as an adaptation of dryland plants to a long history of grazing.
However, our findings contrast with those of Wang et al. (2004), who found
reduced genetic diversity of A. frigida under intensive grazing due to
reductions in plant sexual reproduction by consumption of individuals.
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Relations between genetic and spatial distances

With respect to the geographical distance (600 km distances between the S/N
populations), climatic gradient (along 100 — 300 mm S/N differences in MAP),
and vegetation differences, we had expected to find greater genetic
differentiation with larger distance. However, Mantel tests did not point to a
high influence of spatial distance, or simple spatial processes. Analysis on
three other Artemisia species revealed also no direct genetic relation with
geographic distance (Badr et al. 2012), and similar findings were reported for
Stipa species in Central Asia as well (Jing et al. 2013; Zhao et al. 2006).

Conclusion
Rangeland plant genetic resources have been poorly investigated and

conservation genetic parameters are widely neglected in the development of
land use policies. Dryland species are, however, crucial for forage and thus as
food resource but are often threatened by both intense grazing and moisture
deficiency. Our result on A. frigida indicated that genetic diversity of this cold,
drought and disturbance adapted species was relatively high, and genetic
differentiation were low between eleven populations across a north south
gradient in Mongolia. Furthermore, we observed no severe consequences of
grazing on genetic diversity, yet a high number of grazing-specific indicator
alleles were found in grazed sites. This indicates that population differentiation
may partly be driven by livestock grazing intensity, but this may have also
beneficial effects on the genetic diversity of the species. In addition, sufficient
amounts of precipitation and soil nutrients promote the genetic diversity of
A. frigida in the water- and nutrient-limited arid lands. We conclude that, in
spite of the partly degraded and overgrazed landscape in Mongolia, sufficient
genetic exchange still exists among populations even across large distances,
and that no indication of fragmentation was found. From the perspective of
conservation genetics, populations in Mongolia thus are still healthy, which
may present a difference to the much more intensively used rangelands in
northern China.
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4.3. Effect of grazing exclusion on plant populations genetics

icur showing vegetation difference inside and outside of the Trans -Mongolian
Railway. Photo was taken by Oyundeger.Kh in Tuv province, Mongolia in 2019.

The content of this chapter has submitted to the Journal of Arid Environments
as Oyundelger, Kh., Munkhzul, O., and Ritz, C.M. and Wesche, K. Long-term
grazing exclusion effects populations genetics and functional traits of
Artemisia frigida in Mongolia. Journal of Arid Environments.
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Abstract

Mongolian steppes cover the largest still intact parts of the Palearctic steppe
biome. They have experienced a long history of nomadic pastoralism, and
grazing has a significant impact on steppe vegetation, soil and ecosystem
functioning. These effects vary depending on the interplay of local climatic
conditions, yet relationships between grazing and plant population genetics
have been understudied, and thus remain poorly understood. We investigated
influence of grazing on population genetics and functional traits of the most
prominent steppe species, Artemisia frigida. A total of 187 individuals were
sampled from eight locations, comparing fenced and unfenced sites along the
Trans-Mongolian Railway and Hustai National Park, and analyzed with ten
microsatellite loci.

Grazing had a significant positive impact on the genetic diversity, but
had no effect on population genetic differentiation. While, climatic and soil
variables strongly influenced population genetic structure, and higher amounts
of soil nutrients increased A. frigida’s genetic diversity. Grazing significantly
influenced functional traits, i.e., plant height, and specific leaf area, yet no
relationship was found between genetic diversity and plant functional traits.
Overall, given that fenced A. frigida populations were genetically less diverse,
a moderate level of grazing is beneficial for this species and hence may
stabilize ecosystem functioning of steppes.
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Introduction

Steppe ecosystems of Eurasia have been heavily influenced by humans,
primarily by agriculture, livestock herding, and human settlement. Steppes
have undergone significant transformations, and large areas of steppes in
Central and Eastern Europe have been turned into cultivated landscapes. In
China, 90 % of the grasslands are considered degraded due to overgrazing
and plowing, and steppe vegetation in Russia is also severely fragmented
today (Hurka et al. 2019; Smelansky & Tishkov 2012). In contrast, Mongolia's
steppe ecosystems are still remarkably intact due to the country's sparse
human population and a continued tradition of nomadic pastoralism. However,
as of 2016, 58 % of the Mongolian rangeland area is estimated to be
degraded due to strong increases in livestock numbers over the last three
decades (Densambuu et al. 2018a).

Reviews on the impact of livestock grazing on dryland vegetation have
found significant reductions in vegetation cover and species richness,
especially in habitats with harsh climate and low productivity (Herrero-
Jauregui & Oesterheld 2018; Jones 2000; Munkhzul et al. 2021; Wang &
Wesche 2016). Long-term grazing could also cause severe damages on soil
structure, and decreases of soil nutrient as well as water contents, which
result in increased vulnerability to soil erosion and grassland degradation
(Hao & He 2019; Jamsranjav et al. 2018; Zhang et al. 2017). Moreover, it is
well documented that grazing has a significant effect on plant functional traits
related to relative growth rate and photosynthetic capacity, e.g., above-ground
biomass, plant height, leaf size, leaf dry mass and specific leaf area (SLA,;
Diaz et al. 2007). This reflects the fundamental trade-off between growth and
defense against herbivores (Borchardt et al. 2013; Diaz et al. 2001; Hui &
Guoqi 2014; Klimesova et al. 2008; Lang et al. 2020). Plant functional traits
are usually highly plastic, allowing a genotype to adjust to a range of abiotic
and biotic stressors (Reich et al. 2003). Under extreme climates, grazing
effects on plant functional traits may be overruled by climatic controls (Wang
& Wesche 2016). However, it still is poorly understood if intraspecific variation
in functional traits is under either genetic or environmentally controls
(Karbstein et al. 2020; Scheepens et al. 2010); and different results were
obtained depending on the traits and species studied (Caruso et al. 2020).

Grazing can also affect population genetic diversity and structure.
Effects on plant genetic diversity have, however, not been extensively studied,
particularly so in drylands (Greenville et al. 2017). Plant genetic diversity can
respond negatively or positively to grazing, and can be subject to both direct
and indirect grazing effects. Grazing can directly reduce the effective
population size and restrict gene flow when whole plants and/or their
reproductive parts are consumed (Leimu et al. 2006; Souto & Tadey 2019). It
can have an indirect negative effect on the frequency of certain genotypes
due to the selection of grazing-tolerant phenotypes (Brougham & Harris 1967;
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McKinney & Fowler 1991). Herbivory can also result in higher mutation rates
due to direct damage, and thus grazing could have a positive impact on
genetic variation (Marcotrigiano 2000). Grazers disperse seeds via
endozoochory or epizoochory, facilitating gene flow across long distances
(BI&R et al. 2010; Garcia-Fernandez et al. 2019). Finally, grazing disturbance
can provide safe sites for germination due to gaps in vegetation (Frank 2005;
Oesterheld & Sala 1990).

Previous studies revealed that the of grazing on population genetics
varies with its intensity (Pelliza et al. 2020; Peng et al. 2015) and this can be
strongly modified by environmental conditions, i.e. climatic and soil factors
(Lohmann et al. 2012; Oyundelger et al. 2020, 2021b). Increased grazing has
been demonstrated to reduce genetic diversity in common grassland species,
like Stipa spp. and Kobresia pygmaea (C.B. CLARKE) C.B. CLARKE, while
moderate grazing has been proposed as a superior strategy (compared to
fencing) for grassland management in China (Liu et al. 2009; Peng et al.
2015; Shan et al. 2006). Several studies have assessed the effect of climatic
factors on population genetics. In particular, precipitation is an important
factor shaping population genetic structures (Jiang et al. 2019b; Oyundelger
et al. 2021b; Zhang et al. 2018a), and grazing effects were less pronounced in
drier regions (Jamnadass et al. 2006). Only few studies reported a
relationship between soil nutrient availability and genetic variation in plant
populations. Abraham et al., (2018) found that soil moisture and soil nitrogen
content were positively correlated with genetic diversity of Thymus sibthorpii
BENTH., while a higher phosphorous content increased population genetic
variation of Carex nigra (L.) REICHARD in alpine fens, and of Artemisia frigida
in drylands (Oyundelger et al. 2021b; Reisch et al. 2020).

