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Abstract

The natural range of Norway spruce (Picea abies [L.] KARST.) populations in Germany

are the low mountain ranges. But in the last decades and centuries anthropogenic stand 

establishment highly increased the area covered by Norway spruce. This happens mostly in 

regions beyond their natural growing range. The used reproduction material often originates 

from allochthonous provenances. This leads not only to a change in the species 

composition of German forests, but likely alter genetic composition of spruce populations. 

Therefore, planted spruce stands are potentially maladapted to their current growing 

environment.

Under changing climatic conditions, it is expected that future suitable regions for spruce 

forestry are restricted to higher elevations, with challenging environmental conditions. Norway 

spruce provenances, adapted to the harsh mountainous condition, usually show narrower 

crowns and different branching morphology than provenances from lower elevations. Stands 

characterised by these morphological traits have nonetheless become rare due to the 

past anthropogenic replantation with unsuited material. To support silvicultural management 

of high elevation stands and to preserve and expand adapted populations, 

information on the morphologic and genetic characteristics of  provenances is required.

Stand pairs in the regions of the Thuringian Forest, the Ore mountains and the Harz 

mountains of putative native mountainous and planted Norway spruce stands in comparable 

altitudes were investigated. In each stand, 200 trees were visually assessed for their 

crown morphology and sampled for the genetic analyses. Additionally, the relict 

stand “Schlossbergfichte” in the Thuringian Forest, known for its characteristic high 

elevation phenotypes, was included with 75 samples.

   These samples were investigated by Caré et al. (2018) to assess the neutral genetic 

differentiation between the stands and quantify morphological differentiation between the 

putative provenances. Between the stands an overall low differentiation (FST = 0.002–0.007; G”ST 

= 0.002–0.030) based on the analysis of 11 neutral SSR (simple sequence repeat) markers was 

found. Likely attributed to the high long distant geneflow commonly reported for Norway 

spruce. Nevertheless, both the stands from the Harz mountains as well as the 

“Schlossbergfichte“ were slightly differentiated from all other populations. Indicating in the first 

case restricted geneflow by the small isolation by distance effect and usage of local material in 

case of the planted stand. In the second case, that the relict characteristics of the stand is 

reflected in its genepool. Contrasting, the provenances were highly differentiated for crown 

morphology traits (PST = 0.952–0.989). This contrast between low neutral genetic but high 

morphological differentiation, indicates natural selection in adaptive genes which are 

involved in the expression of crown phenotypes.



 

 

To analyse the influence of selection, a subsequent analysis at 44 SNPs (single 

nucleotide polymorphisms) in putative adaptive candidate genes was conducted (Caré et al. 

2020a). The selected SNPs had previously been identified to be involved in phenological 

adaptation, the photoperiodic pathway, local adaptation, and stress response in Picea ssp. 

By a combination of differentiation- and regression-based approaches, six SNPs in three 

genes (APETALA 2-like 3 [AP2L3], one GIGANTEA [GI] gene, and a 

mitochondrial transcription termination factor [mTERF]) with a high significant relationship 

between the allele frequencies and the variation of the crown shape were identified. With 

lower statistical support five SNPs in three genes (D6-protein kinase-like 2 [D6PKL2], one 

gene with unknown function, and a pseudo-response regulator 1 [PRR1]) exhibit a possible 

association to the crown shape. These results underline the important role of circadian 

clock genes (GI6/PRR1) in local adaptation and support the assumption of the 

adaptive differences of provenances expressing contrasting crown shape. Thus, the 

crown shape is suitable as a selection and assessment criteria in elevated stands, also 

reflecting adaptive genetic attributes.

As shown by this specific adaptedness, the rare local adapted high elevation stands are 

valuable for the conservation of genetic resources and utilised to produce seed material. With 

the large proportion of planted allochthon stands in mountainous regions, it is of further 

interest to quantify the extend of external pollen contribution to the progeny of native stands. 

In a mating system analysis, conducted in the Thuringian forest, Caré et al. (2020b) estimated 

a high external pollen contribution of at least 70 %. Combined with the demonstrated 

adaptive genetic difference, presumably this introgressive gene-flow alters the 

genetic composition of the autochthonous stands’ progeny. Additionally, a relationship 

between germination percentage and effective pollen population size and relatedness of 

half-sib families was found. Likely linked to diversity differences of the individual 

pollen clouds, this result indicates a genetic effect on fitness in an early 

ontogenetic stage. Noteworthy, the progenies from trees in the central part of the sample 

area have in general a lower contribution from external pollen (x ̅≈ 63%) than those from edge 

trees (x ̅ ≈ 78%). This suggests, that seed should preferably be harvested from central trees 

when maintaining high numbers of seed trees is possible. Further studies are 

nevertheless needed to assess the fluctuation between years and sites for precise 

recommendations.



 

 

Zusammenfassung

Die mittleren und höheren Lagen stellen die natürliche Verbreitung der Fichte (Picea

abies [L.] KARST.) in Deutschland dar, jedoch erweiterten Pflanzungen ab dem 18. Jahrhundert 

diese Verbreitung massiv. Durch einen ausgeprägten Saatguthandel kann bei vielen heutigen 

Beständen von einer gebietsfremden Herkunft ausgegangen werden. Diese Maßnahmen 

prägten nicht nur das Erscheinungsbild der Wälder bis heute, auch von einem Einfluss auf 

die genetische Zusammensetzung der Fichtenbestände ist auszugehen.

Risiken der Klimaveränderung beschränken nachhaltige Forstwirtschaft mit der Fichte 

zukünftig auf die Hochlagen. Fichtenherkünfte, die an das harte Klima der Hochlagen 

angepasst sind, zeigen eine typischerweise schlanke Kronenform. Bestände mit solcher 

Ausprägung sind jedoch durch die historischen Aufforstungen selten geworden. Um die 

waldbauliche Steuerung und den Erhalt solcher Bestände zu fördern, ist 

ein fundierte Wissensbasis zu den morphologischen und genetischen Unterschieden 

der verschiedenen Herkünfte unumgänglich.

In dem Mittelgebirgsregionen des Thüringer Waldes, des Erzgebirges und des Harzes 

wurden daher, vermeintlich gebietsfremde und gebietsheimische, Fichtenbestände in 

vergleichbarer Höhenlage untersucht. Je Region wurden Bestandespaare lokaler und 

gebietsfremder Herkunft ausgewählt und 200 Altbäume je Bestand beprobt und 

morphologisch charakterisiert. Zusätzlich wurde der Reliktbestand „Schlossbergfichte“ im 

Thüringer Wald mit 75 Bäumen in die Untersuchungen einbezogen. Dieser ist für seine 

charakteristischen schlanken Hochlagenfichten bekannt.

Anhand dieser Proben wurde von Caré et al. (2018) die neutrale genetische 

Differenzierung der Bestände untersucht und Unterschiede zwischen den Herkünften anhand 

morphologischer Kronenmerkmale quantifiziert. Zwischen den Beständen wurde eine geringe 

neutrale genetische Differenzierung an 11 Mikrosatelliten (FST = 0.002–0.007; G”ST = 0.002– 

0.030) festgestellt. Hierfür wahrscheinlich ursächlich ist der für die gemeine Fichte bekannte 

und ausgeprägte Genfluss über große Distanzen. Dennoch konnte sowohl für beide 

Populationen aus dem Harz als auch bei der „Schlossbergfichte“ eine geringe, aber deutliche, 

Differenzierung zu den übrigen Populationen gezeigt werden. Für die Bestände im Harz deutet 

dies auf eine räumliche Isolation durch die Verwendung lokalen Pflanzenmaterials hin. Die 

Schlossbergfichte zeigt ausgeprägte variable genetische Strukturen eines Reliktvorkommens. 

Kontrastierend, zeigten die angenommenen Herkünfte starke phänotypische Differenzierung 

der Kronenmorphologie (PST = 0.952–0.989). Natürliche Selektion in adaptiv relevanten 

Genen, verantwortlich für die Ausprägung der Kronenmorphologie, ist daher anzunehmen.

Zur Analyse von selektiven Effekten wurde im Folgenden die Variation anhand 44 

Einzelnukleotid-Polymorphismen (SNPs) in putativen Kandidatengenen untersucht (Caré et 

al. 2020a).



 

 

Die ausgewählten SNPs wurden bereits mit phänologischen Anpassungs- und 

photoperiodischen Steuerungprozessen, lokaler Anpassung und der Reaktion auf Stress bei 

Picea ssp. in Verbindung gebracht. Mit einer Kombination aus Differenzierungs- und 

Regressionsanalysen konnten, mit hoher Signifikanz, die Allelhäufigkeiten an sechs SNPs in 

drei Genen (APETALA 2-like 3 [AP2L3], GIGANTEA [GI], und mitochondrialer 

Transkriptionsterminations-faktor [mTERF]) mit der Variation der Kronenform in 

Zusammenhang gebracht werden. Mit geringerer statistischer Absicherung, zeigten 

weitere fünf SNPs in drei Genen (D6-ähnliche Proteinkinase 2 [D6PKL2], ein Gen unbekannter 

Funktion, und ein Pseudo-Response Regulator 1 [PRR1]) eine mögliche Assoziation zur 

Kronenform. Einerseits bestätig dies die Rolle von Genen der circadianen Uhr (GI/PRR1) in 

lokalen Anpassungsprozessen, anderseits zeigt es die adaptiven Unterschiede der 

untersuchten Herkünfte mit verschiedener Kronenmorphologie. Daher spiegelt die 

Kronenmorphologie adaptiv genetische Merkmale wider und können als Selektions- und 

Beurteilungskriterium in Hochalgenbeständen genutzt werden.

Mit ihrer spezifischen Angepasstheit stellen diese seltenen autochthonen 

Hochlagenbestände aus Sicht der Generhaltung und der Saatgutgewinnung wertvolle 

Genressourcen dar. Jedoch ist die Quantifizierung das Ausmaß von externem Polleneinfluss auf 

die Nachkommenschaft der gebietsheimischen Bestände von Bedeutung, da in den Hochlagen 

ein großer Anteil gepflanzte Bestände gebietsfremder Herkunft vorkommt. In der Untersuchung 

des Paarungssystems eines autochthonen Hochlagenbestand im Thüringer Wald schätzten Caré 

et al. (2020b) dabei den Fremdpollenbeitrag zur Nachkommenschaft auf mindesten 70 %. Mit 

großer Wahrscheinlichkeit stammen wesentliche Anteile des externen Pollens aus Beständen 

ohne lokale Angepasstheit. Damit ist von einem negativen Effekt auf das, in angepassten 

Beständen produzierte, Saatgut auszugehen. Auch ein Einfluss auf die genetischen Strukturen 

über mehrere Generationen scheint hierdurch wahrscheinlich. Weiterhin konnten Hinweise auf 

den Einfluss der Genetik auf die Leistungsfähigkeit in frühe ontogenetische Phase in Form der 

Keimprozente, gefunden werden. Dies ließ sich aus dem signifikanten Zusammenhang zwischen 

Keimprozenten in den Halbgeschwister-Familien und deren geschätzter Verwandtschaft bzw. 

effektiver Populationgröße der Pollenwolke ableiten, welches wahrscheinlich auf Unterschiede 

in der genetischen Diversität der Pollenwolke zurückgeführt werden kann.  Beachtenswert ist, 

dass der geschätzten Fremdpollenanteil in der Nachkommenschaft bei Mutterbäumen im 

Bestandeszentrum geringer ist (x ̅ ≈ 63%) als es der bei Randbäumen ist (x̅ ≈ 78%). 

Möglicherweise ist daher die Ernte von Saatgut in einer Kernzone anzustreben, wenn trotzdem 

eine hohe Anzahl bäume beerntet werden kann.  Weitere Studien zur jährlichen und 

standortabhängigen Fluktuation sind jedoch für die Ableitung präziser 

Handlungsempfehlungen durchzuführen.
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1. Introduction

Conifers are the source for softwood, which is important for timber and pulpwood 

production. Historically softwood was intensely used as fuel and construction wood, and for 

charcoal production. Throughout history there are several examples of overexploitations of 

conifer forests. The Cedar forests in the Middle east where cut, to expand the naval fleet 

of ancient empires (Khuri et al. 2000). In North America the British empire exploited 

North American forests for shipbuilding, but also settlement and industrialisation left their 

traces (MacCleery 1992; Drushka 2003). In Europe the charcoal demand for mining and 

glassmaking resulted in deforestation in the Carpathians, Romania, European alps, and the low 

German mountain range (Kirby and Watkins 1998; Oosthoek and Richard 2018). In the area, 

which is today Germany, the forest state in the beginning of the 19th century can be described 

as devastated, and fears of a recurrent timber shortage re-emerged. Thus, it is not remarkable, 

that the transition to the 19th century is also marked by the comprehensive implementation 

of organized sustainable forest management (Hasel 1993). However, the plantation activities 

with predominately fast-growing conifers in monocultures, largely spruce and pine, had 

shaped todays appearance of German forests (Schmidt-Vogt 1977; McGrath et al. 2015).

Norway spruce is still the economically most important tree species in Germany and 

designated as the “Brotbaum” of German forestry (Spiecker 2000; Knoke 2009; Möhring and 

Wilhelm 2015). However, pure spruce stands show little resistance and resilience against 

biotic and abiotic stress, especially beyond their natural range and under changing climatic 

conditions (Knoke et al. 2008; Zhang et al. 2009). Due to a combination of summer 

droughts, bark beetle infestations and storms, the economic risk of Norway spruce mono-

cultures has drastically increased in the last decades, leading to the recommendation of a 

transfer to mixed stands (Spiecker 2000; Knoke 2009). Predictions also show the aggravated 

difficulties of spruce forestry under future climatic conditions (Hanewinkel et al. 2012).

To increase resilience and resistance of pure spruce stands in suboptimal areas 

transition to mixed stands with native broadleaved species or transition to broadleaf stands are 

implemented in several Federal states’ silvicultural directives (Bayerische Staatsforsten 2009; 

Landesforsten Niedersächsische 2011; Landesbetrieb Forst Baden-Württemberg and 

Ministerium für Ländlichen Raum und Verbraucherschutz Baden-Württemberg 2014; 

Landesbetrieb HessenForst 2016). Combind with recurring calamities, this leads to a decline of 

the species share in German forests (Thünen-Institut 2014). Economically, conifer species offer 

a higher revenue as broadleaf species. 
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Thus, introduced conifers like Douglas-fir, Grand-Fir, Hemlock, or the native silver fir are 

increasingly used to replace spruce forests (Spellmann et al. 2007; Rau and Schönfelder 

2008; Vitali et al. 2017). However, reasons to prefer native to non-native tree species are for 

example the lower investment, better habitat quality, coevolution to native pathogen and 

mycorrhiza (Brang et al. 2016).

For Norway spruce, the areas with medium to low risk under predicted climate 

development will be restricted to higher elevations (Spellmann et al. 2007; Kölling et al. 2009; 

Berendt et al. 2017). Additionally, also from an economic perspective the share of mixed 

forest with beech and the proportion of beech within the stand will increase compared to the 

climate average of 1960-90 (Paul et al. 2019). From an ecological perspective and especially in 

areas where spruce would naturally occur, it is preferable to maintain native species and 

provenances as genetic resources for in situ conservation (Paul et al. 2010). Thus, the 

management of spruce stands in suitable regions towards resilient stands shall also be 

advanced according to the above-mentioned silvicultural directives. Management 

recommendations in this respect include the species composition, the choice of adapted 

provenances, the aim of an uneven stand structure and thinning concepts (Paul et al. 2010; Gray 

and Hamann 2011; Pretzsch et al. 2013; Härt et al. 2015; Möllmann and Möhring 2017).

As outlined, future spruce dominated stands will be more restricted to mountainous 

region in Germany. Nevertheless, the extensive planting activities in the last centuries, often 

conducted with material of unknown origin (Paul et al. 2010) and a flourishing seed trade across 

Europe at the time (Jansen et al. 2017), likely introduced provenances from lowland areas to 

these regions. Since Norway spruce covers several latitudes and longitudes as well as 

different altitudinal ranges, different provenances have adapted to a broad variety of 

environmental conditions. This leaves the questions on the adaptiveness and diversity of 

current spruce populations in mountainous regions.

In a mountainous environment, selection factors for plant species include frost events, 

cold temperature, snow load, wind, and a reduced vegetation period (Körner 2003). 

Comparisons between different provenance have demonstrated, variation in growth and yield, 

timing of growth cessation, bud set and flushing, susceptibility to frost event and low 

temperature, and the resistance to snow brakeage (Kalela 1937; Modrzyński and Eriksson 2002; 

Hannerz and Westin 2005; Chmura 2006; Gömöry et al. 2010; Liesebach et al. 2010). Only little 

information is available concerning crown characteristic, but an asssociation between 

narrow symmetrical crown form and tree resistance to brakeage by snow and wind was 

descirbed (Nykänen et al. 1997). Up to now, only a few provenances, studied in common 

garden trials, are described in their habitus (Kalela 1937; Liesebach et al. 2010).
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In mountainous regions in Germany, spruce populations with predominantly narrow 

crowned trees as well as mainly broad crowned trees occure (Fig.1). The later often showing 

crown damages, likely caused by snow, due to their unsuitable form (cf. Nykänen et al. 1997). 

Due to planting activities in the past, the potentially adapted narrow trees are much less 

frequent (Paul et al. 2010). Crown morphology and phenological traits follow clinal 

variation, and traits may drastically differ between provenances (Schmidt-Vogt 1977; 

Leinonen and Hänninen 2002; Chmura 2006; Geburek et al. 2008; Gömöry et al. 2010; 

Skrøppa and Steffenrem 2020). Provenance differences have been confirmed for putative 

adaptive genes associated with various traits (Geburek et al. 2007; Chen et al. 2012, 

2014; Gyllenstrand et al. 2012; Lind et al. 2014; Di Pierro et al. 2016, 2017). Studies on the 

association of SNP (single nucleotide polymorphisms) with crown architecture are 

nonetheless missing.
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Crown shape in Norway spruce varies gradually between a narrow and a broad shape, 

with the second order branching pattern exhibits also gradual variation (Priehäusser 1958; 

Schmidt-Vogt 1977; Gruber 1989, 1993). The narrow crown form with a plate-like branching is 

more resistant to crown breakage, thus observations of narrow trees are more frequent at 

higher elevations or snow rich regions (Schmidt-Vogt 1977; Gruber 1993; König 2002; 

Mátyás 2004; Geburek et al. 2008). Heritability of the crown architecture is assumed (Sylvén 

1909; Kiellander 1962; Schmidt-Vogt 1977; Gruber 1989) and recent observations on the 

trees’ slenderness in half-sib families confirmed this assumption (Apostol and Budeanu 

2019). Also, some earlier evidence is supporting the high heritability of spruce crown shape  

(Pöykkö and Pulkkinen 1990).

 Figure 1: Norway spruce trees representing a) the “lowland” morphotype with damaged crown and subsequent 
forking, b) mountainous morphotype with downward facing branching and narrow appearance. (O. Caré, 2016) 

a) b) 
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2. The study idea

In order to develop sound concepts for future forest management strategies 

knowledge about the genetic diversity and adaptiveness of provenances is needed. Especially 

with regards to the adaptive potential of future forests, silvicultural management profits from 

ease of use phenotypic selection criteria with a known association to adaptive genetic variation 

(Schaberg et al. 2008).

The investigation of Norway spruce populations in higher elevation are motivated 

by silvicultural management concept for spruce population of the Thuringian Forest 

service. Beside an increase of mixed forest, the use of plant material of adapted 

mountainous spruce provenances is planned. Management and utilisation in the past, 

and the plantation of allochthonous material led to a high proportion of lowland provenance. 

In mountainous regions, these provenances are susceptible to heavy snow loads and wind. 

Only few stands are regarded as autochthonous and suitable for seed harvests with the aim 

of replacing the maladapted stands. One remarkable stand is the so called 

“Schlossbergfichte” near Oberhof in the Thuringian Forest. The stand is characterised by 

relative few very old trees and their progeny with the typical mountainous ecotype. But 

due to its small size, the stand is not able to cover the demand of seeding material. 

Thus, the characterisation of mountainous ecotypes on a genetic level to aid the selection 

of suitable seed material is one practical application that motivated the here presented 

study. Stands of mountainous regions in Thuringia, the Ore Mountains, and the Harz 

Mountains were included, representing typical conifer forest areas, with a long history of 

wood exploitation.

Aims of the study are: In Chapter I (p.33) the characterisation of putative planted 

and autochthonous Norway spruce stands at neutral genetic marker and morphological traits is 

presented. In Chapter II (p.65), association analyses between SNPs, in potentially adaptive 

candidate genes, and the crown shape target the genetic basis of high elevation adaptation. 

These should unveil potential adaptive differences between morphotypes. In Chapter III 

(p.93), seed samples of half-sib families from a mountainous stand in Thuringia are 

investigated to characterise genetic effects of gene flow and mating system. Such knowledge 

is crucial in the assessment of stands for in situ conservation of genetic resources and 

evaluation of the produced reproductive material through seed harvesting.
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3. Sample material

In elevated regions, between 761 m and 1065 m a.s.l.,of the Thuringian Forest, the Ore 

mountains and the Harz Mountains pairs of pure spruce stands were selected. One pair 

consists of a putatively planted stand originated from allochthones material and an 

autochthonous stand with characteristics of the mountainous spruce ecotype. Location of the 

stands can be found in Ch. I Fig. S1 (p.59). These stands grow under similar climatic 

condition in higher altitudes of the respective regions (Ch. I Tab. 1; p.37). In these stands, 

needle material from 200 adult trees was obtained, representing a continuous sampling of all 

upper layer trees until the target sample quantity was reached. Where the Northwest 

German Forest Research Institute (NW-FVA) provided 250 samples of the autochthonous 

population at Mt. Brocken (Harz mountains). Additionally, the relict stand 

“Schlossbergfichte”, situated near the city of Oberhof in the Thuringian forest was 

included with 75 individuals. With the oldest trees now up to 285 years old (Wilhelm 1990; 

Jetschke 2019), these are considered the natural occurring type of spruce in the higher 

elevations of the Thuringian forest. All sampled trees where visually assessed for their crown 

architecture (Ch. I 2.2.; p.37). Seed samples for the analysis of the mating system in the high 

elevation stand in the Thuringian Forest were provided by the Forstliches Forschungs- und 

Kompetenzzentrum Gotha (FFK Gotha).
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4. Overview of the project results, discussions, and additional remarks 

4.1. Neutral genetic and morphological differentiation of Norway spruce

stands in the German uplands
Presented in: Caré O, Müller M, Vornam B, Höltken A, Kahlert K, Krutovsky K, Gailing O, Leinemann L (2018) 
High Morphological Differentiation in Crown Architecture Contrasts with Low Population Genetic Structure of 
German Norway Spruce Stands. Forests 9:752.

