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Kapitel 3  befasst sich mit dem Problem polyploider Artenkomplexe im zonenbasierten 

Saatguttransfer. Sechs häufige Grünlandarten mit intraspezifischer Ploidievariation wiesen 

jeweils eine ausgeprägte genetische Differenzierung zwischen Zytotypen auf. Die genetische 

Differenzierung zwischen Zytotypen übertraf dabei durchgehend die Differenzierung zwischen 

den Herkunftsgebieten innerhalb von Zytotypen und unterstreicht damit die genomisch  

differenzierende Wirkung der Ploidievariation. Die Verbreitungsgebiete d er Zytotypen waren 

häufig parapatrisch, stimmten selten mit den Gebietsgrenzen überein und waren bei vier von 

sechs Arten signifikant mit Umweltgradienten assoziiert. Zusammengenommen rechtfertigen 

diese Befunde eine separate und spezifische Behandlung von  Zytotypen im zonenbasierten 

Saatguttransfer. Aufbauend auf den Ergebnissen dieses Kapitels wurde ein Entscheidungsschema 

entwickelt, das Verbreitungsdaten von Zytotypen in gebietsspezifische Handlungsempfehlungen 

überführt und jede Art -Gebiets-Kombination  anhand von Zytotypenvorkommen, -häufigkeit und 

räumlicher Verteilung klassifiziert. D as Entscheidungsschema bietet das erste praxistaugliche 

Werkzeug zur Handhabung ploidievarianter Arten innerhalb eines bestehenden Systems 

generalisierter Herkunftsgebiete. 

Kapitel 4  untersucht räumliche Muster genomischer Variation und Klima wandelge-

fährdung bei Galium album, einem weit verbreiteten Grünlandkraut. Es wurden vier räumlich 

kohärente genetische Gruppen identifiziert, die 2,43  % der gesamten genomischen Variation 

erklärten, während die 22 Herkunftsgebiete 1,92 % erklärten. Die Umwelt erklärte dabei mehr 

genomische Varianz als die Geographie allein, was darauf hindeutet, dass adaptive 

Differenzierung wesentlich zur räumlichen genetischen Struktur beiträgt. Die Klimagefährdung 

wurde anhand von Genomic Offsets bewertet, welche die erwartete Störung von Genotyp -

Umwelt-Assoziationen quantifizieren, in diesem Fall unter projizierten Klimaszenarien bis zum 

Ende des 21. Jahrhunderts . Die Offsets waren selbst unter dem pessimistischsten Szenario 

deutschlandweit überwiegend gering . Nur vereinzelte Standorte im Herkunftsgebiet 10 

überschritten geringfügig einen in der Literatur vorgeschlagenen Ad-hoc-Schwellenwert für den 

genomischen Offset. Für diese Standorte wurden potentiell vorangepasste Herkunftspopulationen 

innerhalb des selben Herkunftsgebiets identifiziert, was zeigt, dass die bestehenden Herkunfts-

gebiete zumindest in manchen Fällen milderer Klimawandelgefährdung angepassteres Saatgut 

bereitstellen können. 

Die allgemeine Diskussion (Kapitel 5 ) integriert diese Befunde und bewertet Nutzen und 

Grenzen des deutschen Herkunftsgebietssystems über alle drei hier untersuchten Dimensionen 

räumlicher genomischer Variation hinweg. Im gesamten RegioDiv-Datensatz war bei nahezu 

allen Arten eine signifikante Isolation durch Distanz nachweisbar, und die 22 Herkunftsgebiete 

erfassten einen bedeutenden Anteil jener Variation, die artspezifisch optimierte Herkunftsgebiete 
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erzielen würde n, womit sie einen vernünftigen und praktikablen Kompromiss zwischen 

biologischer Präzision und Durchführbarkeit  darstellen. Über allgemeine räumliche Variation 

hinaus charakterisiert d ie vorliegende Dissertation zwei spezifische Dimensionen genomischer 

Variation, die in den derzeitigen generalisierten Herkunftsgebieten nicht explizit berücksichtigt 

werden, und legt dar, dass beide berücksichtigt werden können, ohne die Integrität des 

etablierten Gebietssystems wesentlich zu beeinträchtigen. Ein integratives Schema zur Auswahl 

von Herkunftspopulationen fasst alle drei Dimensionen in einem Entscheidungswerkzeug 

zusammen und kombiniert Zytotypen auswahl, Klimagefährdungs -Bewertung und genetische 