Changes in genetical structures associated with grazing have been
investigated primarily with neutral molecular markers (Faville et al. 2020;
Smith et al. 2009). These allow for a general description of grazing-related
genetic consequences, although they are not directly related to fitness-related
traits such as grazing resistance (Matlaga & Karoly 2004). Hence, to
investigate long-term grazing effect (hereinafter referred to as grazing) on
genetic diversity and structure, we employed neutral markers, namely
microsatellites (SSRs), in Artemisia frigida as one of the most widely
distributed rangeland species in Mongolian grasslands.

Assessing the impact of grazing in pastoral grazing systems is challenging
in the absence of control sites, given that all natural rangelands have typically
been utilized for many generations. Yet, in Mongolia, such reference sites
could be found along the Trans-Mongolian Railway (TMR), where fences were
built and maintained since 1955 resulting in over 60 years of grazing
exclusion (Gansukh et al. 2018). The fenced railway line effectively works as
a large-scale transect across different vegetation zones of Mongolia.
Comprehensive vegetation studies along the TMR have been conducted by
Bazha et al., (2012), who found that grazed sites were dominated by (dwarf)
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shrubs, with notably A. frigida becoming dominant in mountain, meadow,
typical and dry-steppes under overgrazing. Artemisia frigida can tolerate
harsh climatic conditions and mechanical disturbance (Bai et al. 1995; Li et al.
2002), and thus, is one of the first perennials to be established at moderately
disturbed sites (Sarvis 1941). Against the backdrop of an apparent positive
impact of grazing on A. frigida, we studied its genetic and functional diversity
under grazing exclusion. Specifically, we aimed to answer the following
questions: i). How and to what extent does grazing affect the genetic diversity
and structure of A. frigida? ii). In contrast to grazing, how do climatic, soil, and
vegetation conditions influence genetic diversity and differentiation of
A. frigida populations? iii). How do functional traits respond to grazing and are
those traits related to genetic variation?

Materials and methods

Study area
The study was conducted in the central and southern parts of Mongolia,

between Ulaanbaatar (47°52'N, 107°06'E) and Sainshand (45°26' N, 109°39'
E; Fig. 1). From north to south, different types of steppe vegetation occurred:
mountain steppe, tall grass steppe, typical steppe, and desert steppes
(Pfeiffer et al. 2019). Mongolia is characterized by a continental dry climate,
and our study sites along the NW-SE stretch over a mean annual precipitation
(MAP) range between 160 and 300 mm, while mean annual temperature
(MAT) lies between —0.8 and 3.5°C, and altitude is on average 1300 m a.s.|
(Table 1). Along this aridity gradient, productivity and biomass decrease, while
the share of xerophytic species increases (e.g., shrubs and dwarf semi-shrubs
increase from ca. 5 % in the meadow steppe to 80 % in the desert steppe;
Bazha et al. 2012)). Regular burning of the vegetation has taken place inside
the fences, while grazing by large mammals has been almost completely
restricted since building of the fences (Fig. 2a, b). In order to increase the
sample size of our study, three large mammal exclosures established in 2003
(100 m? each; Fig. 2c, d) in Hustai National Park (HNP) have been added as
control sites. These sites undergo regular observations and livestock grazing
is allowed only in extremely harsh winters (Tserendulam et al. 2018).
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Figure 1. Location of sampled populations of A. frigida in Hustai National Park (HNP)
and along the Trans-Mongolian Railway (TMR). Precipitation data were derived from
Hijmans et al. (2005).

Studied species
We selected Artemisia frigida Willd. (Asteraceae) because it is one of the

most grazing tolerant key dryland species and it is highly consumed by
livestock throughout the year, particularly preferred by sheep, goat and camel
(Damiran 2005). The species occurs not only widely in Mongolia, but is
distributed across Central and Middle Asia and North America (Oyundelger et
al., 2021a). Artemisia frigida is a perennial subshrub of 0.2 — 0.6 m height
bearing deeply pinnatisect leaves covered with dense silky pubescence.
Flowers are arranged in panicles of yellowish capitula, each of which
produces around a thousand seeds that contribute to maintaining a persistent
seed bank in the soil (Harvey 1981). Diploid (2n = 2x = 18) and tetraploid
cytotypes (2n = 4x = 36) are reported (Garcia et al. 2004; Korobkov et al.
2014; Pellicer et al. 2010; Wan et al. 2011).

Collection and measurement
We sampled five populations along the TMR transect and three in the HNP. At

each population, we compared 10 x 10 m plots inside and outside of the
fences and thus grazed and ungrazed sub-populations. Distance between
grazed and ungrazed sites was a minimum of 20 meters. At each sub-
population, 15 individuals of A. frigida were sampled. Fresh leaf material was
collected for a total of 187 individuals in summer of 2019 (Table 1). In
addition, three functional traits were measured on the same individuals: height
of inflorescence (if plants were flowering), height of vegetative parts, and
specific leaf area (SLA). Height of inflorescence was determined as height
from the ground surface to the tip of the highest inflorescence of that plant,
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and height of vegetative parts as height of a random branch. For leaf area
measurements, two fresh leaves from one individual were taken (30 leaves
per site) and scanned with a Conrad P-573 handheld document scanner in
the field. Scanned pictures were analyzed with Imaged (Abramoff et al. 2004)
to determine leaf area. In the laboratory, leaves were air-dried and weight was
measured with Mettler Toledo XP6, and the SLA was calculated by dividing
leaf area by dry mass (Perez-Harguindeguy et al. 2013).

a)

Figure 2. Differences in vegetation structure (a, c) between grazed and ungrazed
sites with different fence structures (b, d) along the Trans-Mongolian Railway and in
the Hustai National Park, respectively. Picture ‘a” is taken along the TMR close to
the Choir city.

Vegetation samples and soil analyses
Species composition (SC; cover of each species within a plot), species

richness (SR) and total vegetation cover (VC, %) of vascular plants were
recorded within a 10 m x 10 m plot to reveal the grazing effect on local
vegetation. A sample of top soil (0.05 m depth) was obtained from each site
including fine plant roots and the humic layer. Soil samples were first
separated from litter and debris, and further measurements were taken in the
laboratory after sifting through a 2 mm sieve and incubating at 75 °C for 18 h.
To assess the amount of plant available nutrients (P, Mg, Ca, K and Al), we
prepared soil extractions following the Olsen method (Sims 2000). Extracts
were measured by spectrometry (ICP-OES, Institute of Soil Science,
Hannover University). Soil pH was measured by a pH meter (Metler Toledo;
water: soil volume = 5:1). Total N and C concentrations of the soil were
measured through dry combustion in a CN analyzer (Vario Pyro Cube;
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Elementar, Langenselbold, DE). Carbonate content was first assessed with a
quick test using 10% HCI, and samples showing a reaction were further
analyzed using a calcimeter following Scheibler's method (ON L 1084-99,
1999). Soil C was then corrected for inorganic carbon. Rest water was
measured after drying of samples at 105 °C for 24h, and was used to
calibrate nutrient contents to g dry soil.

Climate data extraction
The meteorological data for 39 years (mean annual temperature (MAT), mean

annual precipitation (MAP), coldest quarter temperature and precipitation
(December-February; CQTemp and CQPrec), and the warmest quarter
temperature and precipitation (June-August; WQTemp and WQPrec) between
1980 — 2018) were retrieved for each locality from the high resolution
CHELSA V2 dataset, which has the advantage of capturing inter-annual
precipitation variation (Karger et al. 2017). The coefficient of variation of
annual precipitation (cvP) was estimated based on the retrieved MAP data
and was also used as a predictor.