Introduction

Spruce species, and conifers in general, have effective long distant geneflow (Mitton and

Williams 2006). The usually low neutral genetic differentiation between Norway spruce 

populations, even from geographic distant regions, is mainly attributed to this factor 

(Heuertz et al. 2006; Tollefsrud et al. 2009). Further, the translocation of seed and seedling 

material lead to an artificial mix of genetic variation in central Europe (Jansen et al. 2017). On 

the other hand, environmental conditions are highly variable throughout the distribution 

range. Thus, translocation of provenances might introduce maladapted material to a region. 

Local adaptation is nevertheless the key for the maintenance of stable populations 

(Savolainen et al. 2013). A clearly visible adaptive kline is the crown morphology, changing 

from an overall broad shape to a narrow appearance with increaseing altitude or 

latitude (Schmidt-Vogt 1977; Geburek et al. 2008).

In the selected stands trees were morphological assessed and sampling of needle material 

for genotyping was conducted. The stand pairs differed in their assumed 

provenances and stand history. One being a putatively planted stand, possible established 

with translocated material, and the other a autochtonous and natural regenerated stand. 

The main objective was to quantify the phenotypic and natural genetic differentiation 

between these stand types.

Chapter I (Caré et al. 2018) quantifies the neutral genetic and phenotypic differentiation 

between the investigated stands. Based on the previously reported distribution of genetic and 

morphological variation in Norway spruce the hypotheses were, that between the stands non 

to very limited genetic differentiation is found, but genetic diversity is high and retained on 

the individual and population level. The crown morphology on the other hand, was 

expected to show high phenotypic differentiation between the planted and natural stands. 

The divergence between phenotypic and genetic differentiation could then be interpreted as 

signature of natural selection shaping the variation pattern of morphological traits.
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Materials and Methods 

All trees were visually assessd for their crown architecture by overall crown shape, 

orientation of primary order branches and secondary branching pattern. The traits were scored 

on a three level scheme, partitioning the gradual traits in mountainous, 

intermediate and “lowland” type (Ch.I Tab.2; p.37). The scheme is primarily derived from the 

characterisation of crown morphology of (Gruber 1989) and further incorporated crown 

assessment in Norway spruce by various authors (Priehäusser 1958; Schmidt-Vogt 1977; 

Gruber 1993; Geburek et al. 2008). Additionally, damage to the main stem in the crown 

and subsequent forking was recorded. The 1325 obtained samples were genotyped at 7 

random genomic SSRs (gSSRs) and 4 expressed sequenced tag SSRs (EST-SSRs) (Ch.I Tab.3; 

p.38).

Additional to the diversity and population structure analyses based on the genetic data, 

comparable statistical methods were used to examine and quantify both genetic and 

morphological differences and differentiation of the investigated stands to obtain comparable 

results. Beyond variance differentiation based approaches for phenotypic (PST) and genetic (FST, 

G’’ST) data, discriminant analysis of principal components (DAPC) (Jombart et al. 2010) was used 

to examine between group separation. The use of discriminant analysis (DA) on the 

principal components (PC) allowing for (auto-)correlated variables in the original data, which 

can be the case in genetic data, possible by marker linkage, and for phenotypic traits that for 

example follow the same/similar gradients. To incorporate spatial structure in the multivariate 

analysis, spatial principal components analysis (sPCA) (Jombart et al. 2008) was used, that 

expands the variance focused PCA by spatial autocorrelation.

Results and discussion

Clear indication of the genetic basis of crown shapes and signatures of natural selection 

can be derived by the much higher phenotypic differentiation (PST) between stands of assumed 

different provenances growing in the same environment compared to their overall low 

neutral genetic differentiation (FST, G’’ST). This result supports the heritability of crown 

architecture in Norway spruce, previously assumed in literature (e.g. Sylvén 1909; 

Kiellander 1962; Schmidt-Vogt1977).

The morphological crown characteristics between putative planted stands and the 

putative native (autochthonous) mountainous stands differ over all regions examined. Overall, 

the mountainous stands showed an overall narrower crown shape, a tendency of the primary 

branches facing downward and a plate to brush like secondary branching pattern (e.g. Schmidt-

Vogt 1977; Gruber 1989). Contrasting, the putative planted stands showed a broad crown 

shape, strait to upwards facing branches and a comb-brush to comb like secondary branching. 
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A broad crown form and a comb-like branching are considered traits of the“lowland” 

provenance. These lowland provenances in the Harz mountains and the Thuringian forest 

further have extensive crown damages, resulting in subsequent forking, also a sign of 

maladaptation to the site conditions (Ch. I Fig.1; p.42 & Ch.I Supp. Tab. S2; p.57). Phenotypic 

differentiation (PST) for the morphological traits was high (≥0.95), even when low additive 

variance to narrow sense heritability ratios were considered (Ch.I Supp. Fig. S3; p.60) . Thus, 

the estimate is very robust, even in the absence of information on the amount of genetic 

control (for details on the calculation of PST see Ch.I 2.5; p.39 and Brommer 2011; 

Leinonen et al. 2013). DAPC confirmed the high phenotypic differentiation between the 

assumed provenances (Ch.I Fig. 2; p.43).

In accordance to other studies (Chevarria 2005; Scotti et al. 2006; Tollefsrud et 

al. 2009; Unger et al. 2011) low between population differentiation accompanied by high 

within population diversity was found. No divergences in terms of diversity or allelic richness 

between the putative planted lowland provenance and natural regenerated stands of high 

elevation provenance were detected. Supporting (Müller-Starck 1995) and opposing 

(Gömöry 1992; Maghuly et al. 2006; Radu et al. 2014) results for this observation were 

previously reported.

The genetic differentiation between the presumed provenances was low. Only very 

slight indication of separation of autochthones population can be found in the the population 

structure analysis considering higher cluster numbers than the best supported K=2 (Ch.I Supp. 

Fig. S10; p.65). Although, genetic separation of different ecotypes or between autochthones 

and planted stands in mountainous environments was previously reported (Jeandroz et 

al. 2004; Máchová et al. 2018).

  Despite the overall low neutral genetic differentiation, weak but clear differentiation 

of the populations in the Harz region was observed. This result is likely attributed to a 

more recent recolonization history (Terhürne-Berson 2005), resulting in a still visible founder 

effect. In the past seed material was also obtained from local populations (Jansen et al. 

2017). Thus, plantation within the region could be conducted with local material retaining 

the regional genetic structure.

Further, an indication of the relict characteristics of the population “Schlossbergfichte”, 

previously deduced by morphology and age (Wilhelm 1990; Jetschke 2019), was found to be 

reflected in the genetic variation. This is the only example of a high elevation type stand 

genetically differentiated to the “lowland” types stands. Suggesting low introgressive 

geneflow in the “Schlossbergfichte”, but high rates of gene flow between the stand pairs, 

especially within region of the Ore mountains .
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4.2. Remarks on Caré et al. 2018¶

Stand classification in mountainous ecotypes and putative planted stands was 

performed according to the stand- and estimated age structure, occurrence of 

narrow phenotypes and the assessment of local foresters (See Ch.I 4.1.; p.46). Written 

documentations of the stands’ origin are unfortunately not available. In the study, the 

populations in the Thuringian mountains can be regarded as the prime example of these 

stand classifications. Either clear uniform age and stand structure with clearly visible row 

design in the putative planted stand or multi-layered structure with no indication of former 

planting activity in the high elevation stand. Whereas, in Saxony the classification is less 

clear. Both stands might have admixtures of the other stand type in minor proportion. 

Such a mixed stand structure is exemplary illustrated by the distribution of crown shapes 

in one stand, classified as autochthonous mountainous type, in the Ore mountains, 

Saxony (Fig.2). In the centre of the sampling area a group of broad crowned trees is 

identifiable. PSuch pattern might be caused by natural regeneration with a high 

influence of immigrant pollen or due to a replantation of a small clearing. Therefore, the 

assessment of the crown shape in the complete stand is crucial for evaluating its status 

as mountainous ecotype. In case the stand is used for harvesting seeds, such assessment 

could be included in the thinning/ harvest operation to remove undesired tree types.

Figure 2: Spatial distribution of crown shape in the putative autochthonous stand in the Ore mountains Saxony. Axis 
represent easting/northing in DHDN / 3-degree Gauss-Kruger zone 3.  
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Nonetheless, the morphological characterisation of the crown captures both, 

the genetic and environmental influence on the phenotype. For Norway spruce especially 

stand density and layering has an influence on the height to diameter ratio, proportion of 

the living crown, branch length and crown width (Deleuze et al. 1996; Grassi and Giannini 

2005). As already mentioned, extreme site condition can alter the crown shape even 

for high elevation provenances, like the Mt. Broken population in the Harz mountains (Ch.I  

4.2; p.47).

Even though various subtypes and combination of trait expression were 

described (Schröter 1934; Priehäusser 1958), here a three-class system for the 

continuous traits was used. It follows former used classification approaches (Gruber 1989; 

Geburek et al. 2008), without the transition types. Trees where always assigned to 

the intermediate type, if no clear expression of the mountainous or lowland type was 

visible. This led to a high proportion of intermediate type trees in the most 

stands investigated, possible underestimating the proportion of either mountainous or 

lowland type trees. However, crown morphology has a complex expression, that may 

also be environmentally influenced. The use of a clear and easy scoring scheme and 

assignment of ambiguous individuals to the intermediate class certainly reduced scoring 

errors.

The neutral genetic differentiation between the stands of putative different 

provenances within each region was found to be small, and no genetic differentiation 

was observable. An exception is the differentiation between the population 

“Schlossbergfichte” and the planted stands indicating the relic character of this 

provenance (Ch. I 4.3; p.47). Nonetheless these difference where  too small to assign 

individuals to ecotypic groups using SSR markers. This result is supported by the absence 

of clear differentiation between ecotypes in a comparable study (Bínová et al. 2020). The 

authors accordingly conclude, that the marker set is not capturing the selective 

process of ecotypic differentiation and population structure. Further, the authors also 

suggest that, the genetic structure is influenced by the high amounts of geneflow assumed 

in Norway spruce. Contrasting results were reported in a study on Czech Norway spruce 

stands using mainly, potentially adaptive EST-SSRs, where a clearer separation between 

population and ecotypes was found (Máchová et al. 2018). The EST-SSRs used in the 

presented study, did not show differentiation between ecotypes.  With very few individuals 

investigated (N=5) genetic differences between spruce trees in Serbia (Galović et al. 2015) 

can more likely be related to the high individual diversity, than population differentiation.
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Further, distinguishable pattern between regions at RAPD markers and between 

autochthonous and planted stand when combined with mitochondrial markers was found in 

stands at the Vogues mountains (Jeandroz et al. 2004). The authors stated that the use of 

planting material of a distant gene pool, likely material from Germany, is the reason of the 

differentiation found.

Based on the found regional differentiation of the Harz mountains to the other study 

regions and absence of differentiation in the stand pair, it has been concluded, that the 

planted population originated from local material (Ch.I 4.3. ; p.48).  The population at Mt. 

Broken can be considered autochthones with relatively high confidence by the forest history of 

Mt. Broken (cf. Greger 1992). Due to their genetic similarities, both stands have likely 

undergone similar demographic processes, resulting in the conclusion of identical regional 

origin. This conclusion is also supported by the estimated complete bidirectional geneflow in 

the relative migration network (Ch.I Supp. Fig. S8; p.62).

Jansen et al. (2017) described in detail historical seed trade in Germany. Seed 

material was also heavily imported into the Harz region comprised of a broad variety of 

origins. For example in the local region of “Westerhof”, stand establishment was conducted 

mainly with imported material. As also stated, the Harz region was production center for 

huge amounts of seeding material. This material was used within the region and traded, 

mainly over Darmstadt, throughout Germany and beyond. Thus, planted stand in the Harz 

region could have originated either of local or imported material. Evidence from the 

investigated planted stand point to the local origin.
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4.3. Search for signs of genetic adaptation between morphological 

differentiated trees 
Presented in: Caré O, Gailing O, Müller M, Krutovsky K V., Leinemann L (2020) Crown morphology in Norway 
spruce (Picea abies [KARST.] L.) as adaptation to mountainous environments is associated with single nucleotide 
polymorphisms (SNPs) in genes regulating seasonal growth rhythm. Tree Genetic and Genomes 16:4. 

Introduction 

Norway spruce provenances from different latitudes or altitudes are known to differ in 

their cold hardiness, growth and flowering rhythm and yield (Kalela 1937; Qamaruddin et al. 

1993; Modrzyński and Eriksson 2002; Chmura 2006; Gömöry et al. 2010; Liesebach et al. 2010; 

Kathke and Bruelheide 2011). Within the last decade also candidate genes involved in the 

control of these traits have been identified (Gyllenstrand et al. 2012; Scalfi et al. 2014; Chen et 

al. 2016; Di Pierro et al. 2016, 2017). Whereas, surprisingly little is reported about crown 

morphology. Very few studies exist that covers both assessment of the crown morphology and 

genetic markers (Galović et al. 2015; Máchová et al. 2018; Bínová et al. 2020), but investigation 

in putative adaptive SNPs related to morphology are missing. Chapter II (Caré et al. 2020a) 

presents association analysis between the morphological crown shape of Norway spruce trees 

growing at similar elevation and putative adaptive SNP markers in previously identified 

candidate gene. The aim is to unveil the genetic basis of high elevation adaptation and confirm 

the genetic adaptation to the mountainous environment of the high elevation ecotype. 

Materials and Methods 

To analyse putative adaptive variation associated with the crown morphology, a subset 

of 765 individuals from the 1325 sampled trees was genotyped at 44 single nucleotide 

polymorphisms (SNPs) in candidate genes. The selected individuals included 115 trees for 

each stand and all 75 sampled trees from the relict stand “Schlossbergfichte”, respectively. 

SNPs in candidate genes involved in processes related to or associated with phenological, 

environmental or local adaptation in Norway spruce were selected for genotyping (Heuertz 

et al. 2006; Gyllenstrand et al. 2012; Källman et al. 2014; Chen et al. 2016; Heer et al. 2016; 

Ganthaler et al. 2017b). Association between the SNP genotypes and the crown form was 

assessed by generalised linear models implemented in the software TASSEL 5.0 (Bradbury et al. 

2007) and SNPassoc 1.9-2 (Gonzalez et al. 2007), accounting for the neutral population 

structure as covariate, obtained from the SSR data (Caré et al. 2018). A differentiation based 

approach (Gregorius and Roberds 1986; Gillet 2013) and FST-outlier detection (Antao et al. 

2008) was further used to detect SNPs with significant diverging allele frequency patterns 

between groups of the same crown shape, which also points to directional selection (Gillet et 

al. 2016). Multiple testing was accounted for by adjusting the p-value distribution for the 

false discovery rate (FDR) (Storey 2002; Storey and Tibshirani 2003).
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Results and discussion 

 Highly significant association between genetic markers and the individual crown 

shape was found for six SNPs in three candidate genes after adjusting for false discovery rate 

(FDR), based on a q-value ≤ 0.05. Trees with different crown shape from the Thuringian 

Forest were significantly differentiated at two SNPs in the APETALA 2-like 3 (AP2L3) gene. 

Two SNPs in a GIGANTEA (GI 6) gene where highly significant associated with groups of 

different crown shape. Significant association was also found for one SNP in a 

mitochondrial transcription termination factor related (mTERF) gene. For both candidate 

genes this observation was made for the pooled sample over all regions and the 

Thuringian samples.

 Additionally, five SNPs had significant association or differentiation at p ≤ 0.05 for 

the crown shape groups, detected by several methods but failed to reach significant 

threshold when FDR correction was applied. These five SNPs (BIF2L2-423, BIF2L2-747, 

NODE-60-length-1132-cov, PabiesPRR1-1992, and PabiesPRR1-3828) located in three genes 

encoding D6-protein kinase-like 2 (D6PKL2), one gene with unknown function (UF), and 

pseudo-response regulator 1 (PRR1) or synonymous timing of CAB extension 1 (TOC1), 

respectively.

In two core circadian clock genes, SNPs where identified to be highly (GI6-1089, GI6-

1207) and nominal (PabiesPRR1-1992, PabiesPRR1-3828) significant associated with the crown 

shape.  The overall observed allele frequency pattern of the GI6-SNPs, with the major allele 

more frequent in the narrow crowned individuals, match with altitudinal and latitudinal 

patterns in Norway spruce. The major allele increases towards higher altitude or latitude 

(Gyllenstrand et al. 2012; Chen et al. 2016). Further, GIGANTEA genes were previously 

identified as candidate genes for local adaptation in several conifers (Gyllenstrand et al. 

2012; Holliday et al. 2013; Chen et al. 2014; Alakärppä et al. 2018). As with SNPs in GI6, the 

genotypic pattern of the PRR1 SNPs, observed in the group of narrow compared to broad 

crown types, showed similarities to patterns observed along climate gradients in Pinus 

sylvestirs (Kujala and Savolainen 2012). Thus, the presented results support that, circadian 

clock genes have a crucial role in local adaptation of Norway spruce.
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Among seed plants APETALA2 like genes (AP2L1, AP2L2, AP2L3) are functionaly 

conserved (Shigyo and Ito 2004; Shigyo et al. 2006; Nilsson et al. 2007). In Picea spp., AP2-like 

genes show variation patterns related to temperature, stress, and adaptation over broad 

geographic regions (Namroud et al. 2008; Prunier et al. 2011; Chen et al. 2016). Only as a 

regional specific effect in the analyses SNPs within AP2L3 (AP2L3-2312, AP2L3-2842, 

AP2L3-2907) high significant differentiation between groups in the Thuringian region was 

found, but no significant association.

Significant association with crown shape was further found for one SNP 

(MA_39589g0010-566) in the mTERF gene. Despite spare knowledge about the functional 

role in plants, an adaptive importance to environmental stress response was suggested (Kleine 

2012; Robles et al. 2012; Quesada 2016). The observed similarity of allele frequencies 

pattern between sites and regions of this SNP, with a low minor allele frequency, 

supports the assumption of adaptive importance of the gene and transferability to other 

regions.

Association to the crown shape was also identified in one SNP (NODE-60-length-

1132-cov) in a gene of unknown function but linked to the phytoalexin synthesis in P. abies. 

Thus, this gene has a putative role in the resistance to fungal pathogens (Ganthaler et al. 

2017a, b). In the regions Harz mountains and Thuringian forest, the genotype associated with 

higher content of phytoalexin was more frequent in the group of broad and intermediate 

trees.

Two nominal significant associated SNPs (BIF2L2-423, BIF2L2-747) were found in a 

gene putative coding a D6PKL protein. The gene is presumed to be involved in the plants’ 

reactions to low temperatures (Sun et al. 2009) and the auxin transport, thus influencing 

development and growth (Willige et al. 2013; Miao et al. 2018; Zhou and Luo 2018). Hence, this 

gene is a potential candidate for plant structure.
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4.4. Remarks on Caré et al. 2020a

 Candidate genes regulating phenological traits (Gyllenstrand et al. 2012; Scalfi et al. 

2014; Chen et al. 2016; Di Pierro et al. 2016, 2017), wood formation and wood quality traits 

(Jokipii-Lukkari et al. 2018; Baison et al. 2019) have been identified in Norway spruce. In 

contrast, association of candidate gene to the crown architecture had not yet been investigated. 

The study demonstrated significant association of SNPs to the crown shape, which in nearly all 

cases can be considered to reflect co-adaptive patterns. Meaning the SNP variation, as well as 

the crown trait variation, following the same gradient without direct dependencies between 

both. Here, both the crown-shape and the found phenological related SNPs are subjected 

and influenced by similar environmental gradients related to an altitudonal shift. Thus, 

correlation occurs between SNPs, crown shape and provenance and this is reflected in the 

significant association between SNPs and the crown shape. Nevertheless, these results 

demonstrated for the first-time differences in the genetic adaptation between morphotypes. 

Exclusively, one candidate gene (D6PKL) identified could have a putative role in plant structural 

development by its role in the auxin transport. Accordingly, studies to identify genes 

responsible for the morphological appearance in Norway spruce are needed to understand the 

formation of different crown types.

The trait expression of the crown shape is at most characterizable at an ordinal scale, 

limiting the spectrum of analytic methods compared to nominal or ratio scaled traits. 

Additionally, the crown characteristic is only fully expressed in the adult phase of the tree 

(Schmidt-Vogt 1977), making growth under control condition difficult and excluded 

greenhouse experiments. Field conditions can also influence this trait especially by spacing 

and competition effects (Deleuze et al. 1996; Grassi and Giannini 2005), making it a difficult 

trait to study. Hence, the used categorical scale with three levels for the crown shape in 

the study compensate for uncertainties by using the intermediate type also in cases where 

unclear trait expression was observed. Possible this lowered the statistical power of the 

analysis for the regions especially the Harz Mountains. In this region a higher proportion 

of trees in the autochthonous stand were scored as intermediate, due to the strongly 

damaged appearance by the exceptional extreme site conditions (see Ch.I, 4.2.; p.47). It could 

be speculated, that under slightly more moderate environmental conditions, these trees would 

nearly all be identifiable as the narrow crown type. Thus, the number of individuals in the group 

would increase and results might show more significant SNPs. Conclusively, the used 

phenotypic characterisation is more prone to produce false negative than false positive results 

in genetic association analysis.
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Generalised linear regression was used for identification of a present association. To be 

significantly correlated, the frequency of a genetic variant must follow a linear trend, 

from broad over intermediate to narrow trees (for example: Ch.II, Fig. 3; p.72). 