Ähnlichkeit  als Kriterien für die Herkunftsauswahl. Angesichts einer durch globale Re -

naturierungsverpflichtungen steigenden Nachfrage nach genetisch fundiertem Management 

bietet diese Dissertation empirische und praktische Ansätze für die Berücksichtigung spezifischer 

Dimensionen genomischer Variation in der Gewinnung und Anwendung regionalen Saatguts.
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1 General Introduction 
With more than a third of global species abundance already lost by 2010 (IPBES 2018) , 

protection of biodiversity is increasingly insufficient without active restoration (Staude et al.  

2023). Grasslands contribute disproportionately to biodiversity in Europe relative to their area 

(Dengler and Tischew 2018) , and their restoration depends critically on the sourcing of 

appropriate seed. To discuss the case of restoring genetic diversity of Central European 

grasslands, one must first understand their history , which is, revealingly, in large parts a history 

of the interdependence between grasslands and humans. 

1.1 Origins and Development of Grasslands in Central Europe  

Most grasslands in Central Europe are semi -natural and have evolved by natural post -glacial 

recolonisation and human influence (Ellenberg 1988; Speier 1996). However, grasslands as a 

grass-dominated habitat have existed since at least the mid -Pleistocene 1.8 million years ago 

(Pärtel et al.  2005). Consequently, for most of their history, grasslands have experienced the 

repeated advance and retreat of glaciations, with long dry-cold periods taking turns with short 

moist-warm periods. These cycles, which  took roughly 100,000 years in the later Pleistocene 

(Zagwijn 1992) , meant repeated contraction and expansion of grassland ranges . Forest is 

assumed to be the climax vegetation in Central Europe during most of the interglacials (and 

today). During these intermittent periods of dominating forest cover, grassland communities 

would persist in naturally open habitats, i.e. grasslands on substrates unfavourable for forest 

establishment, floodplains maintained by flooding, alpine grasslands above the treeline, or areas 

kept open by megaherbivores or fire (Ellenberg 1988; Svenning 2002). During glacial periods, ice 

sheets advanced from Scandinavia and descended from the Alps. Ahead of the ice sheets, forests 

retreated while a dry -cold steppe-tundra developed on permafrost. Cold -tolerant grassland 

species may have survived in this periglacial tundra (Bhagwat and Willis 2008; Yurtsev 2001) , 

while more thermophilic elements retreated to warmer refugia on the Mediterranean peninsulae 

(Van Andel and Tzedakis 1996) . During subsequent warming, grasslands would first colonise 

the areas uncovered by the retreating ice sheets before being pushed to naturally open areas 

again by shrubland and forest. 

These repeated cycles of expansion and contraction created diverse phylogeographic 

patterns that persist in contemporary grassland populations (Grivet and Petit 2002; Kajtoch et 

al. 2016; Listl et al. 2017; Petit et al. 2003). Species-specific recolonisation routes from different 

glacial refugia resulted in partially convergent contact zones where lineages meet (Taberlet et 

al. 1998). At the end of the Pleistocene, around 9,500 BC, behaviourally modern Homo sapiens 
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Figure 2.1 Design and setup of the RegioDiv project.
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Table 2.1: Species list for RegioDiv, taxonomy following  (Buttler and Hand 2018) , chromosome 
numbers, number of sampling sites (N.sites) and number of samples (N.samples) in the final datasets. 
Taxon  Chromosome number  N.sites  N.samples  