Molecular analyses
Genomic DNA of 187 individuals was isolated from silica gel dried leaf

material of A. frigida using the ATMAB protocol (Doyle & Doyle 1987), with
some modifications (Ziegenhagen 1990). We had developed species-specific
SSR markers which were proven to be polymorphic and informative in a
former study (see Oyundelger et al. 2021b for marker details). Amplifications
for a total of ten SSR markers were performed in a volume of 12.5 pl, and
customized PCR reaction mixtures and cycling programs were used (see list
of the markers and PCR details from Table A.1). Fragment sizes were
determined by the central laboratory of the Senckenberg Biodiversity and
Climate Research Center (SBiK-F, Germany) using an ABI3730 sequencer
(Life Technology) with the LIZ600 size standard. The program Geneious®
10.2.6 (https://www.geneious.com) was used to score allele sizes. Individuals
exhibited a maximum of four microsatellite alleles per locus, which was
consistent with the hypothesized tetraploidy as described in Oyundelger et al.
(2021b).

Statistical analyses
Analysis of genetic diversity and population structure
To estimate genetic diversity between and within populations, we used two

different programs, which allow handling of microsatellite data for polyploid
species: GenoDive v. 3.04 (Meirmans 2020) and the R-package Polysat v. 1.7
(Clark & Jasieniuk 2011) in R v.4.0.3 (R Core Team 2020). Measurements of
genetic diversity comprised: allele diversity, effective number of alleles,
percentage of polymorphic loci, observed heterozygosity, expected
heterozygosity, and inbreeding coefficient, which were all estimated with
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GenoDive. The Bruvo distances were estimated in the R-package Polysat ;
they are specifically designed to estimate distances for microsatellite data with
higher and mixed ploidy, while accounting for mutational processes (Bruvo et
al. 2004). We calculated the mean Bruvo distance among individuals for any
given population (hereafter ‘Bruvo index’; see detailed from Oyundelger et al.,
(2021b)) using the R-package vegan (Oksanen et al. 2007) and used this as
surrogate for genetic diversity. Bruvo index and measures of genetic diversity
metrics were highly correlated (r > 0.7***; Table A.2). Therefore, we opted to
use the Bruvo index as a representative of genetic diversity throughout.

Effect of grazing on genetic diversity and structure in contrast to the
local environment

Linear Mixed Models (LMMs) implemented in R-package Ime4 (Bates et al.
2007) were fitted to assess the effects of grazing pressure and the local
environment on genetic diversity. The log-transformed Bruvo distance was
used as response variable. Due to multicollinearity of the environmental
variables (Table A.3), only selected predictors for climate, soil and community
composition were used: MAP, Ca, SR, “fence” was included as a factor. All
predictors were scaled to zero mean-unit-variance prior to modeling to make
estimates comparable, and population was included as a random factor. The
analysis involved stepwise reduction of the full model by progressively
removing the least significant factor until the null model. We compared
subsequently reduced models in an ANOVA framework, and retained the final
model with significant predictors.

We performed a Principal Coordinate Analysis (PCoA) using population
level mean Bruvo distances using the R-package vegan (Oksanen et al.
2007). Environmental and vegetation variables were fitted post hoc on that
ordination using vegan (Oksanen et al. 2007), and visualized using ggplot2
(Wickham 2011), to reveal environmental variables that are significantly
associated with population genetic structure, in particular with fenced and
unfenced sites. Environmental variables covered geography (latitude,
longitude, and altitude), climate (MAT, WQTemp, CQTemp, MAP, WQPrec,
CQPrec and cvP), soil nutrient contents (P, Mg, Ca, K, Al, C, N and pH), and
vegetation variables (species richness and vegetation cover). Data on
geographic, main climatic and vegetation variables are given in Table 1.
Further data on climate, analyzed soil nutrient values and plant species
composition of each site (each species’ cover within a plot) are provided in
Table A.4 & Table A.5.

Effect of grazing on functional traits, and its relationship to the genetic
diversity

To investigate grazing effects on plant functional traits, we fitted LMMs using
mean and variance of the height of inflorescence, vegetative height, and SLA.
In all models, population was included as a random factor. In addition to the
environmental variables mentioned above, the Bruvo index was included as a
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predictor. Height of vegetative parts and inflorescence had normal
distributions, and were not log-transformed, while SLA and cover of A. frigida
were log-transformed to achieve normality. The model simplification
procedure was conducted as described above.

Relationship between genetic and spatial distances

To assess the overall relationship between genetic and spatial distances,
Mantel tests between genetic distance (population level mean Bruvo) and
geographic distances (Euclidean distances) were computed with 10,000
randomizations using the R-package vegan (Oksanen et al. 2007). Further
Mantel tests were conducted between genetic distances and a) climatic
differences (Euclidean distance of standardized climatic variables described in
2.5); b) distance of soil indicator variables (Euclidean distance of standardized
variables described in 2.4); and c) differences in plant community composition
(Bray-Curtis distance based on of log-transformed species’ cover).
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Table 1. Characteristics of the study sites (locality and climate) and respective genetic diversity parameters.

Locality, POD  rence N g Altitude, MAT, MAP, .'\b SR vc,% N PIC AD EfN Ho He Gg Oruvo
province code m C mm index

Ulaanbataar, Tuv Pop1 outside 47.8675 107.1051 1358 -0.65 237.9 28.2 27 75 14 078 118 6.07 062 078 020 0.62
inside 47.8678 107.1053 1357 -0.65 237.9 28.2 20 85 8 072 77 562 069 079 012 0.60
Hustai NP, Tuv  Pop2 outside 47.7555 105.8915 1404 -0.31 276.0 29.5 22 40 11 066 72 385 044 073 039 0.56
inside 47.7648 105.8818 1352 -0.05 278.3 29.5 35 9% 11 074 89 466 057 075 024 057
Hustai NP, Tuv  Pop3 outside 47.6915 105.9301 1325 -0.05 2839 29.1 24 76 12 071 72 354 053 072 026 054
inside 47.6944 105.9093 1358 -0.79 304.6 291 27 90 12 073 83 458 055 077 029 0.59
Hustai NP, Tuv  Pop4 outside 47.6659 105.9682 1325 0.38 252.8 291 25 61 10 076 99 502 064 078 0.18 0.60
inside 47.6540 105.9619 1232 0.80 251.0 29.0 22 84 12 0.66 8 3.34 052 066 021 0.51

Bayan, Tuv Pop5 outside 47.1964 107.5764 1388 0.30 225.6 26.8 25 56 11 058 58 287 044 070 037 043
inside 47.1961 107.5760 1388 0.30 2256 26.8 21 69 7 046 37 235 036 068 048 0.36
Bayan, Tuv Pop6 outside 46.9449 107.7278 1324 0.82 204.2 284 19 63 10 072 77 431 058 076 024 0.59

inside 46.9448 107.7270 1331 0.82 204.2 284 12 80 9 057 57 336 037 069 047 0.51
Choir, Dundgovi Pop7 outside 46.1549 108.6206 1221 2.38 179.6 34.1 25 70 15 071 98 475 063 073 015 0.50
inside 46.1554 108.6208 1222 2.29 180.8 34.0 23 95 15 074 10 536 0.61 0.78 022 0.54
Airag, Dundgovi Pop8 outside 45.7644 109.3826 1032 3.48 161.2 33.3 23 76 15 074 103 5.08 0.60 0.77 022 0.56
inside 45.7648 109.3827 1041 3.48 161.2 333 22 70 15 070 89 477 059 073 019 0.54
Mean 1291 0.78 229 29.8 23 74 12 069 818 434 055 0.74 0.26 0.54
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Results

Effect of grazing on genetic diversity and structure, in contrast to the
local environment

Genetic diversity of A. frigida along the TMR was significantly affected by
grazing, which had a significant positive effect on genetic diversity of
A. frigida. Soil calcium content had a positive impact on genetic diversity,
although both effects were modest. In contrast, climatic variables showed no
significant effect on A. frigida genetic diversity (Table 2; Fig. 3).

Table 2. Summary of Linear Mixed Models assessing the effects of grazing
and environmental variables on genetic diversity of the populations of A.
frigida.

Estimate Std. Error p value

(Intercept) -0.29 0.02 <0.001 ***
Grazing 0.04 0.01 0.02 *
Soil calcium 0.03 0.01 0.02 *

Predicted values of Bruvo
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Figure 3. Predicted effects of soil calcium amount (Ca) and grazing based on the
best-fitting linear mixed models (LMMs; Table 2). Shaded areas indicate marginal
effects.