Differentiation based approaches, however, only require clear distinction between 

groups independent of a ranking. The significant differentiation at the AP2L3 SNPs in 

Thuringia, under absence of significant association, is based on the difference between the 

intermediate and both other groups (Ch.II, Fig.S8 a-c; p.88). The result can be 

discussed with regards to the distribution of phenotypes among the stands in the 

region. Intermediate types occur almost exclusively in the autochthonous stand in Thuringia. 

The relict stand “Schlossbergfichte” and the planted stand are comprised of narrow and 

nearly entirely broad trees, respectively (Ch.I, Fig.1; p.42). Hence, the differentiation can 

also be seen as a differentiation of crown shape groups within the autochthones 

stands. APETALA2 are amongst other involved in the regulation of flowering time (Jofuku 

et al. 1994; Nilsson et al. 2007), possible indicating differences in the genetic control 

of flowering time within the stands morphologically differing trees. Hence, flowering 

time, and potentially also bud break, should be observed in autochthones stand and 

correlated to genotypes and crown shape to investigate this hypothesis further.

Differences in the defence strength against pathogens might be suggested by 

the differences observed between the phenotypic groups at a SNP related to phytoalexin 

synthesis. However, functional role of the gene is so far unknown. In the group with narrow 

crown shape in the Harz mountains and the Thuringian Forest the more frequent found 

genetic variant is related to a lower needle content of trans-resveratrol and trans-

piceatannol (Ganthaler et al. 2017b). Synthesis of trans-resveratrol is induced in response 

to phytopathogenic microorganisms in several plant families (Jeandet et al. 2010; Ahuja et al. 

2012; Ribera and Zuñiga 2012) and higher needle content in spruce correlates with lower 

susceptibility in the early infection phase with Chrysomyxa rhododendri (Ganthaler et al. 

2017a). Difference in the investment into the defence system in the adaptation to different 

environments could be explained by occurrence and severity of pathogens. A lower 

impact, measured by growth reduction, is reported for trees infected with Heterobasidion 

parviporum growing at high altitude and was related to suboptimal conditions for the pathogen 

(Gori et al. 2013). With increasing altitude herbivore pressure is lowered, but especially 

physical resistance of leaves increases, possible due to adaptation to abiotic stress (Rasmann 

et al. 2014). However, diverse effects and complex interaction in plant host systems along 

altitude gradients exist (Hodkinson 2005) with no clear “winner” at higher altitudes.
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The two phytoalexins mentioned represent only a very small part out of the 

bandwidth of chemical components involved in plant defence (Bennett and 

Wallsgrove 1994; Jeandet et al. 2010; Dar et al. 2015). Thus, a conclusion on the defence 

capabilities in different crown shape groups by the observed group differentiation would 

be exaggerated. It is expected, that community composition and species 

distribution range of pathogen change with changing climatic conditions and their 

development conditions might improve (Rasmann et al. 2014). In the selection of 

provenances the degree of resistance to pathogen needs consideration. Therefore, 

further studies on the defence system and genetic variation related to plant defence in 

different provenances, not exclusively from different altitudes, are highly recommended.
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4.5. Mating system analysis in a native Norway spruce stand estimated high 

levels of immigrant geneflow 
Presented in: Caré O, Gailing O, Müller M, Krutovsky K V, Leinemann L (2020) Mating System in a Native Norway 
Spruce (Picea abies [L.] KARST.) Stand-Relatedness and Effective Pollen Population Size Show an Association with 
the Germination Percentage of Single Tree Progenies. Diversity 12:266.  

Introduction 

Norway spruce stands in Germany, characterised as high elevation type, are frequently 

used as seed source for forest reproductive material. These stands are surrounded by 

putative planted populations of maladapted provenances (Paul et al. 2010). High pollen 

mediated gene flow is commonly found in wind-pollinated conifers and accounts to a large 

extend of the low interpopulation genetic differentiation (Xie and Knowles 1994; Burczyk et 

al. 2004; Mitton and Williams 2006; Tollefsrud et al. 2008; Williams 2010; Di Pierro et al. 

2017). Thus, possible geneflow between stands of different origin could alter adaptive 

genetic structure between the parent population and the progeny. To assess the mating 

system and the level of immigrant gene flow, seed sample of a native Norway spruce stand, 

representing 21 half-sib families, were investigated. Further, germination of the seed 

samples was observed to assess a possible impact of genetics on fitness in an early 

ontogenetic stage.

Materials and Methods 

Cones samples from 21 trees in a native Norway spruce stand in the Thuringian Forest 

were collected in March 2017. The samples were kept and studied separately for each mother 

tree to retain the half-sib structure. Trees selected for the sampling can be spatially classified as 

groups in the northern, the central and the south-eastern part of the stand (Ch. III Fig.1; 

p.112). The 200 adult trees in the stand were previously sampled, scored and analysed for 

phenotypic, neutral genetic (Caré et al. 2018) and in part for putative adaptive genetic 

variation (Caré et al. 2020a). Germination of 84 seeds per family each was observed for ten 

days on moist tissue paper in petri dishes under ambient conditions. Germination progress 

was rated daily. For the genetic study 20 randomly chosen seeds per family were prepared 

for DNA extraction, either when the root tip has emerged and elongated or after the 10-day 

observation period. In 5 families less than 20 out of the 84 seeds were usable for DNA 

extraction due to high percentage of hollow seed. The same SSRs used in the 

characterisation of the adult trees (Ch.I Tab.3; p.38), excluding EST-SSR PaGB8, were used 

to genotype the endosperm and the embryo of each seed. With the genetic 

information of the haploid maternal contribution and the diploid embryo, also the haploid 

pollen contribution to the embryo could then be determined.
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Parentage assignment was performed by matching haploid pollen genotypes to the 

genotype of the adult trees and by a likelihood approach implemented in the software CERVUS 

(Kalinowski et al. 2007). Seeds without assigned parental trees within the stand 

were considered to descend from immigrant pollen from the surrounding stands. In 

addition to diversity and fixation indices, effective pollen population size and relatedness 

among single half-sib families was calculated. To account for uneven sample size, rarefaction 

resampling was used to estimate both metrics. Afterwards, linear regressions were used to 

assess correlation between the germination percentage and genetic variation.

Results and Discussion 

Between the half-sib families seed germination percentage varied considerably, from 3,6% to 

61,9%. Germination percentage for the complete seed lot was estimated with 38,5 % (Ch. III 

Tab.1; p.98). Factor influencing germination percentage are pollination success and 

environmental condition. Fluctuation also occur between trees, location, and year 

(Andersson 1965; Skröppa 1996). The material was not commercially processed, and hollow 

seeds remained in the sample. Thus, the overall high proportion of empty seeds is the main 

cause of the low germination percentage. In conifers, hollow seeds are mainly formed by 

selfing and inbreeding, inducing postzygotic embryo abortion by expression of deleterious 

recessive alleles (Mergen et al. 1965; Fowler and Park 1983; Woods and Heaman 1989; Lynch 

1991; Kuittinen and Savolainen 1992; Berrill and Libby 2016). One possible factor for an 

increased selfing rate might have been a restricted pollen production, as the sample 

represents a partial mast year.

For genetic variation between half-sib families was also found in a) the observed (Ho) 

and expected (He) heterozygosity, ranging from 0.517 to 0.713 and from 0.500 to 0.640, 

respectively; b) rarefied effective pollen population size (Ne (P; r): 1.1 – 3.7); and c) rarefied 

relatedness within half sib families (r(r): 0.11 – 0.33) (Ch.III Tab.1; p.98). Highly significant linear 

associations between the germination percent and r(r) (p = 0.005), with a negative trend, and 

Ne (P; r) (p = 0.003), with a positive trend, was found (Ch. III Fig.2; p.103). Whereas, no significant 

relationship of the germination percentage with Ho was found, despite a visible positive trend. 

Different levels of inbreeding in the half-sib families could be a possible explanation for the 

found variation in genetic indices. Nevertheless, variation in inbreeding levels could not be 

confirmed statistically. A further explanation could be the variation in the diversity of the 

pollen contribution in each family, resulting in the variation of genetic diversity and genetic 

similarity. Lowered diversity and increased similarity in turn result in increased relatedness 

and decrease effective population size estimates. 
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The influence by the pollen is particularly reflected in the estimate of the effective 

pollen population size, as it was calculated from the haploid pollen contribution. The 

association to the germination percentage is further plausible, as fitness correlates with 

genetic diversity in forest trees (Müller-Starck et al. 2005) and study results previously 

showed correlation between poorer seed performance and restricted population size in other 

conifers (del Castillo et al. 2011; Wojacki et al. 2019).

High proportion of immigrant pollen was found contributing to the pooled progeny. 

Depending on the method and confidence threshold used minimum of 70.2% and up to 

91.5% of analysed seeds were estimated to have descended from pollen of trees outside 

the sampling area. Pollen immigration, even over large distances, was previously confirmed 

in Norway spruce (Xie and Knowles 1994; Burczyk et al. 2004). While neutral genetic 

differentiation between German high elevation native and planted stand was showed to be 

low (Caré et al. 2018), adaptive genetic variation was associated with morphotypes (Caré 

et al. 2020a). As the studied stand’s surrounding is characterised by putatively planted 

Norway spruce stands, alteration of the genetic composition of the progeny, particularly in 

terms of adaptive genetic variation, is likely. Further studies with markers reflecting 

adaptational processes are hence needed, to further quantify impacts of immigrant pollen 

and the evaluation of the stand as seed source.

From assigned parent pairs within the stand, a distant depending mating success was 

found with mating events most frequently occur between trees in a distance between of 0 to 20 

meters (Ch.III Fig.3; p.105). Furthest observed pollinations occurred between trees around 170-

meter apart. This distance dependent pollen dispersal pattern is in agreement with other mating 

system analyses in Norway spruce stands (Burczyk et al. 2004; Shimono et al. 2011) and results 

of pollen cloud density (Wright 1952).  While only representing the mating in the area with 

genotyped trees and accounting for approx. 10 – 30 % of seeds investigated, a different pollen 

distribution could be expected. Considering all pollen, the distribution could likely show much 

longer pollination distances.

The demonstrated high influence of pollen from outside the sampled area, contributing 

to the tested progeny, was considered as a potential problematic influence on the genetic 

composition and adaptiveness of the progeny. However, to quantify the effect on the 

adaptiveness of the progeny, further analysis based on adaptive genetic markers (SNPs) are 

needed. Nevertheless, a spatial influence on the percentage of immigrant pollen within single 

half-sib families was determined. Seed trees growing in the central part of the stand had 

an overall lower proportion of 40-60% of seeds with a parental contribution from 

neighbouring stands. On the other hand, progenies from trees growing at the edge of the 

stand had up to 90% immigrant pollen.
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  Thus, the progeny of central trees is expected to reflect the genetic composition of 

the parental stand more than those of edge trees. In a seed harvest aiming for maintaining 

the genetic composition of the parental stand, seed should not be collected in direct 

proximity of neighbouring stands, but in the central area of the stand. While it needs to be 

stressed, that as many trees as possible should be sampled to avoid the artificial 

introduction of drift or bottleneck effect to maintain high genetic diversity.

4.6. Remarks on Caré et al. 2020b

As summarised in the study, the impact of immigrant pollen on the genetic composition 

of progeny and their performance can have various direction. Long-distance geneflow can 

counteract genetic drift, inbreeding and distribute adaptive relevant genetic variants among 

population. It may also negatively influence local adaptation by the induced change in allele 

frequency or breakup of gene complexes in adaptive genes (Krutovsky et al. 2012).

The occurrence of introgression from planted into autochthones stands in mountainous 

environments has previously been shown (Jeandroz et al. 2004). It may aid in the adaptational 

process of high elevation provenances under rapid changing climatic conditions (Guisan and 

Theurillat 2001), but based on the assessment of adaptive genetic variation in planted and 

autochthones populations (Caré et al. 2020a) a negative influence on the high 

elevation adaptation is however likely to occur by extended pollen immigration.

Regarding the pronounced number of hollow seeds, the possibility of outbreeding 

depression by mating of distant gene pools in conifers causing breakdown of adaptive gene 

complexes was mentioned. Few studies exist, that proposed increased hollow seed formation 

(Kärkkäinen et al. 1999) or a long term decrease in growth performance, similar to 

inbreeding depression, (Goto et al. 2011) by outbreeding depression in conifers. While a 

study investigating the effect of mating distance in Norway spruce on chemical defends and 

infection with galling aphides, suggested inbreeding depression acting more on the 

community/ population level rather than having delirious effects on the individual. 

Moreover, increased mating distance between parental trees was positive correlated with 

needle content of candidate defensive compounds and fewer galls, at least at one study site 

(Axelsson and Senior 2018). Thus, this study presented results for the positive effect of long-

distant geneflow. While occurrence of outbreeding depression could not be statistically 

confirmed in the data, it could possible occur in Norway spruce. Hence, controlled crosses within 

and between provenances are of interest to examine inbreeding and outbreeding effects of 

close or distant gene pools. Where, inclusion of markers reflecting local adaptation is needed to 

assess the impact on the genetic side.
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While, previously fine scale genetic structure in high elevation population was reported 

(Unger et al. 2011; Mosca et al. 2018), neither spatial relationship of relatedness in the 

autochthones Thuringian stand (Caré et al. 2020b) nor in genetic distance in any of the 

investigated stands (Caré et al. 2018) could be detected. Unpublished research on the ancestry 

and kinship of differently structured and managed Norway spruce stands suggest that 

overlapping of generation masked family structure in natural regenerated stands over 

generations, making them undetectable without kinship reconstruction (Eusemann, personal 

communication, Feb. 2020). Thus, further analysis of the genetic data from the 

autochthones stands could be conducted and discussed with regards to this aspect.

 Seeding material is expected to reflect the genetic composition of the harvested 

stand. Thus, forest reproductive material with high immigrant pollen contribution is undesired, 

also in the light of conservation of genetic resources. With the spatial dependency of the 

amount of immigrant pollen contribution to single tree progenies, seed harvest in large stands 

could be conducted in core area of the stand. However, the harvest area needs to represent 

enough trees to both respect the law and ensure the maintenance of genetic diversity. Under 

consideration of the complete genetic analysis conducted, the establishment of seed 

orchards with phenotypically and genetically assessed and tested individual could be used 

to produce seed material with desired properties. Like in seed stands, measures to minimizing 

immigrant pollen would be needed. Also, the growing area for a high elevation provenance 

seed orchard must be characterised by mountainous environment condition to avoid 

possible undesired epigenetic effects on the progeny. For examples see Johnsen et al. 

(1996, 2005). Measures to reduce immigrant pollen in a seed orchard could include a buffer 

area where desired tree genotypes grow but are not considered for seed production. In 

this buffer area, pollen from chosen genotypes is produced and contributes to the progeny 

of the actual orchard. This measure could not only be adopted for new but also in exiting 

seed orchards. Both for implementing recommendations on seed harvesting and define the 

width and spatial positioning of buffer areas, further studies are needed. Aim would be to 

estimate the expected local pollen contribution depending on stand characteristics. 

Multiannual data from divers stands of pollen contribution and influence of spatial 

position of the tree within the stand, topography, prevailing wind direction and 

surrounding stands on the percentage of immigrant pollen in single tree progenies would be 

needed. Desirable outcome for seed stands would be the estimation of suitable harvest areas, 

exemplary illustrated in Fig. 3. The figure shows an interpolation of the estimates of pollen 

contribution based on the genetic data. Ideal would be to generate such estimates, precise
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enough for practical application, without or only very limited genetic analyses. Possibly adapting 

dispersal and demographic populations models (Jongejans et al. 2008), or methods for 

modelling pollen dispersal on landscape level (Di-Giovanni et al. 1989; Fyfe 2006; Schueler and 

Schlünzen 2006; Bunting et al. 2008) often used vegetation reconstruction in palaeobotany. 

Figure 3: Preliminary and exemplary illustration of the estimated proportion of local pollen contribution to the 

progeny. Circles represent the genotyped adult trees, crosses with corresponding numbering the seed trees 

investigated. The estimated percentage of local pollen to the progeny is indicated as background colouring and given 

for the area demarcated by the dotted line. Corresponding scale displayed on the right-hand side. Estimate is based 

on an inverse distance spatial interpolation of the percentage of seeds with locally assigned pollen donor by a 

comparison of genotypes of the adult trees and the haploid pollen contribution.  
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4.7. Conclusion and outlook

German high elevation Norway spruce populations showed low neutral genetic 

differentiation, even between autochthonous and planted populations. While phenotypic 

assessment of the crown morphology revealed high variation between the autochthones and 

putative planted stand independent of the region investigated. Expression of crown traits 

showed to be relative stable even under extreme site conditions. This suggests that, the 

crown shape is under strong genetic control. Common garden experiments should be 

conducted in order to assess heritability of overall crown shape, branching pattern and 

branch angle. (Ch.I, Caré et al. 2018)

Narrow crowned Norway spruce provenances are also interesting for breeding purposes 

and hybrid breeding between common and narrow spruce forms had also previously been 

suggested (Pârnuţă 2003).  Recent studies showed the influence of the provenance on the 

slenderness of the tree (Apostol and Budeanu 2019) and further present, that the narrow 

crowned form Picea abies f. pendula in average has more favourable stand stability traits 

(slenderness, wood density, diameter and finesse of branches) (Apostol and Budeanu 2019; 

Budeanu et al. 2019). Further, it is reported narrow crowned provenance have a higher yield per 

area compared to broader crowned provenance (Pulkkinen and Pöykkö 1990; Gerendiain et al. 

2008). Hence, aspects of tree improvement could be incorporated in the suggested common 

garden experiments. 

Crown shape could be effectively used in the assessment of the adaptiveness of Norway 

spruce population to mountainous site conditions. Highly significant association between SNPs 

in candidate genes related to local adaptation and the crown shape, showed adaptiveness of 

narrow crowned trees. Further, it suggests that directional selection is responsible for the found 

differences between crown morphology groups. Genes of the circadian clock, namely 

GIGANTEA 6 and PRR1, where identified and the coincident allele distribution between the 

presented study and previous research at latitude clines demonstrate the important role of 

these genes in local adaptation with high confidence (Caré et al. 2020a). With the high number 

of investigated individuals (N = 765), genetic association in high elevation population could be 

studied with high accuracy also taking the categorical phenotyping into consideration. 

Nevertheless, only a carefully selected but small proportion of SNPs (N = 44) was investigated. 

With the presented results further extension of the marker set could detect genes involved in 

environmental adaptation and expression of the phenotype. (Ch. II, Caré et al. 2020a) 
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Samples of single tree progenies collected in a native Norway spruce stand in the 

Thuringian Forest showed association between the germination percentage, the relatedness 

(r(r)) and effective pollen population size (Ne (P; r)). Lowered number of pollen donor and/or lower 

genetic diversity of the pollen in families with poorer germination percentage could explain the 

found relationship. As, neither an inbreeding nor outbreeding depression could be confirmed by 

the data, investigation focusing on these effects would be needed, as both effects could occur 

in the progeny. Indications of inbreeding depression were given by the high proportion of hollow 

seeds, in some families reaching approx. 75%. Inbreed embryos are known to be aborted in 

conifers and responsible for the observed high outcrossing rates (Woods and Heaman 1989; 

Kärkkäinen et al. 1999; Mullin et al. 2019). Yet, it cannot be confirmed with genetic analysis due 

to absence of material to study. For the mating within the stand, i.e. for seeds with assigned 

paternal tree, pollen dispersal was clearly distant depending, with most mating events occurred 

in 0 – 20 meters. Further, a high outcrossing rate (97,9%—99,7%) was estimated for the seed 

lot, with a high proportion of at least 70 % of immigrant pollen contributed to the pooled 

progeny. The surrounding stands, from which this pollen likely originate, are comprised of 

putative planted trees most likely of different provenance(s). Thus, influence on the genetic 

composition and decrease of adaptation of the progeny compart to the parental stand is likely 

to occur. Especially, as the adaptive difference between mountainous stands of native and 

introduced provenances had been shown (Caré et al. 2020a). To assess the effect on the in situ 

conservation of stands of high elevation provenance, however the natural regeneration and 

younger trees needs to be studied as natural selection might counterbalance or at least lower 

the effect of immigrant gene-flow. In terms of the utilisation as a seed source such high 

amounts of immigrant pollen nonetheless can be seen with concern. However, seed trees 

located in the stand centre have in average lower external pollen influence. As a preliminary 

recommendation, seed harvest should be conducted within the stands centre if enough seed 

trees are available to ensure the maintenance of genetic diversity. For reliable prognoses 

further studies on this topic are nevertheless required. (Ch.III, Caré et al. 2020b)
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Abstract: High elevation sites in the low mountain ranges in Germany are naturally covered
by Norway spruce (Picea abies (Karst.) L.) stands. Historically, large scale anthropogenic range
expansion starting in the mid to late 18th century had a huge impact on the forest composition
throughout Germany. Utilisation and exploitation often led to artificial regeneration, mostly carried
out using seeds from allochthonous provenances. Usually, autochthonous (natural) high elevation
Norway spruce trees have narrow crown phenotypes, whereas lowland trees have broader crowns.
Narrow crown phenotypes are likely the result of adaptation to heavy snow loads combined with
high wind speeds. In the present study, neighbouring stand pairs of putative autochthonous and
allochthonous origin with contrasting phenotypes in high elevation sites were investigated with
200 samples each. These stands are located in the Ore Mountains, the Thuringian Forest, and the
Harz Mountains. Additionally, a relict population with the typical narrow high elevation phenotypes
was sampled in Thuringia, known as “Schlossbergfichte”. The objective of the study was to quantify
supposedly adaptive phenotypic differences in crown architecture and the genetic differentiation of
11 putatively neutral nuclear microsatellite markers (i.e., simple sequence repeats (nSSRs)). The high
differentiation of morphological traits (PST = 0.952–0.989) between the neighbouring autochthonous
and allochthonous stands of similar age contrasts with the very low neutral genetic differentiation
(FST = 0.002–0.007; G”ST = 0.002–0.030), suggesting that directional selection at adaptive gene loci was
involved in phenotypic differentiation. Comparing the regions, a small isolation by distance effect
for the Harz Mountains was detected, suggesting landscape resistance restricting gene flow. Finally,
the differentiation of the very old autochthonous (up to 250 years) stand “Schlossbergfichte” with
typical high elevation phenotypes could cohere with the sampling of a relict genepool.