Achillea millefolium  agg. 2n=2 x|4x|6x|8x=18|36|54|72 577 639 

Achillea millefolium L.  2n=6 x=54  375 378 

Achillea collina/pratensis  2n=4 x=36  167 173 

Agrimonia eupatoria  L.  2n=4 x=28  343 355 

Agrostis capillaris  L.  2n=4 x=28  365 368 

Anthoxanthum odoratum L. s. str.  2n=4 x=20  382 598 

Arrhenatherum elatius  (L.) J. Presl & C. Presl  2n=4 x=28  497 517 

Bistorta officinalis  Delarbre  2n=4 x=(44,46)48  209 222 

Bromus erectus  Huds. 2n=8 x=56  201 224 

Campanula rotundifolia  L. s. str.  2n=2 x|4x|6x=34|68|102 337 348 

Campanula rotundifolia  L. (2 x) 2n=2 x=34  149 153 

Campanula rotundifolia  L. (4 x) 2n=4 x=68  188 195 

Centaurea jacea  L. s. str.  2n=4 x=44  492 522 

Corynephorus canescens (L.) P. Beauv.  2n=2 x=14  136 188 

Cynosurus cristatus  L.  2n=2 x=14  260 270 

Euphorbia cyparissias  L.  2n=2 x|4x=20|40  367 389 

Festuca rubra agg. 2n=4 x|6x|8x=28|42|56  327 332 

Festuca nigrescens  Lam.  2n=6 x=42  152 155 

Festuca rubra  L.  2n=6 x|8x=42|56  154 156 

Filipendula ulmaria  (L.) Maxim.  2n=2 x=14  420 431 

Galium album  Mill.  2n=4 x=44  518 538 

Hypochaeris radicata  L.  2n=2x=8 315 345 

Knautia arvensis  (L.) Coult. s. str.  2n=2 x|4x=20|40  533 961 

Knautia arvensis  (2x) 2n=2 x=20  28 56 

Knautia arvensis  (4x) 2n=4 x=40  515 891 

Lathyrus pratensis  L.  2n=2 x=14  423 428 

Leucanthemum vulgare  agg. 2n=2 x|4x=18|36  387 507 

Leucanthemum vulgare  Lam.  2n=2 x=18  95 113 

Leucanthemum ircutianum  DC.  2n=4 x=36  305 394 

Lotus corniculatus  L.  2n=4 x=24  460 477 

Lychnis flos -cuculi  L.  2n=2 x=24  293 454 

Pimpinella saxifraga  L.  2n=2 x|4x=18,20|40 317 347 

Prunella vulgaris  L.  2n=2 x=28  288 295 

Ranunculus acris  L.  2n=2 x=14  448 458 

Salvia pratensis  L.  2n=2 x=18  216 220 

Silene vulgaris  (Moench) Garcke  2n=2 x=24  275 297 

Thymus pulegioides  L.  2n=4 x=28  306 318 

Tragopogon pratensis  L. s. l.  2n=2 x=12  354 380 

Tragopogon minor  Mill.  2n=2 x=12  7 16 

Tragopogon orientalis  L.  2n=2 x=12  83 89 

Tragopogon pratensis  L. s. str.  2n=2 x=12  229 245 
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to integrate across multiple species, finding a reasonable compromise between over-splitting and 

homogenisation. Ultimately, the dataset will allow us to suggest alternative, generalised designs 

of STZs in Germany and recommendations for species -specific exchange rules between STZs 

based on genetic distance, which should further facilitate the practical implementation of legal 

requirements (e.g. Skowronek et al. 2023). 

In times of global climate change, static STZs may be regarded as inappropriate and 

additional management options such as assisted gene flow and assisted migration need to be 

considered (Aitken and Bemmels 2016). These concepts depend on an assessment of the risks of 

non-adaptedness to changing environmental conditions. The genomic resources available here 

can be exploited to describe current gene-environment associations (Catchen et al. 2017). These 

can be combined with climate change scenarios for subsequent risk assessment and the 

identification of suitable donor and recipient regions for seed transfer (e.g. Lachmuth et al.  

2023). A functioning seed production system of wild plants, as established in Germany, will 

facilitate any such future management adaptations. Our dataset of more than 30 plant species 

sampled at dense spatial resolution, provides a unique opportunity for the a ssessment and 

potential improvement of the German STZ system. 

Data availability  

For Agrostis capillaris , demultiplexed individual raw sequence data are available under sample 

accession numbers ERS17591121-ERS17591682 at https://www.ebi.ac.uk/ena and SNP data in 

genlight format including sample metadata are available at https://doi.org/

10.5281/zenodo.10977130. 

Code availability  

Shell scripts for running dDocent and SNP filtering are available at  https://doi.org/

10.5281/zenodo.10977130. 