We found no main effect of grazing on genetic distance between
populations (Fig. 4). In the PCoA ordination, populations were segregated
along the x-axis, representing three populations from HNP (Pop2 — 4) located
on the right side, and populations along the TMR on the left side.
Environmental variables and plant species richness showed a more
substantial relationship with the genetic distance than grazing according to
post hoc fitted predictor variables (see Fig. 4).
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PCoA with mean Bruvo distance
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Figure 4. Principle Coordinate Analysis (PCoA) based on mean Bruvo distance
between populations obtained from ten SSR markers for fenced (circles) and
unfenced (triangles) sub-populations of A. frigida. Environmental predictors were
fitted post hoc on the ordination plot (only those that passed p < 0.05 according to a
test with 1,000 permutations are shown). MAP — mean annual precipitation, MAT —
mean annual temperature, WQPrec — warmest quarter precipitation, CQPrec —
coldest quarter precipitation, cvP — coefficient of variation of annual precipitation,
Al —soil aluminum content, and SR —plant species richness, TMR — Trans-
Mongolian Railway, HNP — Hustai National Park.

We assessed whether effect of grazing on genetic differentiation
interacts with climatic variation by calculating mean pair-wise Bruvo distance
between pairs of fenced and unfenced sites at a given location. Grazing effect
tended to be smaller under higher cvP (r =-0.67, p = 0.007).

The Mantel tests indicated that genetic distance (Bruvo index) was
positively correlated with all environmental distances, i.e., geographic
distance (*=0.12, p <0.001), climatic differences (r*=0.19, p <0.001),
difference in plant species composition (r2= 0.13, p <0.001), and distance in
soil nutrient content (?=0.08, p=0.001). In terms of effect size, the
correlations were, however, modest.

Effect of grazing on plant functional traits, and its relationship to genetic
diversity
We found that grazing had a significant impact on all functional traits
measured, albeit with varying responses. Grazing reduced both height of
inflorescence and vegetative parts, but increased SLA of A. frigida.
Furthermore, a higher MAP resulted in a significant increase in SLA, whereas
higher soil pH resulted in lower inflorescence height (Table 3; Fig. 5). We
observed no relationship between genetic diversity and functional traits:
neither with respect to trait variance (coefficient of variation of the respective
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variables), nor regarding mean values (mean height of the vegetative and
inflorescence, as well as of the SLA).

Table 3. Summary of Linear Mixed Models assessing the effects of grazing
and environmental variables on the functional traits of A. frigida populations.

Functional traits Predictor Estimate Std. Error Pr(>|t])
Height inflorescence (Intercept) 23.72 1.51 <0.001 ***
Grazing -2.75 0.93 0.024 *
Soil pH -8.19 1.52 <0.001 ***
Height vegetative parts (Intercept) 11.51 0.70 <0.001 ***
Grazing -3.00 0.98 0.008 **
Specific leaf area (Intercept) -0.89 0.01 <0.001 **
Grazing 0.06 0.02 0.010 *
MAP 0.08 0.01 <0.001 ***
a b
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Figure 5. Predicted effects of a) soil pH values on plant inflorescence height and b)
MAP on specific leaf area of A. frigida between grazed and ungrazed sites based on
the best-fitting Linear Mixed Models (LMMs; Table 3). Shaded areas indicate
marginal effects of the model.

Discussion

Effect of grazing on genetic diversity and structure, in contrast to the
local environment

Population genetic diversity

Long-term grazing disturbance in dryland populations can lead to a loss of
genetic diversity across generations (Pelliza et al. 2020), while intermediate
levels of grazing can facilitate gene flow between populations (Peng et al.
2015). We found that the fences along the TMR and HNP had a negative
effect on A. frigida’s genetic diversity (Table 2), demonstrating that grazing
promotes genetic diversity.
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Large herbivores are important seed dispersal vectors among different
pasturelands (Plue et al. 2019). In particular, herbivores play an important role
in Mongolian steppes, where livestock are herded in order to seek for fresh
pastures with frequent movements during the year. Therefore, livestock
movement across long distances can promote genetic exchange between
populations, given that small diaspores like those of A. frigida have high
adhesion potential and can be transported in animal fur for up to 15 km per
day (Blald et al. 2010). Furthermore, free soil patches are formed for seed
germination in the vegetation as a result of browsing and grazing (safe sites;
Frank 2005) for seed germination in the vegetation, which would otherwise
have a lesser chance of germination, especially in conditions of long-term
vegetation succession, such as, inside fences.

Our previous study conducted in rangelands of Mongolia, examining
the effect of different grazing intensity levels on A. frigida (Oyundelger et al.
2021b) revealed no substantial grazing effect on the genetic diversity. There,
we compared different levels of grazing intensity from modest to high, but
lacked control sites without any grazing. Another study on A. frigida
conducted in Inner Mongolia, China, found a detrimental grazing effect, with
genetic heterozygosity decreasing as grazing intensity increasing from
enclosure to heavy grazing (Wang et al. 2004), but with high standard
deviations of the genetic diversity indices. Mean values of the genetic diversity
is decreased as grazing increased according to Wang et al., (2004), however,
standard deviations are often as high as the mean values, making
differentiation among different grazing intensity levels questionable.

We also found that higher soil calcium amount promotes genetic
diversity in A. frigida. Soil calcium content was higher inside the fences,
possibly due to the construction work of the railway, where different calcium-
based stabilizers (e.g., calcium carbonate and calcium chloride) are often
used for soil stabilization (Afrin 2017). Calcium is required for plant cell
elongation in both shoots and roots (Hepler 2005), and Feagley and Fenn
(1998) found that calcium increases ammonium, potassium and phosphorus
absorption, promotes photosynthesis, and increases plant size. Furthermore,
it has been shown that soil carbon and phosphorous have significant positive
effects on the establishment of seedlings and plant growth of Artemisia
species (Yang et al. 2015). our former study (Oyundelger et al. 2021b) found
that higher levels of soil phosphorus promoted the genetic diversity of A.
frigida, through facilitating successful seed germination enhancing
reproductive success, resulting in more effective sexual reproduction and a
consequent increase in genetic diversity. Regrettably, there is a general lack
of studies investigating the relationship between soil nutrient content and plant
genetic diversity, so it remains speculative if observed effects of Ca and P are
direct or just due to covariance with other potential beneficial soil factors.
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Population genetic differentiation

Artemisia frigida is a wind-pollinated, wide-spread perennial species, and a
prolific seed producer (Harvey 1981). Its life form, geographical distribution,
and reproduction system have direct implications for genetic differentiation
among populations. Former studies have demonstrated that populations of A.
frigida sustain adequate gene flow, and therefore, levels of genetic
differentiation is low in drylands of China and Mongolia (Dst = 0.04;
Dst = 0.05; Fst = 0.32; Gst = 0.034; Wang et al., 2004; Liu et al., 2010, 2012;
Oyundelger et al., 2021b, respectively). In our study, we found moderate
genetic differentiation among populations at Gstr = 0.07. This is, however
twice as high as compared to our former study on different grazing intensity
levels conducted in Mongolia. In the present study, the higher genetic
differentiation among populations was possibly caused by clear differentiation
between regions, i.e., populations of HNP and along the TMR, as illustrated in
the PCoA (Fig. 4). This pattern was previously observed in our study as well,
where HNP populations differed genetically from other populations, confirming
an earlier hypothesis about high diaspore input, i.e. new genotypes
transported by moving herds in the national park (see details from Oyundelger
et al. 2021b). However, we did not find an overall grazing effect on genetic
differentiation between grazed and ungrazed sites in both HNP and TMR
(mean Bruvo distance inside fence = 0.61, and outside fence = 0.62), as
fences permit diaspore and pollen transport through wind (Fig. 2 b, d), and
thus genetic exchange. In addition, under drier condition, vegetation is less
dense even inside the fences, may limiting differentiation between grazed and
ungrazed sites.