Keywords: Picea abies; microsatellites; crown architecture; morphology; phenotypic adaptation;
genetic differentiation
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1. Introduction

Genetic variation of neutral genetic markers across the distribution range of Norway spruce (Picea
abies (Karst.) L.) is very high, but genetic differentiation is usually relatively low [1,2] and contrasts
with the high phenotypic differentiation of crown architecture between low and high elevation
varieties [3–5]. Autochthonous (natural) high elevation stands are characterised by narrow crowned
individuals as a result of potential adaptation to heavy snow loads, while in allochthonous stands
relatively recently planted in the same region, broad crown shapes are prevailing. High differentiation
of phenotypic traits between neighbouring stands in the same environment, but low differentiation at
randomly selected selectively neutral markers, would suggest directional selection on genes related to
these phenotypic traits [6], which are crown architecture traits in our study.

Norway spruce is one of the economically most important tree species in Germany and has been
widely planted since the late 18th century [7]. However, some autochthonous stands are still present
in the low mountain ranges at higher elevations. One of these rare stands is located in Thuringia
known as “Schlossbergfichte”. This stand is characterised by very old native trees (up to 250 years)
with typical narrow crown phenotypes, whereas trees of neighbouring allochthonous stands mostly
show the broad low elevation phenotypes.

Before extensive translocation of seeding material occurred [8], variation in crown phenotypes
and typical narrow crown phenotypes were described in natural spruce stands from northern
latitudes [9,10]. Crown characteristics are crucial for the resistance to snow breakage and high wind
speeds [11]. Hence, trees with a narrow crown shape are considered to be more adapted to climatic
conditions in high elevations or regions with high snow loads [7,12–14]. This assumption is also
supported by the finding of higher frequencies of narrow crowned trees in areas with a high snow
break hazard [15]. In addition, association of crown architecture with temperature, altitude, and
precipitation had previously been reported [4,7,13]. Moreover, trees with high elevation phenotypes
showed a higher frost hardiness than low elevation phenotypes, while both “morphotypes” had
sufficient frost tolerance to prevent late frost damage [16].

Sylvén [17] was one of the first who suggested that variation in crown shapes is heritable.
The occurrence of neighbouring autochthonous and allochthonous stands with different crown
shapes is a further indication of the heritability of crown shapes. Kiellander [18] suggested heritability
of crown architecture based on a crossing experiment made in 1942 in Sweden. Common garden
studies have also revealed that damages caused by snow loads were less frequent in trees representing
provenances from higher altitudes than in those from lower altitudes [19]. In addition, decreasing
susceptibility to late and early frost events, a lower height to diameter ratio (slenderness), probable
resulting in the reported increased resistance to mechanical damages by snow, a reduced growth rate,
and shorter and thicker needles are reported for higher altitude provenances [20]. However, direct
measurements on crown architecture in common garden experiments and heritability estimates are
missing. In a formal way, inheritance of crown architecture was only assessed for the pendulous
variety of Norway spruce (Picea abies f. pendula). Segregation ratios in open pollinated progenies
suggested that it is controlled by a single or by a few dominant genes [21] and linked to an RAPD
(random amplified polymorphic DNA) marker [22].

Even though genetic differentiation across the species range is low, historical migration patterns
can be reconstructed using neutral genetic markers and other evidence, such as pollen data. Pollen data
suggest that the first larger populations in the Holocene occurred within present day Germany in the
Alps around 8000–9000 years ago [23]. Macrofossils and pollen data give evidence for several potential
refugia during the last glacial maximum, some of which had no contribution to the recolonization
history, such as the Massif Central (France) or the Moldavian lowlands refugia [24]. Concurrently,
different refugia are proposed as a source of re-immigration, as P. abies can be divided in two
main (Baltico Nordic and Alpine Central Europe) and one minor (Carpathian) domains [2,25–29].
Combined analysis from mtDNA (mitochondrial DNA) and pollen data reveal a more detailed view
that suggest at least seven refugia from which recolonization occurred [30]. Despite this distinction,
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the level of inter-population differentiation at nuclear markers remains relatively low, even on larger
geographical scales of several hundred kilometres, which is likely caused by high rates of pollen
mediated gene flow [31–34].

Genetic and morphological analyses of neighbouring Norway spruce populations, which are
morphologically differentiated in their crown architecture at the same altitudinal level, are rare.
The study by Greger [35] is the only example for an investigation of a possible link between crown
morphology and genetic variation. More common are studies comparing stands or individuals along
altitudinal transects without any specific information on crown architecture. Results from different
sources showed no consistent pattern of genetic variation between low and high elevation stands.
For example, Maghuly et al. [36] found a higher genetic diversity in high elevation type populations
than in allochthonous middle and low elevation populations, at nuclear simple sequence repeats
(nSSRs) and mitochondrial markers. The authors further found higher expected heterozygosity in older
stands than in younger stands, at nSSRs. However, other studies found either no relationship between
altitude and diversity [32] or the highest diversity in populations from intermediate elevations [37].

For the first time, neighbouring high elevation type and low elevation type stands in the same
high elevation environment are analysed for crown phenotypes and genetic markers to estimate both
neutral and potentially adaptive genetic variation. These stands are located in the low mountain range
in Germany, in the regions of the Thuringian Forest, the Ore Mountains, and the Harz Mountains.

Our objectives were to quantify phenotypic differences in crown architecture and genetic
differentiation of nSSR markers between these neighbouring populations.

We tested the following hypotheses:
(1) There is large phenotypic differentiation (PST) among the investigated stands.
(2) All stands show a high genetic variation, but only low genetic differentiation based on neutral

SSR markers.
(3) Signatures of selection for crown types can be detected by contrasting phenotypic and genetic

differentiation (PST >> FST).
Our results are discussed regarding the human influence on genetic structures and the phenotypic

variation of P. abies.

2. Materials and Methods

2.1. Study Sites and Sampling

A total of 1325 adult trees were sampled in seven stands growing in altitudes from 770 m to 1060 m
above sea level (a.s.l.). Selected stands are located in the low mountain ranges of the Thuringian Forest,
the Ore Mountains (Saxony), and the Harz Mountains (Lower-Saxony/Saxony-Anhalt), all being part
of the Central German Uplands (Figure S1a–d). In each region, two neighbouring Norway spruce
stands were sampled—one consisting of trees with narrow crowned mountain spruce phenotypes
of autochthonous origin (high elevation type, HE) and another consisting of trees with lowland
phenotypes with typical broad crowns of allochthonous origin (low elevation type, LE). In each
stand, terminal branches from 200 individual adult trees were collected between June and August
2016. We sampled all upper layer trees, starting from one edge of the stand, until 200 samples were
collected. In addition, as a typical high elevation narrow crowned spruce stand, the relict population,
“Schlossbergfichte”, near Oberhof, Thuringia, was included with 75 individuals representing nearly
the complete stock of old adult trees in this stand. All stands are growing under similar climatic
conditions, such as mean temperature, length of the vegetation period, snow cover days, and wind
speed (Table 1.) The names for low and high elevation type stands are abbreviated as LE and HE,
respectively, with Thy, Sa, and H in the name indicating Thuringian Forest, Ore mountains (Saxony),
and Harz, respectively.
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Table 1. Climatological and stand specific data.

Stand N
Age of

Upper Story
Trees, years

Mean Multi
Annual Air

Temperature
1981–2010,
◦C

Mean
Vegetation
Period in
1992–2015,

days

Mean Snow
Cover Days

in
1981–2010,

days

Annual
Mean

Precipitation
in

1981–2010,
mm

Mean Wind
in 20 m a.g.l.

m/s in
1981–2000

Elevation
Range Of
Sampled

Individuals,
m a.s.l.

LE_H 200 180 4.7 181.0 141.5 1668.5 56 889–915
HE_H 250 300 * 3.9 177.0 158.0 1793.0 79 1036–1065
LE_S 200 162 5.2 184.0 127.0 1210.0 55.5 972–1009
HE_S 200 142 4.9 182.0 136.0 1255.0 58 988–1014

LE_Thy 200 90 5.7 190.0 122.0 1331.0 57 899–912
HE_Thy 200 151 6.3 195.5 100.5 1211.0 39 761–776

Schloss-bergfichte 75 280 * 5.8 191.0 116.0 1331.0 50 818–840
Mean 5.2 185.8 128.7 1399.9 56.4 921

Number of sampled individuals (N), mean air temperature, mean length of the vegetation period, mean number
of days with a snow cover >1 cm in the morning, mean annual precipitation, mean wind speed at 20 m above
ground level, and the elevation range in the sampled stands. LE: Low elevation type; HE: High elevation type; S:
Ore Mountains (Saxony); Thy: Thuringia; H: Harz Mountains. Values for climatological parameters were taken
from extrapolated 1 × 1 km grid maps of the long-term average measurements [38–43]. For individuals falling
in different grids, the mean of these grid values is given and used for calculation of the total mean. The mean
vegetation period is calculated from the grid values of the mean end-date minus the mean starting-date of the
vegetation period (both are presented in days from New Year). Elevation data were taken from the GPS data and
stand age according to information given by the forestry officials. * The age of the “Schlossbergfichte” population is
based on the oldest trees [44,45], and the age of the HE_Harz population is based on the oldest trees of equivalent
stands at Mt. Brocken [46].

2.2. Phenotypic Assessment

During the collection of needle material, visual assessment of each tree for crown architectural
characteristics was carried out. The spectrum of possible trait expressions was subdivided in three
categories, representing the high elevation (mountainous), intermediate, and low elevation (lowland)
phenotypes (Table 2). A schematic visualisation of the traits based on a previous study [5] can be found
in Figure S2. Additional crown breakage and the occurrence of forking was noted. Breakage of the
main stem was noted irrespective of the number of breakage points. Forking was diagnosed when
more than one secondary stem replaced the lost apical shoot.

Table 2. The assessed phenotypic traits and phenotypes associated with elevation.

Trait
Phenotype

Mountainous Intermediate Lowland

overall crown architecture;
structural appearance narrow shaped crown equivocal/intermediate shape broad shape

angle of the first
order branches

clearly downwards facing
branches, stem and branches

no clear branch orientation up-
or downwards

straight and upwards
facing branches, all

angles between stem and
branches right or obtuse

branching pattern of the
second order branches plate or plate brush like brush like comb or comb brush like

The traits were scored in three categories, which were summarizations of the categories used by various authors [4,7,12,13].

2.3. Marker Analysis

All individuals were genotyped at 7 random genomic SSRs (gSSRs) and 4 expressed sequenced
tag SSRs (EST-SSRs) (Table 3). Additional information on potential gene functions of the EST-SSRs
is provided in Table 4. A total of 46 unlabelled primer pairs were tested for amplification, including
SSRs developed specifically for Picea abies and SSRs adapted from other Picea species [47–54].
Further requirements for marker selection were the absence of null alleles in earlier studies [55,56] and
the known location in different linkage groups of P. abies [25,57,58]. Eleven primer pairs that generated
single-locus and polymorphic products were finally selected for the population analysis.
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Table 4. Annotation of the four EST (expressed sequenced tag)-sequences with SSRs (EST-SSRs) used
in this study [49,54].

EST-SSR
GenBank
Accession
Number

Annotation Location of SSR
in the EST

PaGB3 AJ133748 P. abies mRNA for major intrinsic protein
(aquaporin) 3′UTR

PaGB8 AF100429 P. abies clone PA12H2 repetitive DNA sequence
WS00016.O09 * CN480894 NP 197764—expressed protein (A. thaliana) 3′UTR

WS00111.K13 * CN480897 BAB86071—putative beta-glucosidase (O. sativa
(japonica cultivar-group)) 3′UTR

* Based on a BLAST [59] search.

2.4. DNA Extraction

From each sample tree approximately 50 mg fresh needle tissue was cut into small pieces, frozen in
liquid nitrogen, and ground in a MM300 ball mill (Retsch, Haan, Germany) for 2 min at 30 Hz. For the
extraction of total DNA, we used the DNeasyTM 96 Plant Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s protocol with the minor modification of adding 5 mL of 26% polyphenylpyrovat
solution to the 90.5 mL lysis buffer. Initial DNA concentration was measured using a NanoDropTM

2000 spectrophotometer (Thermo Fisher Scientific, Madison, SD, USA).
All PCR reactions were performed in a 14 µL total volume, containing 1 µL of 1:10 diluted DNA

(ca. 20 ng). The PCR mix contained 1× reaction buffer B (Solis BioDyne, Tartu, Estonia), 2.68 mM
MgCl2, 178.57 µM for each dNTP, and one unit of HOT FIREPol® (Solis BioDyne, Tartu, Estonia) Taq
polymerase. Each forward and reverse primer was added in a concentration given in Table S1.

The reaction started with an initial incubation for 15 min at 95 ◦C, 10 touch-down cycles of
denaturation at 94 ◦C, followed by annealing at 60 ◦C (∆−1◦C) and extension at 72 ◦C each for 1 min,
25 cycles at 94 ◦C, 50 ◦C, and 72 ◦C with each temperature level kept for 1 min, and final extension
at 72 ◦C for 20 min. All reactions were run in a Biometra TProfessional Basic thermocycler (Analytic
Jena AG, Jena, Germany). SSR fragments were separated on an ABITM 3130xl Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA) with the size standard GeneScanTM 500 ROXTM as a
reference (Applied Biosystems, Foster City, CA, USA). Peak calling was done in the GeneMapperTM v
4.1 software (Applied Biosystems, Foster City, CA, USA).

2.5. Phenotypic Variation

To assess differentiation and structuring of phenotypic traits and to compare the results with the
genetic data, we used the QST parameter and multivariate analyses, as follows.

The commonly used genetic differentiation measure, GST, has its analogy in QST to characterize the
among population genetic variance exhibited by quantitative traits [60]. In case the among population
additive genetic component of variance is unknown, QST can be estimated based on the phenotypic
data. This estimate of phenotypic differentiation among populations (PST) is reliant on the scaling
parameters, c (the proportion of total variance explained by the additive effect) and h2 (narrow sense
heritability) [61,62]. Usually, no prior knowledge of c/h2 exists, and since this ratio can also vary across
population pairs, robustness of the estimated PST on this ratio should be evaluated [62]. We calculated
PST on the phenotypic data and evaluated its robustness with the Pstat-package (version 1.2) [63] in R
(version 3.5.1) [64].

In addition, we used discriminant analysis (DA) of principal components (PCs) to analyse the
phenotypic dataset. In contrast to principal component analysis (PCA), where the PCs are optimised
for the maximal represented total variance, DAPC (discriminate analysis of principal components)
maximises the between group variance while minimizing within group variance [65]. To choose the
number of retained PCs, we ran a stratified cross-validation step with 5000 replications, and the number
of used discriminant functions (DFs) was fixed to 2, as these always had much higher eigenvalues (EVs)
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than the remaining DFs. Two PCs were chosen as these had the lowest mean squared error, the highest
number of correctly assigned individuals of the subsample, and explained 58.1% of the variance.
To test for significance of group separation, a multivariate analysis of variance (MANOVA) on the
retained PCs was performed, where the independent variables, contrary to DA, are the population
groups. Finally, a classical PCA and a spatial principal component analysis (sPCA) [66] that optimizes
the product of the variance and the spatial autocorrelation were calculated.

2.6. Genetic Variation—SSR Analyses

Allele binning was done using a custom R [64] script. Histograms of raw peak size data per locus
were plotted with fine scale breakpoints and the binning limits of each allele per locus were manually
defined. Then, we double checked the allele sizing further, and, if necessary, corrected allele sizes to
make them consistent and reliable.

The Hardy-Weinberg equilibrium (HWE) was tested using the exact test proposed by Engels [67]
and implemented in the R package “HWxtest” (version 1.1.7) [68].

Linkage disequilibrium (LD) was assessed as the standardized index of association, rd [69], in a
pairwise loci comparison for each stand. Occurrence of significance of the LD values in each stand was
evaluated by 10,000 permutations using the R package “poppr” (version 2.8.1) [70].

Null allele frequencies were estimated by the expectation maximisation (EM) algorithm [71]
in the joint maximum likelihood (ML) estimation implementation in genepop [72]. Additionally,
the ML method in ML-Nullfreq [73] was used. Averaging these results should improve the estimate
and applying a frequency threshold of ≥5% for reporting can further reduce false positives [74].
Nevertheless, the occurrence of null alleles does not hinder the usage of affected markers, as conclusions
drawn from assignment analyses or FST based estimates are unlikely to be influenced by the presence
of null alleles [75].

Expected (He) and observed (Ho) heterozygosity, fixation index (FIS), and its p-values were
calculated using Arlequin 3.5.2.2 [76]. Pairwise FST and standardized G”ST, and corresponding p-values
based on 10,000 permutations, were calculated using GenAlEx 6.5 [77]. The mean number of alleles
per locus (A), the mean allelic richness based on rarefaction (Ar), and the number of private allelic
states within populations were calculated using the “hierfstat” (version 0.04-22) [78] and “poppr” [70]
R-packages. To test for differences in diversity between stands, regions, and between high and low
elevation type stands, linear mixed models accounting for differences in diversity between loci based
on the rarefied allelic richness were calculated with the R-package “lme4” (version 1.1-18-1) [79].
The model included the rarefied allelic richness as a response variable, stand or region as a fixed effect,
and locus as a random effect.

Being located in expressed genes, some EST-SSRs may reflect imprints of selection [80,81], which
could be inferred from population genetic analysis when their variation and differentiation significantly
deviate from those that are expected under neutrality (a so called FST outlier test). Hence, we checked
potential deviation from neutrality for all SSRs using the FST outlier tests implemented in the Lositan
(version 1.6) [82], Arlequin 3.5.2.2 [76] and BayeScan 2.1 [83] software. We used the recommended
workflow in Lositan by first estimating the neutral FST value (~0.004) using the random gSSRs, and
then rerunning the analysis, including the EST-SSRs, with the stepwise mutation model and 50,000
replications. In Arlequin, 50,000 simulations of 100 demes per group were run with the finite island
model also based on FST. The default parameters were used to run the Markov chain Monte Carlo
simulations implemented in BayeScan 2.1.

Hierarchical analysis of molecular variance (AMOVA) [84] was performed in Arlequin 3.5.2.2 [76]
to partition variance between regions, stands, and stand types. The hierarchical structure of the dataset
was described as the region in which the stands grow, the population/stand itself, and the single
individuals. Alternatively, the stand classification as an HE or LE stand was used as the highest
hierarchical level to compare if this grouping explains more variation than the grouping by regions.
The within and between group variance was tested for significance using 5000 permutations.
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To study the relatedness of the populations, in the light of hypothetical gene flow, we applied
the approach of Sundqvist et al. [85] that projects the populations on a relative migration network.
This method estimates the direction and rate of migration based on either GST [86], D [87,88] or
NmAlcala [89]. We used GST, as it was shown to perform best in most scenarios [78], and further tested
for significant directional migration by 10,000 permutations in the “diveRsity”—R-package (version
1.9.90) [90].

To study the structuring of individuals at the SSR markers accounting for spatial autocorrelation,
we used sPCA [66] that optimizes the product of the variance and the spatial autocorrelation measured
by Moran’s I [91,92]. Global or local structures with positive or negative autocorrelation are indicated
by positive or negative EVs. To test whether global or local structures are significantly different from
the null hypothesis of alleles being randomly distributed across space, the estimated distribution of
the EVs via Monte Carlo (MC) sampling was used. This test has higher statistical power than the
previously suggested method based on R2 [66,93]. We calculated the sPCA and the test procedure as
implemented in the R-package “adegenet” (version 2.1.1) [94,95]. Spatial distribution was described
by spatial weights that are directly proportional to the inverse of the geographic distance matrix.
The EV-MC test for local and global structure was run 103 times. As with the phenotypic traits we
calculated the alternatives, PCA and DAPC.

Finally, to determine if the sampled individuals can be grouped into different genetic clusters (K),
the program, STRUCTURE (Version 2.3.4) [96], was used. Admixture proportions were estimated for
K = 1 to 12 clusters with 15 replicated iterations for each cluster run with 10,000 burn-in and 50,000
following iterations. The ancestry model considering admixed individuals was chosen. Sample location
information was considered as prior knowledge for the model [97], and both the degree of admixture
alpha and the parameter lambda for the distribution of allele frequencies were set to be estimated from
the data. Further, the model considered allele frequencies between populations to be correlated, as
the result may give more accurate estimates of admixture, produces more detailed clustering results,
and gives the same results as independent models in the absence of correlation [98,99]. Averaging
different runs for the same K was done in CLUMPAK [100] with the default settings. The runs for each
K were summarised according to a similarity score. If different runs passed a certain threshold value
in the comparison, they were included in the major mode, which is a summary of the majority of the
runs, or in one or more minor modes depending on their similarity. Methods based on DeltaK [101],
the log-likelihood probability of K (L(K)), and the corresponding first and second order change of
L(K) [96] were calculated with STRUCTURE HARVESTER (Version 0.6.94) [102] to help choose the
most likely number of clusters (K).