Funding  

The RegioDiv Project was funded by the German Federal Agency for Nature Conservation (BfN) 

with funds from the Federal Ministry for the  Environment (BMUV) (FKZ 3520 82 06A -AW, 

Modul 2). KS was supported by the long-term research project of the Czech Academy of Sciences, 

Institute of Botany (RVO 67985939).  
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economically detrimental to seed producers and potentially catastrophic for restored populations 

already struggling to establish (Freitag et al. 2021; Török et al. 2021). Furthermore, the natural 

selection argument conflates natural gene flow at contact zones with the temporally and spatially 

disparate, zone-wide mixing that occurs when collecting from disparate source populations. 

By managing cytotypes within existing seed zones, the framework maintains both regional 

adaptation and adaptive potential via diversity, while addressing cytotyp e-specific 

incompatibility, which is highlighted by rare local cytotype sympatry in our data. The seed 

zones were designed for common, widespread grassland species where fine-scale local adaptation 

can be expected to play a relatively minor role compared with regional adaptation (Macel et al. 

2007). Moreover, many restoration sites lack sufficient l ocally adapted donor material in their 

immediate vicinity that could be harvested without compromising vulnerable source populations 

(Broadhurst et al. 2008; Durka et al. 2025; McKay et al. 2005). Importantly, cytotypes can still 

hybridise at natural contact zones. Gene flow is not eliminated even when cytotypes are managed 

in spatial separation during propagation. Furthermore, the M0 exce ption (see above) explicitly 

allows for maintaining current practices when hybridisation is known to be frequent and 

beneficial. By operating within established seed zone infrastructure while adding cytotype-aware 

decisions, this framework enhances rather than restricts current restoration practice.  

The implementation of this framework requires large -scale cytotype distribution data. 

Flow cytometry offers an affordable method to obtain such data. First, for a given region, species 

exhibiting intr aspecific cytotype variation need to be identified. Second, large -scale cytotype 

distribution patterns need to be described. The required sampling density, and thus the 

associated costs, depend on the complexity and scale of cytotype distribution patterns. However, 

individual restoration practitioners cannot be  expected to conduct such cytotyping campaigns 

themselves. Rather, they should be funded by the responsible environmental agencies. Third, 

seed producers would then have to verify the cytotype of their accessions to apply the framework 

we suggest here. 

Beyond mere geographical distribution of cytotypes, future r esearch should examine how 

cytotype-specific ecological differences (e.g., stomatal characteristics, niche width, colonisation 

potential) might influence environmental adaptation (Tossi et al. 2022; Van de Peer et al. 2021), 

potentially informing cytotype selection for restoration under changing climatic conditions 

(Z. Chen et al. 2022). Our decision framework enables practitioners to make informed cytotype 

management decisions with feasible data requirements, improving restoration outcomes while 

working within existing seed zone infrastructure. 







https://www.zotero.org/google-docs/?NBkYg6
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Figure 4.1: A : German seed zones (colours and numbers) and sampling sites (black dots). Shading 
represents elevation. B : Principal Component Analysis (PCA) of the 735 individuals in the final data 
set. Colours analogous to panel A. Centroids marked by seed zone number. Coloured line segments 
point halfway from centroids of seed zones towards individuals. C : Pairwise genetic differentiation 
between the 22 German seed zones (as FST) as a function of geographical distance. r : correlation 
coefficient; Mantel-p: p-value from Mantel test. b: slope of the linear regression. 

In this study, we used a comprehensive SNP dataset of samples covering all of Germany 

to describe the patterns of genetic variation of Galium album, a common grassland herb. We 

thereby built on previous findings based on a limited number of populations, where isolation by 

distance and relatively strong population differentiation compared to other species had been 

found (Durka et al.  2017). In addition, we expanded the approaches for evaluating genomic 

offset and donor importance described by Lachmuth et al. (2023b). Based on these approaches, 

our study addresses four questions: (1) To what extent do geography, environmental conditions, 

and demographic history shape the spatial genetic structure of G. album across Germany? (2) 

How do the observed spatial genomic patterns relate to the seed zones? (3) How much genomic 

turnover is necessary for populations to adapt to future climates? (4) Where are suitable donor 

populations for those locations where the temporal genomic offset is high? 













https://github.com/SusanneLachmuth/offsetEnsembleR
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