In comparison to the grazing effect, environmental variables and plant
species richness showed a more substantial relationship with genetic
distance. Specifically, the amount of total precipitation, the variability of
precipitation, annual temperature and geographical locations showed
significant relationships with genetic structure (F. 4). This is consistent with
our former study (Oyundelger et al. 2021b), where precipitation variability and
habitat types were the main drivers of population genetic differentiation in
Mongolian drylands. Furthermore, we found a correlation between the
coefficient of variation of annual precipitation (cvP) and grazing effect, with
stronger grazing impacts on genetic distance in moister habitats with lover
cvP (r=-0.67, p =0.007). The northern part of Mongolia with forest steppes
and mountain- and meadow-steppe habitats receive higher amounts of
precipitation, and in moister habitats grazing has a stronger impact due to the
direct effect of high stocking rates according to the equilibrium system
dynamics (Ahlborn et al. 2020).
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Effect of grazing on plant functional traits, and its relationship to genetic
diversity
We found that grazing had a significant impact on all functional traits
measured, which could be interpreted as adaptation to grazing. Specifically,
the heights of both plant inflorescence and vegetative parts were smaller, but
SLA was larger at grazed sites. This is consistent with the general strategy of
grazing resistant species displaying both avoidance traits (high SLA; Diaz et
al. 2001) Smaller plant height of A. frigida under disturbance was also
observed by Li., et al (2002). These authors simulated a grazing effect by
cutting individuals during their reproductive stage, and reported that severe
cutting reduced the height of re-growth and the number of branches, resulting
in miniaturized plants. Increased SLA in grazing resistant species under
intensified grazing is known from previous studies (Cingolani et al. 2005b;
Diaz et al. 2001; Lang et al. 2020); higher SLA should improve the
photosynthetic ability and compensate for biomass loss via higher growth
rates in response to long-term grazing. Moreover, Lang et al., (2018) found
that SLA of A. frigida increased with higher water availability, which is
concordant with our result of a significant positive correlation between SLA
and MAP (Table 3). However, we did not find interactions between climate
and grazing on the difference of SLA between populations. Such interactions
were found by Lang et al., (2020) in A. frigida, yet with weak correlation
(R =0.04%).

We observed no relationship between genetic diversity and mean
values of functional traits of A. frigida, nor with trait variance. This reflects that
many traits exhibit great plasticity in response to local environmental
conditions (Mason et al. 2020; Stinchcombe et al. 2012). Few studies have
examined the genetic basis of functional trait variation and its heritability.
Geber and Griffen (2003) reviewed the relationship between selection of traits
and heritability, finding that the traits under strong selection have the lowest
heritability due to a demand for adaptability to high environmental variance.
Recently, Ahrens et al., (2020) confirmed that heritability is not consistent
among traits, and different levels of variability can be observed in the traits
depending on local adaptation to selection pressure. Specifically, SLA in a
tree species (Corymbia calophylla (LINDL.) K.D. HILL & L.A.S. JOHNSON) was
found to be barely heritable confirming that SLA is highly plastic (Shipley
2000). In addition, Scheepens et al., (2010) found a vary plastic response of
SLA in the widespread alpine plant Campanula thyrsoides L. as well, but with
some evidence of genetic constraints on SLA variance.
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Conclusion

Grazing of large herbivores is an integral aspect of Mongolian steppe
ecosystems, soil function, and nomadic livelihoods. Our study is one of the
few studies, where exclosures were used to investigate grazing effect on
population genetic structure of dominant steppe species. We found that
fences along the TMR and in the HNP had negative effects on the genetic
diversity of A. frigida, while soil nutrient contents might promote seedling
establishment, thus increasing genetic diversity. In contrast to climate and soill
characteristics, grazing showed no significant influence on population genetic
structure. Moreover, grazing had a significant impact on all the functional traits
measured, in particular plant height decreased and SLA increased as a likely
adaptation against grazing. Yet, we found not relationships between genetic
differentiation among sub-population and functional traits, pointing to high
phenotypic plasticity. Overall, a certain level of grazing may be even beneficial
for species genetic diversity and hence functioning of the grassland.

Still, relationships between dryland plant genetic diversity and
environmental variables, specifically with soil factors remain not fully
understood. This aspect should be considered in future studie
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Chapter 5. Overarching synthesis and discussion

This thesis provides an in-depth investigation of the phylogeographic history
and genetic structure of contemporary populations of A. frigida, which can
stand as an exemplar for other typical Eurasian grassland species. Our
analyses did not only elucidate many outstanding evolutionary biology issues
(i.e., migration route, ancestral area, polyploidization and genetic relatedness
of populations) of the species, but also provided a comprehensive
understanding of the range dynamics of the species, shown by pronounced
genetic structuring of Middle and Central Asia. Furthermore, a considerable
portion of intraspecific genetic variation was explained by environmental
heterogeneity, which promoted polyploidization in populations, suggesting that
local and regional adaptations play an important role in structuring A. frigida
populations.

Population genetic studies showed that grazing has an overall positive
impact on the genetic diversity of A. frigida in Mongolia. This could be due to
species’ tolerance characteristic. Artemisia frigida is known as a pioneer
species establishing on disturbed sites, and tends to increase in abundance
with overgrazing. Thus, its genetic diversity may also benefit from grazing.
Population differentiation was only partly driven by grazing intensity, with
some grazing-specific indicator alleles found. On the other hand, abiotic
factors (geography, climate and soil nutrients), had a greater impact than
grazing on population genetic structure. Both population genetic studies found
only modest genetic structuring in A. frigida populations, suggesting that
Mongolia's vast plain steppe supports adequate gene flow among populations
of this widely distributed and wind-pollinated species. With regard to
conservation genetics, A. frigida populations in Mongolia are apparently
genetically ‘healthy’, in spite of the pervasive grazing in the region.
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5.1. Molecular markers: pros and cons

Within this thesis, various molecular marker systems, i.e., from the most
traditional to novel NGS methods, were used.

In the phylogeographic study, we employed sequencing of a non-
coding region of plastid DNA for the haplotype analysis, and GBS markers for
the SNP based population genomic analyses and ploidy inferrence (see
Oyundelger et al. 2021a). The Genotyping-by-sequencing (GBS), which offers
the potential to harvest large numbers of variable sites (SNPs) from nuclear
genome, was primarily used for the analyses of phylogeography. The high
marker coverage obtained through GBS enabled us not only to discover
polymorphisms and use them to resolve it's phylogeography and population
relatedness, but also to obtain genotypic information across the whole
population of interest. This, together with relative reasonable costs made GBS
suitable for applying for hundreds of samples collected from the species’
whole distribution. We could even deduce ploidy levels using two different
approaches. The first one was based on the sequence reads and
corresponding frequency of each allele. All GBS loci were sequenced multiple
times and were therefore represented by several reads. As each allele was
sequenced proportional to its frequency ratio, assumptions on ploidy level
were possible. The second approach applied Bayesian assignment using
observed heterozygosity, pacricularly usin frequency distribution of
hetrozygous sites per individual based on SNP ratio. There were, however,
several inconsistency or uncertainties between the outcomes two approaches,
that were mainly caused by lesser reads of some individuals and/or lack of
training data. But, those accounted for only 2% of the whole samples,
indicating that novel approaches are becoming more praticable in large
number of samples. Addition to the GBS, plastid DNA (i.e., cpDNA) was
employed. The cpDNA is the most frequently used marker in plant
phylogeographic studies (69% of all studies according to a review by Morris &
Shaw 2018) and its usage has increased over time. Based on the analysis of
potentially informative characters in variable regions of the plastome, the
haplotypes could be distinguished, as numerous other studies have shown in
different taxa (Gao et al. 2007; Thoérsson et al. 2010; e.g., Watano et al. 1996;
Widmer & Baltisberger 1999). However, there were several limitation of
single-locus DNAs: resolution within populations was not adequate and it was
not informative enough to build a relaible phylogenetic tree. Moreover,
cpDNAs are usually uniparently inherited (maternal in most angiosperms),
delivering less information than e.g., nDNA, that is inherited from both
parents, causing discrepancy between them. Interestingly, coDNA sequences
are the most utilized marker in plant phylogeography and its use continued to
increase even in the light of the perception that they alone do not provide
sufficient resolution for most studies according to the review of Morris and
Shaw (2018).
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In population genetic studies, neutral markers, such as microsatellite
markers (i.e., SSRs), were employed. The SSRs are commonly used as
powerful markers in population genetics based on their high polymorphism
and co-dominant inheritance (Kalia et al. 2011; Vieira et al. 2016). Due to their
general suitabiliy, including their cost effectiveness on large sample size, we
opted to use SSRs. We developed species-specific SSR markers for
A. frigida, because no specific loci have been published so far. The whole
genome sequencing (WGS) of was used to screen and develop species-
specific SSR markers. The newly developed eleven markers were proven to
be reproducable and polymorphic (PIC= 0.25-0.94; see Oyundelger et al.
2021b). Based on its high polymorphism, genetic diversity of the populations
could be evaluated and population differentiation was successfully assessed.
Another advantage of the SSR was: proper statistical methods and
programms that are specifically developed for the SSRs (e.g., GenoDive and
R-packege Polysat) are available, even for polyploids. On the down side,
SSRs, as neutral markers, it could not trace positive or negative responses of
genotypes to selection; but, it provided some insight into the overall
distribution of certain genotypes, which can be characterized by favourable
suits of traits under unknown (multigenetic) control. Therefore, for analysis of
adaptive genotypes (e.g., grazing adaptation, drought adaptation, or
phenotypic trait adaptation) other non-neutral genetic markers should be
used.