3. Results

3.1. Phenotypic Differentiation between Low and High Elevation Types

A clear difference in the phenotypic traits was found between the selected high and low elevation
type stands. The overall crown shape, angle, and the branching pattern were strongly correlated
(Pearson correlation 0.64–0.76), due to the dependence of the crown appearance on the angle and
pattern of the branches. The relative frequencies of the traits in each stand are presented in Figure 1
(values are also provided in Table S2). In the relict stand, “Schlossbergfichte” from Thuringia, all
trees expressed the high elevation type according to the assessed traits, and no crown damage and
forking were detected. High elevation characteristics were also found in more than half of the observed
trees (~55%) in the potential autochthonous HE-Thy stand, and no damage and forking occurred.
The neighbouring low elevation type stand was predominantly comprised of lowland crown shapes
(96.5%), with all trees being damaged. In the Harz Mountains, the high elevation type stand was
comprised of 37% narrow crowned individuals, but most trees showed the intermediate (62.6%) crown
shape. Varying branching patterns were also observed there, and all trees were damaged. In the
neighbouring low elevation type stand, most trees had broad (68%) or intermediate (31.5%) crowns,
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and most of them showed crown breakage (94%). In Saxony, the trees in the high elevation type stand
were of narrow crowned (56.5%) or intermediate (37.5%) character, with few trees showing signs of
breakage (8.5%). Intermediate crown type (73%) and branching pattern (66%) were typical for the
low elevation type stand in Saxony, where also only a few trees were damaged (4.5%). Accordingly,
the divergence for phenotypic traits (PST) showed high between group variance compared to within
group variance, as the crown shape traits as well as the damage traits had PST values of 0.952 to 0.989
for c/h2 = 1. Only a weak effect of varying ratios of c/h2 could be noted. Even for low c/h2 ≥ 0.1 ratios,
the PST value was above or near 0.95 (forking occurrence and branching pattern with PST values of
0.945 and 0.936 for c/h2 = 0.1, Figure S3).
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Figure 1. Relative frequencies of the assessed phenotypic traits (overall crown shape, angle of the
first order branches, second order branching pattern, occurrence of crown damage, and occurrence
of forking) in the studied stands. LE: Low elevation type; HE: High elevation type; SBF: relict stand
“Schlossbergfichte”; S: Ore Mountains (Saxony); Thy: Thuringia; H: Harz Mountains. Categories for
the traits are described in the right-hand legend.

The DAPC results demonstrated that the between group structure of the phenotypic data
was mainly explained by the first two DFs as reflected in the corresponding high EVs. The low
elevation type stands were separated from the high elevation type stands with the LE_S stand as a
transition, as its 95% distribution density on the first DF overlaps with all, but the SBF_Thy and HE_H
distributions. The second DF mostly separated the HE_H and LE_S stands from the other stands
(Figure 2). Further testing the prior group membership of the individuals by MANOVA yielded a high
significance (p ≈ 0). Post hoc Tukey’s HSD (honestly significant difference) tests of ANOVAs on each
DF with Bonferroni correction showed a significant regional separation and significant differentiation
between stand types. Similar phenotypic stand pairs (non-significant differences) for the first DF
were SBF/HE_Thy and HE_Thy/HE_S, and SBF/HE_H, HE_Thy/HE_S and LE Thy/LE_S for the
second DF.
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type; HE: High elevation type; SBF: relict stand “Schlossbergfichte”; S: Ore Mountains (Saxony); Thy:
Thuringia; H: Harz Mountains. Note that for the stand SBF_Thy, no ellipse is displayed as all data
points are identical. In the bottom left corner, the DA (discriminate analysis) eigenvalues are displayed,
where the first and second DA are highlighted in dark grey and grey, respectively. The PCA (principal
component analysis) eigenvalues are displayed in the lower right corner, where the retained PC’s
(principal component) eigenvalues are highlighted in dark grey.

PCA gave a similar data distribution on the first two axes; nevertheless, separation of the single
stands was weaker compared to DAPC, as the DA step is not performed. Centres for each stand
distribution were more separated in DAPC as well as the 95% inertia ellipses. In the sPCA, strong and
highly significant global structure (positive autocorrelation), attributed to inter- and intra-regional
separation of the stands with contrasting phenotypes, was observed. No local structure (negative
autocorrelation) could be detected, which reflects the absence of clustering of similar types within
the stands.

Summarizing these results, it is evident that a high phenotypic differentiation between high and
low elevation type stands was observed at the assessed traits.

3.2. Genetic Variation and Differentiation

No significant differences in diversity between populations, regions, and stand-types could
be detected based on linear mixed effect models accounting for between loci diversity divergences.
In total, nine (EATC1E03 & WS00016-O09) to 41 (PaGB8(a)) alleles per locus were observed and only
small differences in Ho, He, and Ar values between the stands were found. The Ho values ranged
from 0.630 to 0.702, with the highest values found in the HE_Thy (0.702) and SBF_Thy (0.692) stands
and lowest in the LE_H (0.640) and HE_S (0.630) stands. Values for He were similar among stands
(0.730–0.757). The rarefied allelic richness of the relict stand, SBF_Thy, had a value (16.79) comparable
to the other stands (16.13–16.83). HE_H (16.51) had a slightly reduced Ar compared to other HE stands
(16.51–16.83). All, but one, FIS values (0.041 in LE_H) were significant, ranging from 0.079 in SBF_Thy
to 0.142 in HE_H (Table 5).
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Table 5. Summary of basic population genetic parameters.

Stand Ho He A Ar Private Alleles FIS p-Value

HE_H 0.655 0.733 17.09 16.51 0 0.142 0.000
HE_S 0.640 0.751 16.90 16.83 2 0.124 0.000

HE_Thy 0.702 0.757 17.00 16.67 4 0.129 0.006
LE_H 0.630 0.730 16.46 16.13 4 0.041 0.099
LE_S 0.673 0.746 16.64 16.64 0 0.108 0.000

LE_Thy 0.668 0.734 16.73 16.46 5 0.137 0.000
SBF_Thy 0.692 0.749 14.55 16.79 0 0.079 0.007

LE: Low elevation type; HE: High elevation type; S: Ore Mountains (Saxony); Thy: Thuringia; H: Harz Mountains;
SBF: relict stand “Schlossbergfichte”. Ho and He—expected and observed heterozygosity, respectively; A—mean
number of alleles per locus; Ar—allelic richness adjusted for different sample size by rarefaction; FIS—index of
fixation with corresponding p-values based on permutation.

Deviation from HWE was found for five loci in several stands. Locus WS0016-O09 deviated in
all stands from HWE; PaGB3 in all stands, but SBF_Thy; and EATCG05 in all stands, but LE_Thy and
SBF_Thy. Furthermore, in four stands, significant deviation from HWE was found for the loci, SpAGC1
and SpAGG3, and in one or two stands for EATC1B2, EATC1E03 and SpAG2, WS0011-K13, respectively
(Figure S4). The estimated null allele frequencies per locus were mostly similar in the stands, thus
underestimation of genetic diversities as result of null alleles would have affected all stands equally.
Loci surpassing null allele frequencies of 5% were mostly in the more complex trinucleotide repeats,
namely the EATC-loci. The dinucleotide repeats expressed much lower values, which narrowly
exceeded 5% (Figure S5). Insignificant LD values (rd) were found for all locus pairs based on a
population-wise permutation test (Figure S6). In the applied FST outlier tests, none of the loci exceeded
the lower or upper 95% confidence intervals of the simulation run in Lositan (Figure S7). In accordance,
no directional selection was found by the Bayesian method used as well.

The high phenotypic differences between high and low elevation type populations were not
reflected in genetic variation patterns at the screened supposedly selectively neutral SSRs. Overall, very
low genetic differentiation was observed among populations and regions based on the 11 supposedly
neutral polymorphic SSR markers. Partitioning the molecular variance indicated that variation was
mostly attributed to variability of the individuals within the population (99.60% with 90.21% within
the individuals and 9.39% among individuals within the populations). Only 0.16% of the variance
was attributed to among population variation within regions, and 0.24% was distributed between
geographical regions. Except for the variance among regions, all levels were highly significant
(p < 0.0002) (Table S3). When the phenotypic stand characteristics (high or low elevation type stand)
were used as the highest hierarchical level no variance was partitioned between these two groups (the
actual value of the percentage of variation among groups was −0.09%; negative values may arise due
to the geometric distance calculation and can be considered zero).

In the pairwise comparison, low and non-significant FST values of 0.002 were observed between
low elevation type stands in Saxony and Thuringia and in both stands in the Harz Mountains.
Slightly higher values of 0.004–0.007 were detected between the relict stand, “Schlossbergfichte”,
and all, but the HE_Thy stand (Table S4). Comparison based on G”ST gave a similar picture. Further,
most of the highest G”ST values (0.016–0.030) were found between the Harz Mountains and both the
Thuringia and Saxony regions (Table S5). Compared to the estimated PST values, even for low c/h2

ratios, all FST and G”ST values were much lower. Estimated rates of gene flow between stands of
the same region were relatively high (0.58–1), but lower between the SBF_Thy stand and the other
Thuringian stands. For this stand, a high gene flow rate (0.5) was only estimated towards the HE_Thy
stand. Between Saxon and Thuringian stands (also excluding SBF), high bidirectional gene flow rates
were estimated. As a general pattern across all regions, a stronger gene flow from the low to the high
elevation type stand was detected. Nevertheless, no significant asymmetric migration was found at
α = 0.05 (Figure S8).
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We applied sPCA, which also incorporated spatial relationships among stands, to detect potential
genetic structuring correlated with the geographic distances. The results revealed weak isolation
by distance between the Harz Mountains and the two other regions. In Figure 3, the distribution
of data along the first two sPCA-axes shows separation of the Harz population along the first axis,
whereas the second axis slightly separates the HE_Thy and SBF_Thy populations from the LE_Thy
population. The MC-EV test showed the absence of local structuring, but revealed highly significant
global structuring (p < 0.001), which is attributed to the first four PCs. When only the between group
variation is used, a DAPC analysis yields similar separation along the first DF as the sPCA, but a
slightly stronger difference for SBF_Thy and HE_S stands. The regional differentiation was supported
by MANOVA (p < 0.001), where the post hoc tests confirmed the regional separation of the Harz
populations along the first axis. Weak geographical differentiation between Harz populations and the
others was also confirmed by STRUCTURE. Evaluation of the cluster number, K, suggested two distinct
clusters supported by delta K (Figure S9a). Summarizing all runs for K = 2 presented in Figure 4,
individuals of the Harz populations formed one cluster, while individuals of all other populations were
assigned to the second cluster, with a considerable amount of estimated admixture in all individuals.
The analysis of the 15 runs in CLUMPAK [100] gave one major and one minor mode, which are very
similar and consistent in their interpretation. Modes with a higher cluster number (especially K ≥ 6)
showed higher admixture proportions of one cluster each in the HE_S, HE_Thy, and SBF population
(Figure S10).
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Figure 3. Spatial principal component analysis [66] based on the allele data, reflecting low spatial 
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Figure 3. Spatial principal component analysis [66] based on the allele data, reflecting low spatial
genetic differentiation for the SSR loci. Data points (grey) are displayed on the first and second principal
components (x- and y-axes, respectively), where the symbols represent the different stands in the upper
right legend. LE: Low elevation type; HE: High elevation type; SBF: relict stand “Schlossbergfichte”;
S: Ore Mountains (Saxony); Thy: Thuringia; H: Harz Mountains. Groups are depicted by 95% inertia
ellipses with a corresponding barycentre as a symbol. In the bottom left corner, the eigenvalues are
displayed, were the first and second eigenvalues are displayed with wider bars and highlights in the
darker grey.
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Figure 4. Clustering result based on the STRUCTURE analysis [96] and displayed as the average
over the 15 runs obtained from CLUMPAK [100]. In the major mode, (a) eight of the 15 runs were
summarized and an additional minor mode (b) of seven runs was obtained. The average logarithmic
probability of the data for the given mode and the average similarity of the runs summarized is
also given.

4. Discussion

Norway spruce is still one of the economically most important tree species for forestry in Europe,
but the species’ range is assumed to decline due to the predicted climate change [103]. Forestry in
Germany also heavily relies on Norway spruce [7], but the projected future area will be more limited
to the low mountain ranges [104]. Thus, the sampled locations represent important regions of today’s
and future spruce stands, also in terms of genetic variation of this species.

4.1. Autochthonous and Allochthonous Stands

Human impact strongly altered the composition of forests in Central Europe, especially in
Germany [105,106], and may have had a strong impact on the neutral and adaptive genetic
variation [107,108]. In Norway spruce, translocation and planting of non-local material started in the
18th century throughout Europe, also with the organised expansion of its natural range. In general,
anthropogenic gene flow through extensive translocation of reproductive material had major effects on
the genetic diversity of forest trees [8]. Hence, it is always difficult to identify autochthonous stands.
In our study, we identified stands as autochthonous if there was no indication of stand establishment
by artificial regeneration.

For example, in the population, “Schlossbergfichte”, the autochthonous character is concluded
from its stand age, where the oldest trees are now up to 285 years old [44] and can therefore be
considered relatively uninfluenced by the increasing forest practice and seed trading in the 18th
century [8]. In case of the high elevation type stand in the Harz Mountains (estimated age of the
oldest trees between 180 and 300 years [46,109]), reports indicate no utilisation and plantation near
the tree line at Mount Brocken [35]. For the other high elevation type stands in Thuringia and Saxony,
their age structure and management plans indicate their autochthonous character. Indications of the
allochthonous origin of low elevation types are the even aged stand structure and the visibility of
planting rows. With a complete inventory of stands, we also tried to minimise random sampling effects.

4.2. Phenotypic Differentiation

Our comparison of stand pairs of potentially autochthonous and allochthonous spruce stands,
respectively, showed a high phenotypic differentiation between stands of autochthonous and
allochthonous origin. The phenotypic differentiation can be interpreted as an adaptational mechanism
that is genetically controlled, but not reflected by the supposedly neutral markers used in this study.
The differentiation was revealed by both the high PST values (>0.9) and the stand separation in the
DAPC analysis, with further confirmation by the significant MANOVA results. Comparison between
the estimated PST and FST values at neutral loci can point to the natural selection of the phenotypical
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differences. As in the present case, with PST >> FST, directional selection is likely involved in the
divergence at the trait level between different populations [6]. Also, comparing standardized G”ST

to PST, this observation holds true. While the discussion on which measure to use is extensive
(e.g., [87,110,111]), it is, in the reported case, likely irrelevant which particular measure of genetic
differentiation is used, because either of them was much less than PST. In addition, as our estimated
PST values remained high (>0.85) within the complete range of the c/h2 ratios examined, and PST >>
FST or G”ST holds, the draw conclusions can be considered as very robust [62].

Morphological differences could also be due to phenotypic plasticity and epigenetic modifications.
For instance, Gruber [5] assumed that the low elevation phenotype has a relative high plasticity and
could resemble the high elevation phenotype under certain conditions. For example, tree allometry
and subsequent change in tree morphology can arise from environmental factors, such as competition,
density, and light availability. In Norway spruce, the length of the living crown, the length of the
branches, and the crown width decreases, for example, with increasing stand density [112,113]. In this
study, both the allochthonous stands and the autochthonous stands are dense, grow under uniform
environmental conditions, and similar silvicultural treatments were applied. In addition, allochthonous
Norway spruce stands were planted with about 10,000 plants/ha, and after decades, the allochthonous
stands putatively adapted to low altitude conditions, especially in Thuringia and the Harz Mountains,
still show a strong phenotypic differentiation from the natural high elevation type stands.

The expected lower frequencies or absence of crown damage in narrow crowned trees were
confirmed in the Thuringian and Saxony stands, but not in the high elevation type stand of the Harz
Mountains. This stand is located just below the natural tree-line at Mount Brocken with around
1100 m a.s.l. [114] and subjected to the highest average wind speeds and the most average snow
cover days in this study, which may explain that even the narrow-crowned trees may not completely
withstand these harsh conditions. Concordantly, under extreme high elevation site conditions in a
Swiss provenance trial, a bushy growth was observed both in high and low elevation provenances.
However, high elevation provenances still showed a better growth and less damage than low elevation
provenances [20], indicating different local adaptations.

Hence, our results support the assumption that Norway spruce trees of natural origin in high
elevation type stands have morphologically adapted to extreme weather conditions by alteration of
crown architecture [12,13,115]. Moreover, these results are in agreement with the hypothesis that
crown morphology is at least partially genetically controlled [12], as all stands or stand pairs were
subjected to similar events of snow and wind (Table 1), but still showed considerable phenotypical
differences. They cannot be explained only by epigenetics because provenances adapted to low
altitudinal conditions maintained their lowland crown characteristics after plantation in the high
elevation environment. In stands with both high and low elevation types, trees with different crown
types were randomly distributed, suggesting that micro-environmental differences within the stand
have a minor effect on crown architecture. In addition, provenance trials indicated genetic differences
in frost resistance and different local adaptations of low and high elevation provenances. For example,
several provenance trials showed genetic differences in growth and frost tolerance between high and
low elevation provenances [19,20].

Environmental association studies revealed correlations of growth and frost tolerance traits and
of environmental variables with genetic variation. For example, isoenzyme variation was correlated
with latitudinal and elevation transects and with potentially adaptive traits (seed traits, growth,
and bud burst) [116,117]. Also, SNPs in candidate genes were associated with bud set and growth
cessation [118] and with environmental variables along altitudinal transects [31]. Furthermore, drought
resistance [119] and susceptibility to fungal infection [120] are associated with certain SNPs.

4.3. Genetic Variation and Differentiation

Regarding levels of genetic variation in neighbouring low and high elevation type stands,
we could not detect any differences in allelic richness or diversity. Such differences in diversity
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between natural and allochthonous stands were suggested by Gömöry [37] and Finkeldey and
Ziehe [107]. Whereas, no consistent relationship of altitude and diversity between studies are reported.
Comparing stands of Norway spruce growing in low elevations with high altitude stands, higher
diversity was reported for the high-altitude [36,121] or intermediated populations [37], but also no
correlation has been described [32], which is, correspondingly, our observation for neighboring stands
of different origin.

The relatively weak genetic structure and differentiation contrasted with the morphological
differentiation. However, both Harz populations, as well as the “Schlossbergfichte” population, were
slightly differentiated from all other populations.

In general, as the genotyped SSR loci showed no sign of directional selection, these markers likely
reflect neutral genetic variation patterns. It should, however, be noted that the relatively low number
of loci used in our study could be insufficient to detect outliers. Our estimates of FST between the
populations ranged from 0.002 to 0.007 (G”ST = 0.002–0.030) and are comparable to the overall very low
differentiation found for nSSRs on similar or even greater geographical scales, such as for Austrian
(FST = 0.0004–0.0035 [122]), Swedish (FST = 0.000–0.0206 [33]), Italian Alpine (FST = 0.00–0.04 [123]),
and Scandinavian, Baltic, and Russian populations (FST = 0.087 [1]). These results of low differentiation
among stands were mostly attributed to the high gene flow through pollen. Even between populations
from putative different refugial lineages, and thus different gene pools, estimates remain low (FST = 0.12
based on isozymes [124]; FST = 0.0585 based on EST-SSRs [125]).

However, detailed assessment based on the pairwise FST, G”ST, and sPCA showed a differentiation
of the Harz region and the “Schlossbergfichte” population from the other populations, even though
differences were small and accounted for a very small fraction of the overall variation based on the
AMOVA results. From the perspective of recolonization history, the regions in focus should belong to
the same lineage from the Carpathian refugium, covering both the Harz and the Bohemian Massif [30].
Nevertheless, a more recent recolonization of the Harz Mountains than for the Bohemian Massif is
presumed from pollen records [24]. This could suggest a still noticeable founder effect in the Harz
typical for the found pattern. Historically, the Harz Mountains were a centre of forest reproductive
material export [8]. Plantations within the region are more likely to be of local origin, and thus may
have retained the broad spatial structure and the genetic similarity at neutral markers between LE and
HE stands. In the mode (K = 2) of the Bayesian clustering analysis supported by delta K, we found one
cluster to be comprised of the Harz stands and the second cluster comprising all stands from Saxony
and Thuringia. These results are in agreement with a local origin of reproductive material in the low
elevation stand in the Harz Mountains. The differentiation between the Harz and the other regions
may also be attributable to their geographic isolation. A similar geographic pattern was also observed
for Austrian high elevation populations [122,126] and is expected for more geographically scattered
populations [125].

Genetic seperation of alpine/mountainous and lowland ecotypes growing in low and highland
environments were recently reported in Czech populations [127]. Similarly, autochthonous
mountainous spruce stands and allochthonous stands in the Vosges Mountains were distinguishable
based on RAPD markers [128]. Such differentiation was not detected in our study. For the STRUCTURE
output, choosing K based on delta K frequently leads to the result of K = 2 and further methods have
to be considered [129] as presented in Figure S9. Based on these, a high number of K could not be
ruled out, especially K = 5, 8 or even 11. Considering these modes with higher cluster numbers,
a slight indication of separate ancient gene pools may be given by the admixture proportion of
autochthonous populations.

Clear differentiation was, nonetheless, found between the relict population, “Schlossbergfichte”,
and all other populations. This population is comprised of more than 280-year-old and younger adult
trees (approximately 180), which originated from natural regeneration. As seed dispersal in spruce
is limited compared to pollen dispersal [130], at least the maternal part is retained within the stand.
Thus, the initial genetic composition of the typical Thuringian Forest high elevation provenance may
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have been retained in this remnant population through the oldest trees, and a temporal isolation
effect could be the reason for the identified small genetic divergence to the other stands. The genetic
divergence of the relict population was also reflected in the migration network, as the rates towards
the “Schlossbergfichte” population were, overall, lower than between other stands, and only higher
migration from this stand towards the HE_Thy population was found.

While we found a genetic separation of the “Schlossbergfichte” population with clear high
elevation phenotypes from all other stands, other high elevation type stands were not differentiated
from low elevation types stands, suggesting high rates of gene flow between HE and LE stands. Further,
high and low elevation type stands in the Saxony and Thuringia regions were not distinguishable, and
at least an origin of the allochthonous stand from within these regions can be assumed. Even though
no significant directional migration was found, a strong influence of pollen mediated gene flow from
the majority of allochthonous stands to the natural stands can be assumed. Over generations, this
process can lead to lower genetic differentiation in general and specifically to a dilution of adaptive
genetic variation.

Hence, we suggest that the partially unsuited morphological characteristics in the younger
autochthonous stands reflect the influence of gene flow from introduced plant material. In our study,
the oldest stand, SBF_Thy, showed pure high elevation ecotypes, whereas the younger autochthonous
HE stands showed higher morphological variability with a mixture of intermediate, sometimes
even low, and high elevation ecotypes. Thus, our results are related to the stand age and history.
The older the stands, the smaller the anthropogenic influence should be [8,33], especially in terms
of translocation of material and subsequent gene flow altering the frequency of genes coding for
the high elevation morphological characteristics between allochthonous and autochthonous stands.
Accordingly, the trees older than 250 years in the “Schlossbergfichte” stand should represent the
original genepool of the local ecotype.