In summary, all the markers employed had certain advantages and
limitations. Yet, we were successul to answer all the question raised within
this thesis. Neutral genetic markers demonstrated their great potential for
investigating processes within landscapes, such as gene flow and dispersal;
while traditional marker, like cpDNA have been proven to be still valuable
markers in the era of next generation sequencing.
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5.2. Areview of phylogeographical studies on Eurasian steppe
plants

Understanding of the phylogeographical history of the Eurasian steppe has
substantially expanded in recent decades as a result of increasing advances
in molecular approaches and extensive field research, as well as international
collaboration. In the last decade, advanced molecular techniques allowed us
for conducting comprehensive molecular phylogeographic studies, providing
dated phylogenies, ancestral area reconstructions, and climate and landscape
history correlations at the species and population level to shed light on the
evolution of the steppe flora. One of the most recent and comprehensive
reviews has been conducted by Hurka et al., (2019), who compiled scattered
information on origin and evolutionary history of the Eurasian steppe belt. An
another review by Barbolini et al., (2020) looked closer into the Cenozoic
evolution of the steppe-desert biome in Central Asia, synthesizing different
approaches such as pollen-based reconstruction of vegetation, phylogenetics,
paleogeography and climate models. In addition, Wesche et al., (2016)
published a synthesis on the Palearctic steppe biome by describing different
steppe types and associated macroclimatic niches, as well as giving a
synoptic overviews on steppe flora and fauna. Furthermore, Binney et al.,
(2017) reconstructed the vegetation of Eurasia from the last glacial maximum
to the present based on fossil pollen records. Kirschner et al., (2020) dated
the isolation time of European steppes from Asian steppes, and highlighted a
conservation value of the European steppes that harbor large genetic
diversity, a regionally endemic genetic lineages and a mosaic of stable
refugia.

To untangle the evolutionary history of steppe species across Eurasia,
a number of studies have been recently conducted, using characteristic
elements of steppe flora. A summary of steppe species for which
phylogeographical studies were conducted is compiled in Table 1,
representing main results and type of the molecular approach. Franzke et al
(2004) undertook the very first phylogeographical study of an evolution of
Eurasian steppe plant, namely Clausia aprica (Stephan) Korn.-Trotzky
(Brassicaceae). Since then, about 30 more studies (Table 1) have been
conducted on different plant families, focusing on a variety of levels from
genus through section, species, sub-species, and populations. The minority
addressed interspecific relations and distribution patterns, e.g., Allium L.
sections Decipientia, Rhizirideum and Rhizmatosa (Friesen et al. 2020a,
2021; Sinitsyna et al. 2016) or focusing on one genus, e.g., Scabiosa L.
(Carlson et al. 2012) and Potentilla L. (Dobe$ & Paule 2010). However, the
majority of the studies concentrate on intraspecific genetic variation sampled
from distinct populations. Most of the studies focused on Brassicaceae and
Amaryllidaceae, while Poaceae, the most typical element of temperate steppe
vegetation, are surprisingly largely missing. Furthermore, only a few studies
have focused on other prevalent steppe taxa, such as Asteraceae,
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Chenopodiaceae, and Caryophyllaceae, which are commonly discovered in
pollen and plant macrofossil studies of Eurasian temperate steppe vegetation.

The majority of the studied taxa, such as Allium L. sections Decipientia,
Rhizideum, Rhizomatosa, Artemisia L., A. frigida Willd., Camelina Crantz,
Clausia  Kornuch-Trotzky, Dontostemon  Andrz. Ex C. A Mey,
Krascheninnikovia ceratoides (L.) Gueldenst. Potentilla L. s. str, Goniolimon
speciosum (L.) Boiss. and G. tataricum (L.) Boiss. are found to be originated
in Asia, reflecting the origin and development of Eurasian steppes. Their
migration route across Northern Hemisphere followed mainly two routes: (i).
westwards to Mediterranean and Europe, and further to North America
through North Atlantic Land Bridge (NALB); and (ii). northeastwards to
Siberia, and to North America through Bering Land Bridge (BLB). Artemisia
frigida was found to have migrated through the BLB. The oldest studied taxa
dated was Allium L. section Rhizomatosa, which presumably originated in
Mongolia in the late Oligocene (26 + 9 Mya; detailed information on origination
time scale, migration route, time of migration and accessible links of each
taxon are provided as Suppl.1 electronically). More than half of the studied
taxa were originated in the Pleistocene (2.5 Mya — 12 Kya). Due to repeated
glacial periods and orogenic developments of large mountain systems during
the Pleistocene, the Eurasian steppe belt was continuously displaced and
disrupted, affecting steppe species distributional expansion and contraction.
Steppe species large diversification took place during the glacial periods of
the Pleistocene as evidenced by diversification and expansion of typical
steppe taxa such as Capsella Medik., Clausia aprica (Stephan) Korn.-Trotzky,
Goniolimon speciosum (L.) Boiss., Sisymbrium L. and Krascheninnikovia
ceratoides (L.) Gueldenst. The same likely hold true for A. frigida.

This thesis focused on one of the less investigated family,
corroborating findings of above studies. Even, genus Artemisia L., is one of
the most prevalent forb genera documented from data on pollen and
macrofossils from the LGM to the present (Binney et al. 2017; Qin et al. 2015;
Tarasov et al. 2000), phylogeographic study on the genus is found to be
scarse. My thesis tackles this gap, presenting a case study on the
phylogeography of the steppe plant Artemisia frigida (Asteraceae). This study
is not only a significant contribution to the evolution of the Eurasian steppe
florogenesis, but also has significance for conservational biology. Specifically,
assessed levels of genetic diversity shown potential genetic depauperation in
some locations, providing information for conservation field in a changing
climate and landscapes.
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Table 1. A list of phylogeographical studies conducted on Eurasian steppe plant taxa. Studies are ordered alphabetically
according to the family, and within them, the genera and species.