5. Conclusions

(1) High phenotypic variation contrasting with low genetic variation measured by the nSSR
markers likely reflects different local adaptations. The autochthonous high elevation type stands are
locally adapted in their crown architecture to the mountainous environment, whereas the allochthonous
stands are adapted to their lowland origin prior to plantation of the material. The occurrence of high
elevation and low elevation crown types in neighbouring stands, and the random distribution of trees
with different crown types in mixed stands suggested that crown architecture is under strong genetic
control. Common garden experiments are needed to derive heritability estimates for this trait.

(2) High and low elevation type stands were not differentiated at neutral markers. Candidate gene
approaches or genome scans are needed to reveal adaptive genes associated with crown architecture.

(3) A weak geographic structure was detected based on the nSSR markers. However, the Harz
region and the relict population showed a weak, but significant, differentiation from the remaining
stands. Gene flow by pollen and seeds likely resulted in decreased phenotypic differentiation in
younger autochthonous stands, while all trees in the relict population, “Schlossbergfichte”, were
characterized by typical high elevation crown types.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9/12/752/s1,
Table S1: Concentration (ci) of each forward and reverse primer in the multiplex reactions and single-plex, Table S2:
Relative frequencies of assessed morphological traits in each stand corresponding, Table S3: Hierarchical AMOVA
based on the regional and population membership of the individuals, Table S4: Paiwise FST values between
population pairs with corresponding p-values, Table S5: Pairwise G”ST values between population pairs; Figure S1.
Overview map (a) and map sections of the stand locations. Harz region (b) with the northern high elevation (HE)
and southern low elevation (LE) stand. Thuringian forest (c) with the northern relict stand “Schlossbergfichte”,
the southern LE stand and the more eastern HE stands. Ore mountains in Saxony (d) with the western HE stand
and eastern LE stand. Longitudinal and latitudinal coordinates are given on the corresponding sides of each map.
Maps generated with QGIS 2.18.15 [131] using geodata from www.openstreetmaps.org [132], Figure S2: Schematic
presentation of the three main crown architectural types. From left to right, lowland combe type, intermediate
brush type and narrow high elevation plate type. Top secondary branching pattern as cross-sectional view and
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bottom in side view (Figures modified and reproduced with permission from J.D. Sauerländer’s Verlag; Gruber,
Allg. Forst-u. J.-Ztg, 160, published by J.D. Sauerländer’s Verlag, 1989 [5]), Figure S3: Relationship of phenotypic
divergence in a trait across populations (PST) [60–62] over the ratio of the total variance explained by additive
genetic effects across populations and the narrow sense heritability (c/h2), Figure S4: Corresponding p-value of
the log likelihood ratio test on the deviation from HWE of each locus genotyped in each population sampled. Test
statistic is based on either full enumeration or Monte Carlo sampling on the count tables depended on the number
of tables to be observe (for details see [67,68]), Figure S5: Estimation of the null allele frequency at each locus in each
population separately. Average of maximum likelihood estimation expectation maximisation [71] in genepop [72]
and ML estimation in ML-Nullfreq [73]. Dashed line indicating the estimated 5% frequency, as it can be seen as a
threshold value for reporting null alleles [74], Figure S6: Heatmaps displaying the standardizes index of association
rd [69] for pairwise loci comparison for each stand separately. Low values are indicated in white, whereas higher
values are indicated with increasing grey shades, Figure S7: Detection of outlier loci in LOSITAN [82] exploring
the relationship between FST and He among populations by permutations. Black dashed lines indicate the upper
95% confidence limit, also highlighted by fine red hatching. Black dotted lines indicate the lower 95% confidence
limit, highlighted by rougher yellow hatching, Figure S8: Directional relative migration network [85] based
on GST [86] of potential allochthones and autochthones populations. The relative positions of the populations
indicate relatedness from the perspective of hypothetical gene flow. Numbers and arrows indicate the direction
and extent of gene flow (also underlined by arrow shading/thickness), Figure S9: Detection of the number of
clusters K according to (a) DeltaK [101], the (b) log-likelihood probability of K (L(K)) and the corresponding (c)
first and (d) second order change of L(K) [96] calculated in STRUCTURE HARVESTER [102], Figure S10: Major
modes of cluster results from K 2 to 12 of STRUCTURE [96] analysis summarised in CLUMPAK [90]. For each
K the major mode is given indication the number of runs and der mean similarity of the summarisation output
as well as the mean ln probability of the mode. Individuals ordered by population membership as indicated at
the bottom.
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Table S1: Concentration (ci) of each forward and reverse primer in the multiplex reactions and single-plex. 

Singleplex Multiplex 1 Multiplex 2 Multiplex 3 Multiplex 4 

SSR 
ci 

(μM/μl) 
SSR 

ci 

(μM/μl) 
SSR 

ci 

(μM/μl) 
SSR 

ci 

(μM/μl) 
SSR 

ci 

(μM/μl) 

PaGB8 3.57 WS00111.K13 3.57 SpAGC1 2.14 EATC1E03 1.25 SpAGG2 1.79 
  EATC1D2 2.14 EATC2G05 2.14 SpAG2 1.79 WS00016.O09 3.57 
    EATC1B2 1.07 SpAC1F07 3.57 PaGB3 1.07 

 

 

Table S2: Relative frequencies of assessed morphological traits in each stand corresponding to the Figure 1 

in the main paper. Stand abbreviation: LE: Low elevation type; HE: High elevation type; SBF: relict stand 

“Schlossbergfichte”; S: Ore Mountains (Saxony); Thy: Thuringia; H: Harz Mountains. 

   HE_H LE_H HE_S LE_S SBF_Thy HE_Thy LE_Thy 

crown shape 

narrow 0.374 0.005 0.565 0.030 1.000 0.545 0.000 

intermediate 0.626 0.315 0.375 0.730 0.000 0.455 0.035 

broad 0.000 0.680 0.060 0.240 0.000 0.000 0.965 

branching anle 

downwards 0.865 0.025 0.655 0.065 1.000 0.555 0.000 

intermediate 0.135 0.430 0.345 0.660 0.000 0.445 0.175 

upwards 0.000 0.545 0.000 0.275 0.000 0.000 0.825 

branching pattern 

plate 0.730 0.000 0.365 0.025 1.000 0.545 0.000 

intermediate 0.207 0.400 0.625 0.485 0.000 0.455 0.355 

comb 0.063 0.600 0.010 0.490 0.000 0.000 0.645 

crown damage 
no 0.000 0.060 0.915 0.955 1.000 1.000 0.000 

yes 1.000 0.940 0.085 0.045 0.000 0.000 1.000 

forking 
no 0.000 0.665 0.960 0.970 1.000 1.000 0.460 

yes 1.000 0.335 0.040 0.030 0.000 0.000 0.540 

All values are rounded to three decimals. 
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Table S3: Hierarchical AMOVA based on the regional and population membership of the individuals.  

Significance of the (co-) variance components based on 5000 permutations, both calculated in Arlequin 

3.5.2.2 [76]. 

 

Table S4: Pairwise FST values between population pairs (bolt) with corresponding p-values from 10000 

permutations in GenAlEx 6.5 [77]. 

  HE_H HE_S HE_Thy LE_H LE_S LE_Thy 

HE_S 0.004           

 0.000      
HE_Thy 0.004 0.003     

 0.000 0.000     
LE_H 0.002 0.004 0.004    

 0.153 0.000 0.000    
LE_S 0.003 0.002 0.003 0.004   

 0.000 0.000 0.000 0.000   
LE_Thy 0.003 0.002 0.003 0.004 0.002  

 0.000 0.003 0.000 0.000 0.059  
SBF_Thy 0.006 0.005 0.003 0.007 0.005 0.004 

 0.000 0.001 0.028 0.000 0.000 0.001 

 

 

Table S5: Pairwise G’’ST values between population pairs in GenAlEx 6.5 [77]. 

  HE_H HE_S HE_Thy LE_H LE_S LE_Thy 

HE_S 0.024      
HE_Thy 0.021 0.009     

LE_H 0.002 0.022 0.022    
LE_S 0.011 0.008 0.010 0.016   

LE_Thy 0.016 0.007 0.009 0.022 0.003  
SBF_Thy 0.026 0.016 0.008 0.030 0.017 0.014 

p-values are identical to Table S4 and therefore not given. 

  

Source of variation d.f. 
Sum of 

squares 

Variance 

component 

Percentage 

variation 
P-value 

Among regions 2 30.1 0.00945 0.24 0.05833 

Among populations within 

regions 
4 26.5 0.00642 0.16 <0.0002 

Among individuals within 

populations 
1290 5618.7 0.37536 9.39 <0.0002 

Within individuals 1297 4675.5 3.60486 90.21 <0.0002 

Total 2593 10350.7 3.99608    
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Figure S1 a-d: Overview map (a) and map sections of the stand locations. Harz region (b) with the 

northern high elevation (HE) and southern low elevation (LE) stand. Thuringian forest (c) with the 

northern relict stand “Schlossbergfichte”, the southern LE stand and the more eastern HE stands.  Ore 

mountains in Saxony (d) with the western HE stand and eastern LE stand. Longitudinal and latitudinal 

coordinates are given on the corresponding sides of each map. Maps generated with QGIS 2.18.15 [132] 

using geodata from www.openstreetmaps.org[133].  

59



Chapter I - Supplementary Materials

 
 

 

 

Figure S2: Schematic presentation of the three main crown architectural types. From left to right, lowland 

combe type, intermediate brush type and narrow high elevation plate type. Top secondary branching 

pattern as cross-sectional view and bottom in side view (Figures modified and reproduced with 

permission from J. D. Sauerländer's Verlag; Gruber, Allg. Forst- u. J.-Ztg,160, published by J. D. 

Sauerländer's Verlag, 1989 [5]). 

 

 

Figure S3: Relationship of phenotypic divergence in a trait across populations (PST) [60-62] over the ratio of 

the total variance explained by additive genetic effects across populations and the narrow sense 

heritability (c/h2)     
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Figure S4: Corresponding p- value of the log likelihood ratio test on the deviation from HWE of 

each locus genotyped in each population sampled. Test statistic is based on either full 

enumeration or Monte Carlo sampling on the count tables depended on the number of tables to 

be observe (for details see [67,68]). 

Figure S5: Estimation of the null allele frequency at each locus in each population separately. Average of 

maximum likelihood estimation expectation maximisation [71] in genepop [72] and ML estimation in ML-

Nullfreq [73]. Dashed line indicating the estimated 5% frequency, as it can be seen as a threshold value for 

reporting null alleles [74].  
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Figure S6: Heatmaps displaying the standardizes index of association �̅�𝑑 [69] for pairwise loci comparison 

for each stand separately. Low values are indicated in white, whereas higher values are indicated with 

increasing grey shades. Stand abbreviation: LE: Low elevation type; HE: High elevation type; SBF: relict 

stand “Schlossbergfichte”; S: Ore Mountains (Saxony); Thy: Thuringia; H: Harz Mountains.  

Figure S7: Detection of outlier loci in LOSITAN [82] exploring the relationship between FST and He among 

populations by permutations. Black dashed lines indicate the upper 95% confidence limit, also highlighted 

by fine red hatching. Black dotted lines indicate the lower 95% confidence limit, highlighted by rougher 

yellow hatching.  

62



Chapter I - Supplementary Materials

 
 

Figure S8: Directional relative migration network [85] based on GST [86] of potential allochthones and 

autochthones populations. The relative positions of the populations indicate relatedness from the 

perspective of hypothetical gene flow. Numbers and arrows indicate the direction and extent of gene flow 

(also underlined by arrow shading/thickness). Stand abbreviations: LE: Low elevation type; HE: High 

elevation type; SBF: relict stand “Schlossbergfichte”; S: Ore Mountains (Saxony); Thy: Thuringia; H: Harz 

Mountains.   
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Figure S9 (a-d): Detection of the number of clusters K according to a) DeltaK [101], the b) log-likelihood 

probability of K (L(K)) and the corresponding c) first and d) second order change of L(K) [96] calculated in 

STRUCTURE HARVESTER [102].  
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Figure S10: Major modes of cluster results from K 2 to 12 of STRUCTURE [96] analysis summarised in 

CLUMPAK [100]. For each K the major mode is given indication the number of runs and der mean 

similarity of the summarisation output as well as the mean ln probability of the mode. Individuals ordered 

by population membership as indicated at the bottom.  
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Abstract
Trees growing at high altitude or latitude have to be adapted, among others, to the lower temperatures, a shorter vegetation period,
heavier snow load, and frost desiccation. Association between molecular genetic markers and climatic variables may provide
evidence for the genetic control of climatic adaptation. With increasing genomic resources, several genes with importance to
climatic adaptation are identified over a wide range of tree species. Commonly, circadian clock genes are linked to the adaptation
to lower temperatures and especially to a shortened vegetation period, as they are regulating metabolic and phenological
processes in the day–night shift and seasonal change. Potentially adaptive “candidate” genes associated with latitudinal and
elevational gradients were identified in several Picea spp. Before molecular markers became available to study climatic adap-
tation and phenotypic traits measured in natural populations, and/or common garden studies were used to search for their
association with climate variables. In Norway spruce, the crown architecture is the most noticeable trait associated with altitude
and the related environment. The mountainous narrow-crowned morphotype is characterized by superior resistance to snow
breakage in regions with heavy snowfall. In total, the crown shape was assessed in 765 individual trees frommountainous regions
in the Thuringian Forest, the Ore Mountains (Saxony), and Harz Mountains (Lower-Saxony/Saxony-Anhalt), and they were
genotyped at 44 single nucleotide polymorphisms (SNPs) in 24 adaptive trait-related candidate genes. Six SNPs in three genes,
APETALA 2-like 3 (AP2L3), GIGANTEA (GI), and mitochondrial transcription termination factor (mTERF) were associated
with variation in crown shape. GI has previously been identified in angiosperms and gymnosperms to be associated with
temperature and growth cessation. Our results showed that crown morphology in Norway spruce is associated with genetic
markers which are putatively involved in the complex process of genetic adaptation to climatic conditions at high altitudes.
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Introduction

Climatic adaptation is a key component in the evolution of
temperate and boreal conifers (Skrøppa and Johnsen 2000).
This is especially true for Norway spruce (Picea abies
[KARST.] L.), with a wide latitudinal and longitudinal distribu-
tion range, as well as inhabiting different altitudinal levels.
Hence, individuals of this species are able to grow and repro-
duce under a variety of ambient conditions. Provenance trials
showed that offspring from autochthonous parents growing
under harsh conditions (drought, early frost, snow, etc.) often
showed better performance than those originating from re-
gions with milder climate (Hannerz and Westin 2005;
Liesebach et al. 2010; Kapeller et al. 2012; George et al.
2019). In areas characterized by low temperatures and a short
vegetation period, such as high altitudes and latitudes, plants
have to adapt by adjusting their growth cycle, freezing toler-
ance, and frost-drought resistance (Beck et al. 2004; Howe
et al. 2004). Their growth performance will nonetheless be
reduced compared with provenances from slightly milder cli-
mates (Kalela 1937; Liesebach et al. 2010), which may be
explained by different allocation patterns, especially to the
belowground biomass (Oleksyn et al. 1998; Modrzyński and
Eriksson 2002; Hertel and Schöling 2011), and a trade-off
between growth in the shorter vegetation period and earlier
growth cessation/hardening to avoid freezing damage (Howe
et al. 2004). The resistance to the breakage hazard by snow
and wind is mainly attributed to the narrow crown shape
(Nykänen et al. 1997) observed in provenances from high
altitudes or other snow-rich regions (Schmidt-Vogt 1977;
Gruber 1993; König 2002; Geburek et al. 2008; Liesebach
et al. 2010). This trait is believed to be highly genetically
controlled (Sylvén 1909; Kiellander 1962; Gruber 1993).
Recently, dependency between the provenance and crown
slenderness could be shown in a half-sib field trial (Apostol
and Budeanu 2019). Also, the low phenotypic plasticity and
stable expression of (planted) broad-crowned phenotypes in
some stands heavily damaged by snow/wind breakage are
further indications of genetic control and heritability of this
trait. Underlying genetic differences in crown shape are espe-
cially evident as damaged stands can be found next to the
undamaged stands with autochthonous narrow-crowned
high-elevation morphotypes (Caré et al. 2018).

High-elevation or northern provenances are also known to
have earlier growth cessation and often also earlier leaf flush-
ing (Modrzyński and Eriksson 2002; Chmura 2006) compared
with low-elevation or southern provenances grown under sim-
ilar conditions, a common pattern observed in central Europe
also for other tree species (Howe et al. 2004; Vitasse et al.
2009). As a consequence of these different seasonal growing
patterns, northern or high-altitude provenances are prone to
late frost events in provenance trials or when moved south-
wards (Johnsen and Apeland 1988; Hannerz 1994; Hannerz

and Westin 2005), an observation also reported for Pinus
contorta (DOUGL. EX LOUD.) (Montwé et al. 2018). The frost
hardiness is also built up earlier in the year and to a higher
degree (Qamaruddin et al. 1993; Gömöry et al. 2010; Kathke
and Bruelheide 2011). Furthermore, high-altitude prove-
nances are more drought resistant than some low-elevation
provenances, related to the occurrence of frost and drought-
induced desiccation (Modrzyński and Eriksson 2002; Mayr
et al. 2002). In addition, seedlings from high-altitude prove-
nances are more susceptible to heat stress but may be more
adapted to oxidative stress (Polle and Rennenberg 1992; Valcu
et al. 2008). Crown shape and the other mentioned traits dem-
onstrated clinal variation along climatic gradients in several
studies (e.g., Schmidt-Vogt 1977; Chmura 2006; Geburek
et al. 2008; Gömöry et al. 2010), which is an indication that
these traits are important for the adaptation to climatic condi-
tions (Savolainen et al. 2013).

While clinal variation is a general pattern in plants
(Halbritter et al. 2018), the first correlation between molecular
genetic markers and climatic gradients in Norway spruce had
been reported in the 1970s for isoenzymes (Bergmann 1978;
Lundkvist 1979). Nowadays, the markers of choice have
changed and also the statistical methods have improved, but
the methodological approach is similar. Moreover, several
candidate genes mainly involved in the control of phenologi-
cal processes, cold adaptation, and growth have been identi-
fied (e.g., Chen et al. 2012, 2016; Scalfi et al. 2014; Di Pierro
et al. 2016, 2017). For the first time, we used morphological
crown characteristics observed in natural populations of
Norway spruce in an association study with such candidate
genes for climatic adaptation. With trees growing under sim-
ilar climatic conditions, genetic divergence is related to the
presumed origin of the material, namely planted lowland and
autochthonous high-elevation provenances. We will present
association with crown shape traits and differentiation of
markers in genes, among others, involved in the circadian
clock, stress response, and cold adaptation.

In this study, we tested the following hypotheses: (1) SNPs
in candidate genes with known association to climatic clines
are also associated with crown shape; (2) SNP variation in
candidate genes is similar for crown shape morphotypes
across regions indicating general trends for altitudinal adapta-
tion; (3) putative gene functions of identified significant SNPs
are related to local adaptation to high altitudes.

Materials and methods

Plant material

In total, 765 individual Norway spruce trees from seven stands
were genotyped at 44 SNPs. The sampled stands are pure
Norway spruce, aged between 90 to 300 years and located at
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altitudes from 770 to 1060 m above sea level (a.s.l.) in the low
mountain range of the Thuringian Forest, the Ore Mountains
(Saxony), and the Harz Mountains (Lower-Saxony/Saxony-
Anhalt) (Fig. S1). In each region, neighboring pairs of high-
elevation (HE) type stands with narrow-crowned trees and
low-elevation (LE) type stands with broad-crowned trees were
selected based on recommendations of the local forest admin-
istration and sampled from June to August 2016. The charac-
terization as HE- or LE-type stand is strictly based on the
phenotype and the presumed origin of the stands. This pre-
sumed stand origin differs, as the HE stands were considered
autochthonous based on their old age (Jetschke 2019;
Wilhelm 1990; Wegener and Kison 2002; Meyer et al. 2017)
with subsequent low impact of plant material translocation
(Jansen et al. 2017), historic reports on low utilization in spe-
cific stands (Greger 1992), and documentation in the manage-
ment plans. In contrast, the LE stands are likely of allochtho-
nous origin based on their younger age and their overall crown
shape as well as the uniform stand and age structure, with
visible planting rows in the field. Original documentation of
the origin of the planting material was lost over the decades. In
the Thuringian Forest, an additional stand was sampled. The
so-called Schlossbergfichte is a relict population of typical
high-elevation-type narrow-crowned spruce trees. All stands
are growing under comparable climatic conditions at high
altitudes of the respective mountain ranges. The following
averaged mean multiannual (AMMA) values for specific
climate variables were calculated as the mean over all
stands based on long-term measurements interpolated
and provided by the German Weather Service (DWD).
Stands are characterized by an AMMA air temperature
of 5.2 °C, length of vegetation period of 185.8 days,
number of snow cover days of 128.7 days, wind speed
at 20 m a.s.l. of 56.4 m/s, and annual precipitation of
1399.9 mm (ESM 2 Table S2) (Caré et al. 2018).

From the available 200 samples per site that were collected
from all upper layer trees until the projected sample size was
obtained (for details see Caré et al. 2018), a random subset of
115 trees per site was used for SNP genotyping. For the relict
population Schlossbergfichte, all 75 samples were genotyped.

Phenotypic assessment

The phenotypic variability of spruce crown architecture in
natural populations originating from different altitudes has
been extensively investigated in previous studies. Crown
structure and branching pattern vary continuously in natural
populations of different origins without clearly defined bound-
aries. Nevertheless, comparing different provenances, the
crowns of lowland spruces are of broad appearance with
comb-like branching, and mountainous spruces have a more
narrow and slimmer crown and plate-like branching
(Priehäusser 1958; Schmidt-Vogt 1977, 1979; Gruber 1989,

1993; Geburek et al. 2008). Visual assessment of the crown
architecture in the analyzed stands was performed during the
sampling of needle material. Each tree was characterized for
its branching pattern of second-order branches, the angle of
the first-order branches relative to the stem, and the overall
structural appearance of the whole crown. We subdivided the
range of possible trait expressions into three categories: the
high-elevation mountainous Norway spruce phenotype, an in-
termediate type, and the lowland phenotype (for details see
Caré et al. 2018). The subdivision into classes and usage of 3
classes on a continuous trait were done to minimize scoring
errors due to complex trait expression that may also be par-
tially influenced by individual growth dynamics and develop-
ment. The class for mountainous type (narrow-crowned, plate-
like branching) or lowland type (broad-crowned, comb-like
branching) was only assigned to those trees, which clearly
showed these traits. All others are scored as intermediate type.

SNP selection and genotyping

Based on a study by Heer et al. (2016) in the Bavarian
National Forest, we selected SNPs in candidate genes that
are supposedly involved in phenological adaptation (Chen
et al. 2016), the photoperiod pathway (Chen et al.
2010; Heuertz et al. 2006; Källman et al. 2014), local adapta-
tion for latitudinal environmental change (Chen et al. 2012),
and stress response (Ganthaler et al. 2017). Putative protein
function was assessed by the best BLAST-hit (Altschul et al.
1997) of the coding sequences (congenie.org) against the
Arabidopsis genome (atgenie.org) (Sundell et al. 2015).
Further details on the analyzed SNPs can be found in
Supplementary Materials 1.

Approximately 50 mg of fresh needle tissue from each
individual tree was used for extraction of total DNA. The
needles were cut into small pieces, then frozen in liquid nitro-
gen prior to grounding in a MM300 ball mill (Retsch, Haan,
Germany) for 2 min at 30 Hz. DNAwas then extracted using
the DNeasy 96 Plant Kit (Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s protocol including the addition of
5 ml of 26% PVP (polyvinylpyrrolidone) solution to the
90.5 ml lysis buffer to mitigate a high content of polyphenolic
compounds. DNA concentration and quality were measured
using a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Madison, SD, USA). Samples selected
for genotyping had an OD260 to OD280 ratio of at least 1.7
and were diluted to roughly 8 ng/μl. Approximately 16 ng
of dried DNA per sample was then sent to Agena
Bioscience (Hamburg, Germany) for genotyping on the
MassARRAY® system. SNP calling was also done by
Agena Bioscience GmbH with SpectroACQUIRE
v4.3.145, MassARRAY Caller v3.5.4 and MassARRAY
Typer (Analyzer) 4.0.163. SNPs that were monomorphic,
failed to amplify, and with unreliable allele calling were
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discarded, resulting in 44 polymorphic and reliable SNPs
in 24 genes used for the further analysis.

Statistical analysis

We used several statistical approaches to detect SNPs puta-
tively involved in the adaptation to high-elevation site condi-
tions. Two implementations of a generalized linear model
(GLM), an FST-outlier test, and a differentiation-based method
were used to study association of the SNP loci with the three
phenotypic groups of narrow, intermediate, and broad-
crowned trees. These groups were treated as grouping factors
in differentiation-based and outlier approaches or as fixed ef-
fect in linear modelling. All methods were run with the pooled
data as well as the regional subsets, including both the HE and
LE stands. Data analysis, validation, and visualization were
mainly performed in R 3.5.1 (R Core Team 2018), if not stated
otherwise. Genes with SNPs showing false discovery rate
(FDR)-adjusted significant q values or nominal p values
across different methods were considered as either putative
important adaptive genes or genes tightly linked to such adap-
tive loci.

The FST-outlier method implemented in LOSITAN 1.6
(Antao et al. 2008) was run by estimating the expected neutral
FST based on supposedly selectively neutral random non-
coding genomic simple sequence repeats (gSSR) (Caré et al.
2018), using the stepwise mutation model with 50,000 repli-
cations and samples arranged into three groups according to
three crown shape categories, respectively. A GLM was fitted
in TASSEL 5.0 (Bradbury et al. 2007) with the SNPs being
response variables, the crown phenotype the fixed effect, and
a Q-matrix as covariate. The Q-matrix is used to account for
population structure, as neglecting a present structure may
lead to increase in type I and/or II error rates (Xu and Shete
2005; Excoffier et al. 2009) and lower model quality (Cappa
et al. 2013). The Q-matrixes were derived from the
STRUCTURE 2.3.4. (Pritchard et al. 2000) analysis based
on the neutral SSR markers that inferred two (K = 2) clusters
(Caré et al. 2018). Structure results based on SSR markers
displayed as admixture coefficients to the two clusters are
shown in Fig. S2. In addition, to study the effect of the covar-
iate on the results, two Q-matrices were used in the GLM,with
one representing random admixture proportions to three clus-
ters (1) and the other the three distinct regional clusters (2).
The GLM implemented in the R-package “SNPassoc” 1.9-2
(González et al. 2007) was run by using all possible contrasts
between the genotypes as follows, with naming of the models
in brackets according to the package’s documentation. The
model evaluates all three SNP genotypes against each other
(1, codominant model), one homozygote against both the het-
erozygote and the alternative homozygote (2, dominant; and
3, recessive model), both homozygotes against the heterozy-
gote (4, overdominance model), and the genotypes ordered

based on their frequencies (5, log-additive model). The best
model selection has been based on Akaike information crite-
rion (AIC) (Akaike 1998), where in unclear cases, the model
with the lowest p value was used further. As this only occurred
for SNPs where the p values of all corresponding fittedmodels
were considerably greater than the significance threshold, no
false positive occurred. Further, no change in terms of number
and identity of the identified significant SNPs by the FDR-
adjustment occurred. To detect signatures of selection, we also
assessed the complementary compositional differentiation δSD
(Gregorius and Roberds 1986) between the crown shape
groups separately at each locus. This approach can be applied
to the detection of selection (Gillet et al. 2016). Calculations
were run in DifferInt (Gillet 2013), giving each group equal
weights, and significance was tested by 10,000 permutations.

The multiple testing problemwhen deciding whether or not
to reject the null hypothesis in genome-wide association stud-
ies was addressed by using FDR adjustment (Storey 2002;
Storey and Tibshirani 2003). Based on the p value distribution
of eachmethod and dataset, the q values were calculated in the
R-package “qvalue 2.10.1” (Storey et al. 2017). The FDR
cutoff level indicating significant q values was set to q ≤ 0.05.

To determine the occurrence and extent of linkage disequi-
librium (LD) between SNPs, the standardized index of asso-
ciation (Agapow and Burt 2001) was computed with the R-
package “poppr” 2.8.1 (Kamvar et al. 2014). Significance of
the LD values in each group was then evaluated by 10,000
permutations.

Results

Overall SNP genotyping was successful with the exception of
10 samples which failed in the amplification step. Among all
755 trees, the narrow, intermediate, and broad-crowned
shaped trees were represented in relatively similar proportions
of 32.3%, 37.6%, and 30.1%, respectively. Within the Harz
and Saxony regions, most trees had intermediate crown
shapes: 46.8% and 53.9%, respectively. Narrow-crowned
trees in the Harz Mountains (17.3%) and broad-crowned trees
(16.1%) in Saxony were underrepresented. The situation was
different in Thuringia, where both narrow- and broad-
crowned trees were overrepresented with 44.9% and 36.4%,
respectively (Fig. 1).

A summary of the main results for the detected SNPs is
presented in Table 1; the complete results for all SNPs are
shown in Table S2. Additional Figures S1–S8 are presented
in Supplementary Materials 2. Nominal p values of the differ-
entiation δSD are presented in Fig. S3, p values of the GLM
association model for Tassel in Fig. 2, and for SNPassoc in
Fig. S4. Results of FST-outlier analyses are presented in Fig.
S5. The GLM results (p values) for different Q-matrices as
covariate can be found in Figs. S6 and S7.
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Population structure had a minor influence on the detection
of association in both GLM methods. Nevertheless, not ac-
counting for population structure yielded in some cases only
nominal significant results, e.g., MA_605776g0010-849 and
PabiesPRR1-240 in the Saxonian dataset, which were clearly
below α = 0.05 when accounting for the neutral population
structure based on SSR data (Figs. S4 and S7). Consequently,
neutral population structure was considered in all models.

The nominal significant results at p ≤ 0.05 were obtained
for five SNPs (BIF2L2-423, BIF2L2-747, NODE-60-length-
1132-cov, PabiesPRR1-1992, and PabiesPRR1-3828) located
in three genes encoding D6-protein kinase-like 2 (D6PKL2),
one gene with unknown function (UF), and pseudo-response
regulator 1 (PRR1) or synonymous timing of CAB extension
1 (TOC1), respectively (Table 1). Corresponding results are
presented in Supplementary Materials 3.

Overall, six SNPs were significant after FDR correction for
at least one method (Table 1). These SNPs (AP2L3-2313,
AP2L3-2842, APL3-2907, GI6-1089, GI6-1207, and
MA_39589g0010-566) are located in the three genes:
APETALA 2-like (AP2L3), GIGANTEA (GI), and mitochon-
drial transcription termination factor (mTERF). Two non-
synonymous SNPs were found in the GI and mTERF genes.
The results for these highly significant genes are described in
detail in the following sections.

AP2L3

Three SNPs in the MA_2193g0020 gene putatively coding
for an APETALA 2-like protein were found significant after
FDR adjustment by the δSD method (“DifferInt”) in the
Thuringian dataset (Fig. S3, Table 1). Two out of three SNPs
were also found to be nominal significant outliers (Fig. S5,
Table 1). At all of these three SNPs within the Thuringian
datasets, the major homozygote was most abundant in the
group represented by trees with intermediate crown shape

(AP2L3-2319, AP2L3-2842, and AP2L3-2907, with 69.6%,
100%, and 71.4%, respectively) compared with both other
crown shapes (Fig. S7 a–c).

GI

Both softwares, Tassel and SNPassoc, obtained significant
FDR-adjusted q-values for the pooled, as well as the
Thuringian dataset at both SNPs genotyped in the GI gene
MA_19575g0010 using GLM. The highest support in terms
of AIC had the overdominance model of the GLM (Fig. S5),
indicating frequency differences of homozygotes and hetero-
zygotes between the different crown shape groups.
Heterozygous individuals were most abundant in the broad-
crowned group and least frequent among narrow-crowned
trees (Fig. 3 a, b). Nominal significant differentiation was also
found by the δSD method for the Thuringian dataset (Fig. S3,
Table 1). The SNP GI6-1089 was non-synonymous causing
replacement of the polar, hydrophile asparagine (N) amino
acid by the less polar, indifferent to hydrophobic threonine
(T) at the protein chain position 657.

mTERF

A SNP in the mTERF gene was significantly associated with
crown shape after FDR adjustment in the Thuringian dataset
based on both GLM analyses. Accordingly, a nominal signif-
icant differentiation was also found by the δSD method for the
Thuringian dataset and additionally for the pooled data
(Table 1). The allele T was close to fixation in all datasets.
The alternative allele C, only occurring as a heterozygote, was
observed in higher proportions in the intermediate and broad-
shaped trees (Fig. S8 p-r). This SNP is non-synonymous caus-
ing replacement of aliphatic, non-polar, hydrophobic isoleu-
cine (I) by the polar and less hydrophobic threonine (T) at
position 189 in the protein sequence.

Discussion

Commonly, association analysis between genetic polymor-
phisms and climate variables either uses recorded/
interpolated climate data of the sites or elevation and latitude
as a proxy for climatic conditions (e.g., Chen et al. 2012;
Scalfi et al. 2014; Di Pierro et al. 2017). Here, it is the
opposite—morphological characteristics of the trees previous-
ly found to be correlated to climatic variables and altitude
(Geburek et al. 2008) were used as a proxy for altitudinal
adaptation. The relationship between crown shape and altitude
and/or occurrence in snow-rich regions is also documented for
Germany (Greger 1992; Gruber 1989; Priehäusser 1958) and
other regions (Schmidt-Vogt 1977; König 2002). The stands
differ in their presumed origin being either locally adapted

Fig. 1 Frequency of crown phenotypes among a all genotyped Norway
spruce trees, and bwithin each region. Individuals with failed genotyping
are excluded
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autochthonous stands or planted lowland provenances, with
crown morphology differing between these presumed
provenances.

Selection drivers in the high elevations are among others the
short vegetation period, lower temperatures, and snow combined
with wind. The autochthonous populations have been subjected
to these conditions over several generations, whereas the alloch-
thonous populations are in the presumed first generations en-
countering these conditions. Different statistical approaches were
used to reliably detect candidate SNPs (see also Chen et al. 2014;
Wen et al. 2017), as single methods rely on specific model as-
sumptions, which may not be realized in the dataset. The

observed genetic differentiation at candidate loci and their asso-
ciation to morphological groups can be interpreted as an effect of
the provenance, as stands with contrasting phenotypes grow un-
der similar climatic conditions in each region. In total, six SNPs
located in three different genes showed significant associations
with crown morphology after FDR correction, which is
discussed in detail in the following sections.

AP2L3

Three genes homologous to the Arabidopsis APETALA2
(AP2) gene are described also in Norway spruce, namely

Table 1 Significant associations between SNP loci and crown phenotype based on the generalized linear model (GLM), FST-outliers, and significant
allelic differentiation (δSD) between individuals grouped by their phenotypes, for detected SNPs

Genea (encoded puta�ve protein) SNP FST-

outlie

rs

GLMc GLMd e

T H P T H P T H S P T H S

MA_2193g0020 (AP2-like factor, APL2L3)

AP2L3-2319 ◊ ●

AP2L3-2842 ◊ ●

AP2L3-2907 ◊ ●

MA_137887 (D6 protein kinase like 2,

BIF2L2)

BIF2L2-423 ◊ ◊ ◊ ◊

BIF2L2-747 ◊ ◊ ◊ ◊

MA_19575g0010 (gigantea protein, GI)
GI6-1089 ● ● ● ● ◊

GI6-1207 ● ● ● ● ◊

MA_39589g0010 (mTERF / mitochondrial 

transcrip�on termina�on factor-related)

MA_39589g0010-

566
◊ ● ● ◊ ● ◊ ◊

MA_184576g0010 (?)

NODE-60-length-

1132-cov-

157.795929-418

◊ ◊ ◊

MA_71728g0010 (PRR1, CCT mo�f -

containing response regulator protein)

PabiesPRR1-1992 ◊ ◊ ◊ ◊ ◊

PabiesPRR1-3828 ◊ ◊ ◊

a based on http://congenie.org; b computed using Lositan software (Antao et al. 2008); GLM included neutral population structure withK = 2 clusters as a
confounding factor and was computed using the Tasselc (Bradbury et al. 2007) and SNPassocd (González et al. 2007) software; e computed using the
DifferInt (Gillet 2013) software; based on P – pooled, H - Harz, T – Thuringian, and S - Saxonian samples; ◊ and ● –significant associations or
differentiations for nominal p-values ≤ 0.05 or the FDR-adjusted q-value ≤ 0.05, respectively.
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APETALA2 LIKE1 (AP2L1), AP2L2, and AP2L3 (Nilsson
et al. 2007) and are functionally conserved among seed
plants (Shigyo and Ito 2004; Shigyo et al. 2006; Nilsson
et al. 2007). In Arabidopsis, AP2 is involved in the regu-
lation of meristem identity, floral organ specification, seed
coat development, flowering time, and the juvenile/adult
phase shift (Jofuku et al. 1994, 2005; Weigel 1995). The
AP2L3 (MA_2193g0020) gene is, together with AP2L1,
differentially expressed in the female cone together regu-
lating differentiation of the ovuliferous scale (Nilsson

et al. 2007). Adaptive relevance related to temperature of
the AP2 genes was identified also in Picea mariana
([MILL.] B.S.P.) (Prunier et al. 2011) and related to biotic
and abiotic stress in Picea glauca ([MOENCH] VOSS)
(Namroud et al. 2008). For Norway spruce, Chen et al.
(2016) identified three SNPs in AP2L3 by comparing
Norway spruce from the Fennoscandian (Baltico-Nordic)
domain with those from the Alpine domain. Allele fre-
quencies of SNPs in the AP2L3 gene are closer to fixation
in the Fennoscandian domain which can be a result of
purifying selection or due to recent postglacial range
expansion.

In the present study, three SNPs found in one intron of the
AP2L3 gene were differentiated between crown morphology
groups only in Thuringia. The higher frequency of the most
common allele (C) and lack of T/T homozygotes in the inter-
mediate crown type group compared with both other groups
were also observed only in this region.

GI

GI genes are core circadian clock genes associated also with
tolerance to drought, salt, low temperature and herbicide re-
sistance, miRNA processing, light signalling, regulation of
flowering time, and starch and chlorophyll accumulation
(Mishra and Panigrahi 2015). The GI gene of Norway spruce
is a homolog to the GI gene in Arabidopsis involved in the
evening loop of the circadian clock pathway and is function-
ally conserved between the two species (Karlgren et al. 2013).

Fig. 3 Frequency of genotypes at the two Gigantea genes SNPs a GI6-
1089 and b GI6-1207 in the three phenotypic groups of main crown trait
(narrow, intermediate, and broad) for the pooled dataset. N, sample size

Fig. 2 Nominal log10(p) values of the association analysis based onGLM
analyses implemented in TASSEL 5.0 (Bradbury et al. 2007). Each SNP
as a response variable was fitted against the crown phenotype as a fixed
effect using the admixtureQ-matrix (CLUMPAK; Kopelman et al. 2015)
as a covariate generated for K = 2 clusters using the SRUCTURE 2.3.4.

(Pritchard et al. 2000) analysis based on the neutral SSR markers (Caré
et al. 2018). The datasets are color-coded as described in the right-hand
legend. SNP loci are alphabetically ordered along the x-axis. The dashed
line is the threshold equalled log10(0.05)
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SNPs found in the circadian clock gene GI of Norway spruce
are associated with clinal variation of growth cessation (Chen
et al. 2012), which was also confirmed in the related species
Picea stichensis ([BONG.] CARRIÈRE) (Holliday et al. 2010)
and P. obovata (Chen et al. 2014). In Pinus sylvestris (L.),
differential expression patterns in populations from different
latitudes point to a role in the synchronism between the circa-
dian rhythm and the environment (Alakärppä et al. 2018). The
importance of the gene for the regulation of the seasonally
induced growth cessation is also known for angiosperms
(Lloret et al. 2018; Ding et al. 2018). Here, the trend of an
increased frequency of the major allele and genotype in the
narrow-crowned individuals was observed not only in the
pooled and Thuringia datasets, but also for both other regions.
Such increased frequency of the most common homozygote
may be explained by directional selection in favor of this
major allele in the narrow-crowned group. The observed dis-
tribution pattern between broad and narrow morphotypes is in
accordance with the observations that several other SNPs in
GI also showed increased major allele frequencies toward
higher latitudes (Chen et al. 2012) and in Scandinavian com-
pared with alpine populations (Chen et al. 2016). The well-
described function of the gene in various species, the repeated
SNP genotype patterns across regions, and previous associa-
tion in P. abies with climatic conditions suggest a vital role of
this gene in local adaptation.

mTERF

The mTERF gene MA_39589g0010 is a homolog of the mi-
tochondrial transcription termination factor-related (mTERF-
related) AT2G44020 gene in Arabidopsis, where expression
patterns point to a role in senescence and seed germination
(Kleine 2012). Functional knowledge about mTERF genes in
plants is relatively scarce, yet an adaptive potential of these
genes related to environmental stress was suggested by their
contribution to the regulation of organelle gene expression.
Further, they might play a role in plant growth in distinct
developmental stages and tissues (Kleine 2012; Robles et al.
2012; Quesada 2016).

In our study, only a single SNP was found in the mTERF-
related gene with an overall very low minor allele frequency
(MAF) occurring only as heterozygotes. These heterozygotes
were found to be more frequent in broad-crowned trees. With
a MAF below 5%, this SNP would have often been excluded
from association or other analyses to avoid potential genotyp-
ing errors resulting in confounding effects. Nevertheless, as
our analysis covers a large number of individuals in total and
at each site, the allele frequency estimates can be considered
robust and thus the results of the association analysis reliable.
Further, differences in frequency distributions between phe-
notypic groups are similar between sites and supported by

FDR-adjusted significant association results, suggesting the
transferability of the result to a broader range.

Genetic structures and possible evolutionary forces

Population structuring of sampled stands was small based on
the selectively neutral SSRs (Caré et al. 2018). Accordingly,
identification of SNPs associated or not associated with crown
shape was only slightly impacted by the population structure
used in the GLMmodels as covariat. Nevertheless, not includ-
ing or including a random population structure as covariate
(confounding factor) led both to higher as well as reduced p-
values compared with the assumed true structure, confirming
the need to include a valid population structure as covariate to
avoid type I and II errors. The high per population and region
sample sizes allowed for reliable estimates of allele and geno-
type distributions. As it has been previously pointed out, a large
within population sample size is important for obtaining mean-
ingful results (Larsson et al. 2013). This is especially true in the
light of very low FST values per SNP, as just a slight proportion
of the differentiation is related to a single SNP (Kujala and
Savolainen 2012). Further, it enables reliable assessment of
genotype frequencies at SNPs with low MAF, where small
changes in frequency might have adaptive importance as here
suggested for themTERF gene and also previously reported in
other species (Fahrenkrog et al. 2017; De La Torre et al. 2018).