Family Genus Species Study area coverage |Molecular marker Geographic origin |Publication
Asteraceae Artemisia L. 45 taxa Eurasia and North nDNA Central Asia Sanz et al., (2011)
America
frigida Middle and Central cpDNA and GBS Middle Asia Oyundelger et al., (2021a)
Asia, North America
Carlina L. Acanthifolia  |Southern and Central |cpDNA, nDNA and Balkan Peninsula Cieslak and Drobniak., (2019)

subsp. utzka

Europe

AFLPs

Scorzonera L. purpurea Europe cpDNA and ccmp Pannonian basin Meindl et al., (2016)
Amaryllidaceae Allium section 9 taxa Kazakhstan and cpDNA Kazakhstan Friesen et al., (2021)
Decipientia adjacent regions of
Russia, Ukraine, Iran
Allium L. tulipifolium Kazakhstan and cpDNA Kazakhstan Friesen et al., (2021)
adjacent regions of
Russia, Ukraine, Iran
Allium section 19 taxa Europe, North cpDNA and nDNA not studied Sinitsyna et al., (2016)
Rhizirideum Kazakhstan, West
Siberia and Temperate
Asia
Allium section 8 taxa Russia, Kazakhstan, [cpDNA and nDNA Central Asia Friesen et al., (2020a)
Rhizomatosa Mongolia, China
Brassicaceae Camelina genus level  |Europe and western  [cpDNA and nDNA Western and central |Zerdoner Calasana et al.,
Crantz and central Asia [rano-Turanian (2019)
Capsella genus level  |Mediterranean to GBS Middle Asia Zerdoner Calasana et al.,
Medik. Central Asia (2021b)
bursa-pastoris |Mediterranean to cpDNA Southeast Europe Hurka et al., (2012)
Central Asia GBS Zerdoner Calasana et al.,
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grandiflora Mediterranean to cpDNA; GBS Mediterranean
Central Asia
orientalis Mediterranean to cpDNA; GBS Asia (Kazakhstan)
Central Asia
rubella Mediterranean to cpDNA; GBS Eastern
Central Asia Mediterranean
thracica Mediterranean to cpDNA; GBS Southwest Europe
Central Asia
Clausia genus level |Russia, Kazakhstan, [cpDNA and nDNA Central and eastern |Friesen et al., (2016)
Kornuch-Trotzky Mongolia Asia
aprica Russia, Kazakhstan, [cpDNA and nDNA not studied Franzke et al., (2004)
Mongolia
Dontostemon genus level  [Middle Asia, Central cpDNA and nDNA Central Asia Friesen et al., (2016)
Andrz. ex C.A.Mey. Asia, and Japan
Schivereckia podolica Volga-Don, Donetsk  |cpDNA, nDNA and  |Periglacial steppe  |Friesen et al., (2020b)
Andrz. Ex DC. and Podolia, and Ural |RAPD
regions
Sisymbrium L. genus level |Eurasia, cpDNA and nDNA Western Irano- Zerdoner Calasana et al.,
Mediterranean, South Turanian and (2021a)
Africa Mediterranean
Chenopodiceae Krascheninnikovia |ceratoides North America, Eurasia [cpDNA and nDNA Central Asia (Altai Seidl et al., (2020)
Gueldenst. and North Africa cpDNA, nDNA and mountains) Seidl et al., (2021)
GBS
Dipsacaceae Scabiosa L. 24 taxa Europe and cpDNA and nDNA Europe Carlson et al., (2012)
Mediterranean Basin,
southern Africa and
eastern Asia
Euphorbiaceae Euphorbia L. niciciana Southern Balkan nDNA and RAD-seq |Transcaucasia Frajman et al., (2019)

Peninsula and western
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and central Anatolia

seguieriana  |Southern Balkan nDNA and RAD-seq |Transcaucasia
Peninsula and western
and central Anatolia
Fabaceae Astragalus L. onobrychis Pannonian and RAD-seq Central Pontic Zaveska et al., (2019)
adjacent (south)eastern subregion
regions cpDNA Plenk et al., (2020)
Linaceae Linum L. flavum Central Hungary, cpDNA and AFLP not studied Plenk et al., (2017)
Pannonian region, and
southern Germany
Plantaginaceae Veronica L. longifolia Europe to Central Asia |{GBS and RAD-seq Eastern Asia Buono et al., (2021)
spicata Europe to Central Asia |GBS and RAD-seq Southern Russia
Plumbaginaceae |Goniolimon speciosum  |European Russia, cpDNA and nDNA Central Asia Volkova et al., (2017)
Bioss. Middle and Central
Asia
tataricum Southeast Europe cpDNA Central Asia Buzurovi¢ et al., (2020)
(Balkan) and the
Apennine Peninsula
Ranunculaceae Adonis L. vernalis Western part of the GBS Europe Seidl et al., in prep
Eurasian steppe belt
Rosaceae Potentilla L. s.str |98 taxa North America, Europe |cpDNA Asia Dobes and Paule (2010)

to East Asia
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5.3. Areview on plant population genetic studies in Mongolia

Mongolian steppe vegetation has been studied intensively, particularly since
2000, with the collaboration of international researchers (Munkhzul et al.
2021). Many studies focused on grazing effect on vegetation, since Mongolia
has a long tradition of nomadic grazing (e.g., Fernandez-Gimenez & Allen-
Diaz 2001; Liao et al. 2020; Na et al. 2018; Van Staalduinen et al. 2007,
Wesche et al. 2010). Numerous studies investigated the effects of grazing
and climate (Ahlborn et al. 2020; Bat-Oyun et al. 2016; Cheng et al. 2011;
Hoshino et al. 2009; Khishigbayar et al. 2015; Lang et al. 2020; Spence et al.
2016; von Wehrden et al. 2012a), because effects of grazing vary depending
on the local climate and they do interact with each other.

Regretabbly there are only few studies on steppe plant population
genetics in Mongolia (Table 2), and thus remain poorly understood.
Population genetics are understudied for dryland species in general, as
highlighted by a review of Greenville et al., (2017), where well over 7,000
publications from last 75 years have been reviewed.

On the basis of five key sources, | searched for mongolian publications
as well as MSc and PhD theses conducted on plant population genetics in:
(). Proceedings of Biology, and (ii). Proceedings of Botany of the Mongolian
Academy of Science (MAS) (https://biology.ac.mn/), and (iii). online catalogue
of Mongolian Foundation of Science and Technology (http://stf.mn/), where
dissertations from all universities are archived, (iv). electronic catalogue of
National University of Mongolia (NUM) (https://catalog.num.edu.mn/) as well
as (v). electronic catalogue of Mongolian University of Life Science (MULS)
(https://muls.lib4u.org/. Additionally, Google Scholar, ScienceDirect, and
Scopus are used to search for english-language publications.

The first study of population genetics was conducted by Wesche et al.,
(2006a) on an endemic species of southern Mongolia, Potentilla ikonnikovii
Juz., using RAPDs to examine the effects of natural isolation on its genetic
structures. Authors found out that the populations of P. ikonnikovii were
genetically isolated, which could be harmful to the species' fitness. Moreover,
Wesche et al., (2006b) studied population genetics of two other rare species,
Galitzkya macrocarpa (Iconn.-Galitz.) V. Boczantzeva, and G. potaninii
(Maxim.) V. Boczantzeva, employing RAPD markers. According to the study,
G. macrocarpa appeared to be able to preserve genetic variety across its
range, whereas G. potaninii populations showed substantial genetic
differentiation, indicating severe fragmentation between them. Another study
carried out by Wesche et al., (2011) focused on Ulmus pumila L., which is the
only tree species occurring in southern and south-eastern Mongolia, and may
reproduce by clonal growth. According to the study, populations of U. pumila
maintained their gene diversity, and no inbreeding depression was found, and
differences between northen and southern Mongolia were negligible.
Furthermore, Dashzeveg et al., (2017) assessed genetic diversity of rare and
endangered species, Saussurea involucrata (Kar. et Kir.) Sch. Bip. utilizing
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AFLPs. They found low levels of genetic diversity, with the majority of genetic
differentiation residing within populations. The above mentioned studies were
mainly focused on rare and endangered species with fragmented ranges
distributed in mountain ranges and/or Gobi, as they often show small and
fragmented distribution patterns. Thus, their genetic variations have been
analyzed mainly for the purpose of conservation.

While, Ronnenberg (2011b) undertook the first investigation in a
widely distributed species, examining the clonal diversity of the tussock
species, Stipa krylovii Roshev by RAPD markers. The study reported high
clonal diversity (i.e., many different clones) of the species, and relatively weak
genetic differentiation between plots and regions. In addition, Wiehle et al.,
(2016) conducted a study on a widely distributed tree species in western
Mongolia, Populus laurifolia Ledeb. utilizing SSRs. They found a relatively
high level of genetic diversity, but detected overall low genetic differentiation
between populations. Another study examining the population genetics of
tussock species, Stipa glareosa P.A.Smirn was carried out by Oyundelger et
al., (2020) employing SSRs. Together with colleagues, | assessed effects of
abiotic (geography, climate and soil nutrients) and biotic (grazing) factors on
population genetics. According to the study, genetic diversity of S. glareosa
was relatively low. Environmental constraints affected the genetic structure of
S. glareosa populations at the regional scale, while grazing disturbance had
more effect at local scales differences. In addition, one thesis was found from
the library of NUM, that dealt with plant population genetics of Gentiana algida
Pall. (Nomin-Erdene 2021). She used the ISSR markers on five populations
from northern Mongolia and observed a modest level of genetic diversity of
the species, yet with only 9 % genetic variation partitioned between
populations. Furthermore, a hypothesis that levels of genetic diversity are
related to population stability in inter-specific comparisons, especially among
species in a local community, is examined by Ishii et al., (2021) using ISSR
markers on nine common grassland species of Mongolia: Stipa krylovii
Roshev., Convolvulus ammanii Desr., Allium bidentatum Fisch. Ex Prokh. &
Ikonn.-Gal., Cymbaria dahurica L., Carex duriuscula C.A. Mey., Agropyron
cristatum (L.) Gaertn, Kochia prostrata (L.) Schrad., Artemisia frigida Willd.,
and Caragana leucophloea Pojark. Level of genetii diversity varied among
species. However, they observed no correlation between genetic diversity and
population size or population stability at the local-sale in grassland over the
four-year experiment.

The first study focused on cultivated species was carried out by Ruan
et al., (2004) on sea buckthorn, Hippophae rhamnoides L. employing RAPDs.
They compared cultivars of Mongolia, China and Russia, and as a result, the
highest genetic distance were found between Mongolian and Chinese
cultivars, as they represent different subspecies. A study by Narantsetseg et
al., (2017) addressed a cultivated crop species, namely the Mongolian wheat
species, Tritucum aestivum L., T. compactum Host, and T. durum Desf. with
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a help of SSRs. Their result revealed a high level of genetic diversity in tested
Mongolian germplasm, which has high imporatance for conservation of wheat
genetic resources.

The above shows that investigations on plant population genetics in
Mongolia are rather scarse, with only eleven studies to date. However, it's
probable that more studies (e.g., thesis and dissertations) were undertaken
and published in mongolian language, which are not archived in the electronic
catalogues. Nevertheless, the number of studies has been increasing
recently, as in line with developments in molecular markers. In the beginning,
RAPDs were the most commonly used marker, but more recently, SSRs or
ISSRs have been utilized frequently in the reviewed studies (Table 2).
Considering taxa, several rare and endangered species, as well as common
species, and their inter-specific comparisons were examined. In addition,
common crop species germplasms were studied, which is of great importance
for crop genetic resource.

All the studies, except Oyundelger et al., (2020), were solely focused
on evaluating the levels of genetic diversity and structure of certain taxa.
Population genetic studies of this dissertation, additionally aimed to assess
the effects of grazing and climatic factors, which are crucial for understanding
population genetic variation in a changing climate and steadily increasing
grazing pressure in Mongolia. In particular, both studies resulted that grazing
impact is not detrimental in A. frigida, in contrast to Stipa glareosa
(Oyundelger et al., 2020). While, species’ genetic structure was largely driven
by local environment, providing insights into the their main driving factors, and
magnitute of influence. Grazing impacts tested with two different study
designs, i.e., grazing intensity gradient and grazing exclusion, offered
knowledge on potential direct and indirect indluences of grazing on genetic
diversity at local and regional scales (Fig. 3), as well as level of species
tolerance to grazing, such as genetical adaptation and/or phenotypic
adaptation.
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Figure 3. lllustration of potential effects of grazing on plant genetic diversity.
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Table 2. A list of population genetic studies conducted in Mongolia. Studies are ordered according to the molecular markers used.

Taxa Markers | Publication Link/ DOI
1 Saussurea involucrata AFLPs Dashzeveg et al., (2017) https://doi.org/10.1007/s10722-016-0412-1
2 Agropyron cristatum ISSRs Ishii et al., (2021) https://doi.org/10.1016/j.jaridenv.2021.104607
3 Allium bidentatum ISSRs Ishii et al., (2021)
4 Artemisia frigida ISSRs Ishii et al., (2021)
5 Caragana leucophloea ISSRs Ishii et al., (2021)
6 Carex duriuscula ISSRs Ishii et al., (2021)
7 Convolvulus ammanii ISSRs Ishii et al., (2021)
8 Cymbaria dahurica ISSRs Ishii et al., (2021)
9 Kochia prostrata ISSRs Ishii et al., (2021)
10 Stipa krylovii ISSRs Ishii et al., (2021)
11 Gentiana algida ISSRs Nomin-Erdene (2021) MSc thesis, Biology department, NUM
12 Galitzkya potaninii RAPDs Wesche et al., (2006b) https://doi.org/10.1093/aob/mcl182
13 Galitzkya macrocarpa RAPDs Wesche et al., (2006b) https://doi.org/10.1093/aob/mcl182
14 Hippophae rhamnoides RAPDs Ruan et al., (2004) https://doi.org/10.1016/j.scienta.2003.11.013
15 Potentilla ikonnikovii RAPDs Wesche et al., (2006a) https://doi.org/10.1111/j.1442-1984.2006.00161.x
16 Stipa krylovii RAPDs Ronnenberg (2011b) PhD dissertation, http://dx.doi.org/10.25673/673
17 Ulmus pumila RAPDs Wesche et al., (2011) https://doi.org/10.1016/j.flora.2010.01.012
18 Artemisia frigida SSRS Oyundelger et al., (2021) https://doi.org/10.1007/s10592-021-01375-w
19 Populus laurifolia SSRs Wiehle et al., (2016) https://doi.org/10.1016/j.flora.2016.07.004
20 Stipa glareosa SSRs Oyundelger et al., (2020) https://doi.org/10.1016/j.flora.2020.151572
21 Tritucum aestivum SSRs Narantsetseg et al., (2017) https://doi.org/10.9787/PBB.2017.5.3.213
22 Tritucum compactum SSRs Narantsetseg et al., (2017)
23 Tritucum durum SSRs Narantsetseg et al., (2017)
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5. Outlook

5.4. Outlook

This thesis is one of the few investigations conducted in Mongolia that
comprehends both species’ evolutionary history (migration history, ancestral
area genetical lineages, polyploidization events and populations’ relatedness)
at its distributional range, and the development status of current populations’
genetics (genetic diversity and structure) at local and regional scales.

The study on phylogeography provides detailed insights into the
evolutionary history of A. frigida and its connection to the history of the
Eurasian steppe belt. However, we could not conduct molecular dating
analysis due to a lack of fossil sample information for calibration; and the use
of a single-locus cpDNA marker which did not provide good sequences to
estimate mutation rate. Therefore, further study employing multiple-locus
markers on molecular dating would provide specific information on age of the
species, and time scale of migration as well as diversification. Furthermore,
additional samples from the species’ distributional range, particularly from the
North American southern prairies, which remained ice-free during the last
glacial period, could provide broader and interesting pictures of the genetic
relatedness of populations and polyploidization events of A. frigida in the New
World.

Regarding population genetics, a general lack of studies was observed
in Mongolia. Hence, such studies focusing on any taxa, regardless of
conservation status would be highly valuable. In particular, study on various
species, i.e., differing by pollination methods (wind vs. insect pollinated) and
differing by life history strategy (sensitivity vs. tolerance to stress and
competition) at an inter-specific level would be of high interest, and important
for ecosystem functioning as well as for grassland sustainable management.
Referring to the marker system, we faced a challenge in inferring the link
between functional traits and their relationships to genetic controls. Because
neutral markers, such as SSRs, cannot detect adaptive genes (genes that
influence species fitness), a definite conclusion on the relationship between
plant functional traits and genetic diversity was not possible. Hence, for a
study aiming at revealing adaptive genes (e.g., disease causing genes, genes
tolerant to drought, disturbance or saline soil conditions etc.,), the use of non-
neutral markers would be more practical.
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Research methodology:
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analyzes.
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Biotechnology of the National University of Mongolia | Mongolia

2012 Winner of National 10th Ecological Olympiad | Mongolia
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Data Visualization — Convert Information into visual forms, and
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33" Conference of the Plant Population Biology of the
Ecological Society of Germany, Austria and Switzerland (GfO) |
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