Phenology of high- and low-altitude or northern compared
with southern provenances exhibits differences in the timing of
bud set, flushing, and flowering as well as in frost hardiness
(Modrzyński and Eriksson 2002; Hannerz and Westin 2005;
Chmura 2006; Kathke and Bruelheide 2011). Accordingly, we
found genetic association of crown shape groups with variation
in candidate genes that are involved in regulating these pheno-
logical processes. The association of the core circadian clock
geneGI and thePRR1 genewith crown shape found in this study
particularly suggests phenological adaptation toward shortened
vegetation period and cold temperatures. The previous studies in
angiosperms and gymnosperms also suggested the importance of
the core circadian clock in the process of climate adaptation
(Mishra and Panigrahi 2015; Yeaman et al. 2016; Lloret et al.
2018). It can be assumed that planted stands have undergone one
generation of selection in the mountainous environment.
Assuming typical planting schemes, a reduction from ~ 10,000
seedlings/ha to ~ 130–160 trees/ha could have altered the genetic
composition. Ecotypes adapted to a drastically different environ-
ment than the one they were planted in can exhibit pronounced
diebacks. On the other hand, there is a high chance that only
those plants that have at least gradually adapted to the new en-
vironment survive (Schmidt-Vogt 1978; Modrzynski 1993). In
seedlings, frost is the key selective agent, as susceptible young
plants have a lower chance of survival (Westin et al. 2000). By
natural selection in favor of more adapted genotypes in the
planted stands, genotype distributions may have been shifted,
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resulting in lower levels of genetic differentiation between high-
and low-elevation provenances at candidate genes. An even
more pronounced differentiation at candidate genes may be ex-
pected between high-elevation and low-elevation provenances
which were not translocated.

We identified genes associated with crown shape that are
involved in the timing of growth cessation, flowering, and bud
set. Correct timing of seasonal growth patterns, balancing the
trade-off between susceptibility to frost and lower growth rate,
is crucial for the survival and competitive capacity. In case of the
SNPs inPRR1 and also inmTERF, the putative fitness advantage
of narrowmorphotypes appears to be attributed to a homozygous
variant, possibly affected by directional selection. For both SNPs
in GI, the model evaluating both homozygotes against the het-
erozygote had the highest support, which could be explained by
underdominance. Such underdominance in gene–environment
associations was also found for cold-hardiness traits in
Pseudotsuga menziesii [(MIRB.) FRANCO] var. menziesii (Eckert
et al. 2009), and the maintenance of a possibility of stable poly-
morphism in case of underdominance has also been shown the-
oretically (Gregorius and Ziehe 1986). Similarities of genotype
frequencies in the abovementioned SNPs were observed across
all regions. Such cross-regional patterns of genotype distribution
support the assumption that these genes are of importance to
environmental adaptation, and that similar forces acted on the
same genes in the same direction.

In the present study, we focused on genes regulating or related
to growth rhythm. We found associations with the crown
morphotype for six SNPs with high support and additional five
SNPs with nominal significance. Our results also indicate a pos-
sible importance of genes that are involved in auxin transport
processes and genes with a still unknown role in high-altitude
adaptation. A direct effect of the detected genes on the architec-
ture is in most cases unlikely based on the current knowledge of
gene function. The association could be described as indirect, as
genes both related to phenology andmorphology are subjected to
the same directional selection and as such are associated statisti-
cally to both traits. An exception could be gene D6PKL2 which
is involved in the regulation of auxin transport, as auxin has a
direct impact on the growth of plants. Consequently, genes in-
volved in other physiological processes that have previously
been shown to be of importance in local adaptation in P. abies
(e.g., Chen et al. 2012, 2014; Källman et al. 2014; Lind et al.
2014) or other species (e.g., Namroud et al. 2008; Prunier et al.
2011; Di Pierro et al. 2016, 2017; Yeaman et al. 2016;
Roschanski et al. 2016) should be included in future studies
related to high-altitude adaptation.

Conclusion

In this study, we presented evidence of the genetic adaptation
to high altitude of narrow-crowned mountainous trees of

P. abies in natural populations. With high statistical support,
allele distributions of SNPs in two genes, GI and mTERF,
between crown morphology groups suggest directional selec-
tion. SNPs in genes with congruent genotype frequencies in
the different crown shape groups across regions imply the
importance of these genes in local adaptation. For the candi-
date genes of the circadian clock GI and PRR1/TOC1, which
had lower support, the genotype and allele distributions coin-
cide with patterns observed at circadian clock genes in latitu-
dinal clines of this and other species providing additional ev-
idence for the important role of circadian clock genes in local
adaptation. The results further point to the importance of
crown shape in the practical assessment of tree adaptiveness
to mountainous environments, which can help in the identifi-
cation of seed sources and locally adapted genetic resources.
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AP2L3-2319 TAGATTTCATAGATAAGAAGATATGTGTTTTATTTTATATTCTAGACAAATTCCATACAATAAACAAGAAAGACTAATCCTTTCTTTGAAAACAAAAGCA[A/G]TTTAAATACCGGATCTTACTACTTTGTTGATATTCTGACATGTTATCTTATCTGMAATTAAATACTAGTTTGTTTCTGATTTGGGATGAGCTTTTAACCAINTRON MA_2193 MA_2193g0020PF00847-AP2 domainGO:0005739-mitochondrionChen et al. 2016Potri.003G185300 Potri.001G041500 Potri.018G102200 Potri.T081300 Potri.006G179900 Potri.008G011900 Potri.010G247200 Potri.017G078600 Potri.010G092800 Potri.010G181000 Potri.002G114800 Potri.018G091600 Potri.006G167700 Potri.005G148400 Potri.007G011600 Potri.014G012200 Potri.001G169500 Potri.007G007400 Potri.014G008100 Potri.008G076400 Potri.003G205700 Potri.001G018400 Potri.003G064700 Potri.006G049700 Potri.016G056400 Potri.016G084500 Potri.010G216200 Potri.008G045300 Potri.006G132400 Potri.007G046200 Potri.005G140700 Potri.008G148900 Potri.006G056700AT1G16060 AT1G79700  AT3G54320 AT5G57390  AT1G72570 AT5G17430  AT1G51190 AT5G65510  AT3G20840 AT4G37750  AT2G41710 AT5G10510  AT2G28550 AT4G36920  AT5G67180 AT5G60120  AT2G39250 AT3G54990K09285-AP2-like factor, ANT lineage,K09284-AP2-like factor, euAP2 lineageAT4G36920.2Integrase-type DNA-binding superfamily protein 

AP2L3-2842 CATTATATGATGTAGGGTTTACATYGTTAATTCTTCYTCTTCGATTTTCTGAAGGTGTATCACCAGGAAAAYACCTGTGCTCATATTCTCCTGACCAAAT[A/G]TACTCCAATACAGTTAGGGAATTGTCATATCCTCCAAAGACTTTAGGAAAGTCTGTGAAGCCTGYGTATTGTTTTCCCCACCAATGCATCTGCAAAGACTINTRON MA_2193 MA_2193g0020PF00847-AP2 domainGO:0005739-mitochondrionChen et al. 2016Potri.003G185300 Potri.001G041500 Potri.018G102200 Potri.T081300 Potri.006G179900 Potri.008G011900 Potri.010G247200 Potri.017G078600 Potri.010G092800 Potri.010G181000 Potri.002G114800 Potri.018G091600 Potri.006G167700 Potri.005G148400 Potri.007G011600 Potri.014G012200 Potri.001G169500 Potri.007G007400 Potri.014G008100 Potri.008G076400 Potri.003G205700 Potri.001G018400 Potri.003G064700 Potri.006G049700 Potri.016G056400 Potri.016G084500 Potri.010G216200 Potri.008G045300 Potri.006G132400 Potri.007G046200 Potri.005G140700 Potri.008G148900 Potri.006G056700AT1G16060 AT1G79700  AT3G54320 AT5G57390  AT1G72570 AT5G17430  AT1G51190 AT5G65510  AT3G20840 AT4G37750  AT2G41710 AT5G10510  AT2G28550 AT4G36920  AT5G67180 AT5G60120  AT2G39250 AT3G54990K09285-AP2-like factor, ANT lineage,K09284-AP2-like factor, euAP2 lineageAT4G36920.2Integrase-type DNA-binding superfamily protein 

AP2L3-2907 GGAAAAYACCTGTGCTCATATTCTCCTGACCAAATRTACTCCAATACAGTTAGGGAATTGTCATATCCTCCAAAGACTTTAGGAAAGTCTGTGAAGCCTG[T/C]GTATTGTTTTCCCCACCAATGCATCTGCAAAGACTATTTGGACTGTTTGGTGTCATATTTTAATGCAGTAATGGCTATAAATATGAAAATTTTTAGAAGAINTRON MA_2193 MA_2193g0020PF00847-AP2 domainGO:0005739-mitochondrionChen et al. 2016Potri.003G185300 Potri.001G041500 Potri.018G102200 Potri.T081300 Potri.006G179900 Potri.008G011900 Potri.010G247200 Potri.017G078600 Potri.010G092800 Potri.010G181000 Potri.002G114800 Potri.018G091600 Potri.006G167700 Potri.005G148400 Potri.007G011600 Potri.014G012200 Potri.001G169500 Potri.007G007400 Potri.014G008100 Potri.008G076400 Potri.003G205700 Potri.001G018400 Potri.003G064700 Potri.006G049700 Potri.016G056400 Potri.016G084500 Potri.010G216200 Potri.008G045300 Potri.006G132400 Potri.007G046200 Potri.005G140700 Potri.008G148900 Potri.006G056700AT1G16060 AT1G79700  AT3G54320 AT5G57390  AT1G72570 AT5G17430  AT1G51190 AT5G65510  AT3G20840 AT4G37750  AT2G41710 AT5G10510  AT2G28550 AT4G36920  AT5G67180 AT5G60120  AT2G39250 AT3G54990K09285-AP2-like factor, ANT lineage,K09284-AP2-like factor, euAP2 lineageAT4G36920.2Integrase-type DNA-binding superfamily protein 

ARRL-214 TCAATGCGACGAAATGCATGTATTGGCAGTTGATGATTGCCTGATAGAACGGAAGGTCATTGAAAAGCTTTTGAAGACTAACTTTTTCAAAGGTGCGTTG[T/C]TCCGTTATTTAATGTCCGTCGTCTCCAGACATMGYTTGCCGCTTKAGAAAATTAAGGAAAGTTTAGCGAAATTATCGTCTTGCCGCTTGGGAAATTAAGAINTRON MA_470416 MA_470416g0010PF00072-Response regulator receiver domain. Chen et al. 2016Potri.002G082200 Potri.019G133600 Potri.006G041100 Potri.016G038000 Potri.001G027000 Potri.010G037800 Potri.003G197500 Potri.019G058900 Potri.015G070000 Potri.008G193000  AT1G10470 AT1G19050  AT5G62920 AT1G59940  AT1G74890 AT3G48100  AT2G41310 AT3G57040  AT3G56380 AT2G40670  AT2G07440K14492-two-component response regulator ARR-A familyAT1G59940.1response regulator 3

BIF2L2-423 TGCAAGTTTACGAAYCAGGCATGTTCTAGTAGTTTGTAATTTTTATTCAGATGGCCAGCCCATACATGCAGAGAGCAGACGATTGCAATCAGAGCATGGT[A/G]TCAACAGAATCAGCGAGAGAGAAGAGTACTGATTCATGTGTTCCAATGAGTGGGACACTCAGTACAAGCAGTAGTATTGATGTAAGTTTCAAGAGCAGTCSYN MA_137887 MA_137887g0020PF00069-Protein kinase domain;PF06364-Protein of unknown function (DUF1068)GO:0004760-serine-pyruvate transaminase activity;GO:0005777-peroxisome;GO:0005886-plasma membrane;GO:0006833-water transport;GO:0008453-alanine-glyoxylate transaminase activity;GO:0009570-chloroplast stroma;GO:0009651-response to salt stress;GO:0009750-response to fructose stimulus;GO:0009853-photorespiration;GO:0030003-cellular cation homeostasis;GO:0030170-pyridoxal phosphate binding;GO:0048046-apoplast;GO:0050281-serine-glyoxylate transaminase activity;GO:0070838-divalent metal ion transportChen et al. 2016Potri.010G175900 Potri.008G080600 Potri.001G435900 Potri.001G430600 Potri.010G236200 Potri.004G186200 Potri.006G003800 Potri.001G344600 Potri.016G004900 Potri.002G137700 Potri.014G047500 Potri.015G093400 Potri.017G075400 Potri.009G146700 Potri.004G186300 Potri.006G114900 Potri.008G024000 Potri.011G139800 Potri.009G146500 Potri.003G205800 Potri.001G018300 Potri.002G248900AT3G12690 AT2G26700  AT2G34650 AT4G13000  AT1G79250 AT2G44830  AT4G26610 AT5G47750  AT5G55910 AT5G40030  AT1G16440 AT3G27580  AT3G52890 AT2G36350  AT5G03640 AT3G14370  AT1G53700 AT3G44610  AT1G51170 AT3G20830  AT3G25250 K08286-protein-serine/threonine kinase [EC:2.7.11.-]AT5G47750.1D6 protein kinase like 2 

BIF2L2-747 GGCTTGAGTGTGTTGAAAGTGGCAAGAGTAGCCTGAGCGTGGCCAGCTACAGAAGCAGTGTTAGTGACAGCAATGAAAGCAACTGTAGCAGTTTGAGCAG[T/C]TCTCTAAACAAACCACACAAAGGCAATGATCCCAGATGGGACGCCATTCAAGCTGTGAAAGTCAGAGATGGCTTTTTGGGTTTGAGTCATTTCAGGCTCCSYN MA_137887 MA_137887g0020PF00069-Protein kinase domain;PF06364-Protein of unknown function (DUF1068)GO:0004760-serine-pyruvate transaminase activity;GO:0005777-peroxisome;GO:0005886-plasma membrane;GO:0006833-water transport;GO:0008453-alanine-glyoxylate transaminase activity;GO:0009570-chloroplast stroma;GO:0009651-response to salt stress;GO:0009750-response to fructose stimulus;GO:0009853-photorespiration;GO:0030003-cellular cation homeostasis;GO:0030170-pyridoxal phosphate binding;GO:0048046-apoplast;GO:0050281-serine-glyoxylate transaminase activity;GO:0070838-divalent metal ion transportChen et al. 2016Potri.010G175900 Potri.008G080600 Potri.001G435900 Potri.001G430600 Potri.010G236200 Potri.004G186200 Potri.006G003800 Potri.001G344600 Potri.016G004900 Potri.002G137700 Potri.014G047500 Potri.015G093400 Potri.017G075400 Potri.009G146700 Potri.004G186300 Potri.006G114900 Potri.008G024000 Potri.011G139800 Potri.009G146500 Potri.003G205800 Potri.001G018300 Potri.002G248900AT3G12690 AT2G26700  AT2G34650 AT4G13000  AT1G79250 AT2G44830  AT4G26610 AT5G47750  AT5G55910 AT5G40030  AT1G16440 AT3G27580  AT3G52890 AT2G36350  AT5G03640 AT3G14370  AT1G53700 AT3G44610  AT1G51170 AT3G20830  AT3G25250 K08286-protein-serine/threonine kinase [EC:2.7.11.-]AT5G47750.1D6 protein kinase like 2 

FCL3066Contig1-663AAAAAGAAACGGAGGGTGAATCCTAAGGATTTCAAAGGAAGGTACAGAAAGTAAGTTCATTGATAATATGTATGGAGCTCTTACACGAATATTTTGCTGG[T/C]AATTACCAAAATTTACTTGGTATTTATGTAATTTTTCGACCTTTGGAATGTGAAATTTTGCAAAACTGTACTCATAAGGTCTATCAGTAAGTGTTAAGAAINTERGENIC MA_86404 MA_86404g0010PF00673-ribosomal L5P family C-terminus. Chen et al. 2012aPotri.002G154600 Potri.014G089100  AT4G01310  K02931-large subunit ribosomal protein L5AT4G01310.1Ribosomal L5P family protein 

GI6-1089 GCGGAATCTCTCAATTTCAGGTATTGCAAGAACTTTTCAGAAAAAAACCACCATTCTGAACATTTGTATTATGGAAAGGATATCGTTGTTCAAGATTGGA[A/C]TAAAGCTGTAGAACAATGCCTGGCTTGGGAAGCCCACAATCGGCAAGCAAGGGGGATGTCTATTGCCCTTCTTGCATTAGCAGCCAATGCATTAGGTTTCNONSYN MA_19575 MA_19575g0010. GO:0000166-nucleotide binding;GO:0003774-motor activity;GO:0010584-pollen exine formation;GO:0016459-myosin complex;GO:0030036-actin cytoskeleton organization;GO:0030048-actin fi lament-based movement;GO:0051645-Golgi localization;GO:0051646-mitochondrion localization;GO:0060151-peroxisome localizationChen et al. 2016Potri.005G196700 Potri.002G064400  AT1G22770 K12124-GIGANTEAAT1G22770.1gigantea protein (GI) 

GI6-1207 GCCTGGCTTGGGAAGCCCACAATCGGCAAGCAAGGGGGATGTCTATTGCCCTTCTTGCATTAGCAGCCAATGCATTAGGTTTCTCTGCAAATGTTTGACA[T/C]CGCATATTTTTCTCGTCATAGTGTATATCACCCCGGCGCATGGAACTTGGCATTCCTGGGTTTCTCAGGAAATAGCTAATGTATTTCTAGAGTTTCGAGGINTERGENIC MA_19575 MA_19575g0010. GO:0000166-nucleotide binding;GO:0003774-motor activity;GO:0010584-pollen exine formation;GO:0016459-myosin complex;GO:0030036-actin cytoskeleton organization;GO:0030048-actin fi lament-based movement;GO:0051645-Golgi localization;GO:0051646-mitochondrion localization;GO:0060151-peroxisome localizationChen et al. 2016Potri.005G196700 Potri.002G064400  AT1G22770 K12124-GIGANTEAAT1G22770.1gigantea protein (GI) 

LFY-1307 AAAGaCCTTATTAtTTGATAAATcTTTAATACGcTTCAAGAAATCaAGTTGACTTtGTCATTTGGGCAATTCCAGCGCTAAACTATGCTCTCAAAGAACA[A/C]GCATTTTTcATATTGATTGATTACAGATTTCTGTTTGATTTTGCAGGATTGTCAGTAGAAGAGCCTCAAGGAGATAATGCTATAATTCTTTCACAGAATINTRON MA_108198 MA_108198g0010PF01698-Floricaula / Leafy proteinGO:0009987-cellular processChen et al. 2016Potri.015G106900  AT5G61850  . AT5G61850.1floral meristem identity control protein LEAFY (LFY) 

LFY-2961 AAACGTTGGAGCGTGGAGGCAGGCCTGTTATTATCCTCTTGTGGCCATGGCCAAAGATAATGGCTGGGACATTGAGGGTGTGTTTAACAAGCATGAAAAA[T/C]TGCGAATTTGGTATGTTCCTACAAAATTACGCCAGCTCTGTCACTTCGAGAAAAGCAAACAGTCCCATYTATAAGACTTTCCAACGACTCTAATGATCTGSYN MA_108198 MA_108198g0010PF01698-Floricaula / Leafy proteinGO:0009987-cellular processChen et al. 2016Potri.015G106900  AT5G61850  . AT5G61850.1floral meristem identity control protein LEAFY (LFY) 

LFY-357 GTGTTGAGCTTCTGGTTGGGGAGAAATATGGAATTAAATCTGCAATCAGAGCAGAAAAGAGAAGGTTGGACGAAGCAGAAAGGAAAAGGATGGAACAACT[T/C]TTTGTTGATGTTGATGGAAAACGCAAGATTGACGAGAATGCACTTGACACGCTGTCTCAGGAAGGTAATGCTTTATTTWTATATATCTGCAGTGAAATTTSYN MA_108198 MA_108198g0010PF01698-Floricaula / Leafy proteinGO:0009987-cellular processChen et al. 2016Potri.015G106900  AT5G61850  . AT5G61850.1floral meristem identity control protein LEAFY (LFY) 

LFY-637 TACTGTTTAGCAGTTTTTGTTTTGGTTGTCATTGCATGGTCCTGTTCATCAAGGTCTATAGTATTTCTTATTCATTAAACACAGTACCCTCATTCTTGCC[T/C]AGTTCAGCTCCTGGTTAACTGTTTCTAGATACCCTATTCACAAATGGATTACCCATAGAAAATTATAAAACGAACAAGCATGCAAATCTTAATCTATTGAINTRON MA_108198 MA_108198g0010PF01698-Floricaula / Leafy proteinGO:0009987-cellular processChen et al. 2016Potri.015G106900  AT5G61850  . AT5G61850.1floral meristem identity control protein LEAFY (LFY) 

MA_101803g0010-16597-[C_G]CTAGACAAGTGCGTGATCTAGAACGTACAGTTAATGAGCAGATTGATTCTGGAGCAATTT[C/G]CAAAGAAATGCATAGGAATGTCAGTAAATGGCATGTGCCAATATTGGCAATGACTGCTGANONSYN MA_101803 MA_101803g0010PF00072-Response regulator receiver domain;PF00512-His Kinase A (phospho-acceptor) domain;PF02518-Histidine kinase-, DNA gyrase B-, and HSP90-like ATPase;PF03924-CHASE domainGO:0004673-protein histidine kinase activity;GO:0004871-signal transducer activity;GO:0007165-signal transduction;GO:0016310-phosphorylation;GO:0044238-primary metabolic process;GO:0044260-cellular macromolecule metabolic processHeer et al. 2016Potri.003G171000 Potri.014G164700 Potri.001G057400 Potri.010G102900 Potri.008G137900AT2G01830 AT1G27320  AT5G35750K14489-arabidopsis histidine kinase 2/3/4 (cytokinin receptor) [EC:2.7.13.3]AT2G01830.1similar to CHASE domain containing histidine kinase protein

MA_101803g0010-2450-[T_G]GTTCTTCACTCACAGAGAGAGCAGTTTGAGAAGCAGCAAGGATGGAACATAAAAAAGATG[T/G]ATGAAAAGGAAATATCACCTGTACAGGATGAATATGCGCCAGTTATATTCTCTCAAGATANONSYN MA_101803 MA_101803g0010PF00072-Response regulator receiver domain;PF00512-His Kinase A (phospho-acceptor) domain;PF02518-Histidine kinase-, DNA gyrase B-, and HSP90-like ATPase;PF03924-CHASE domainGO:0004673-protein histidine kinase activity;GO:0004871-signal transducer activity;GO:0007165-signal transduction;GO:0016310-phosphorylation;GO:0044238-primary metabolic process;GO:0044260-cellular macromolecule metabolic processHeer et al. 2016Potri.003G171000 Potri.014G164700 Potri.001G057400 Potri.010G102900 Potri.008G137900AT2G01830 AT1G27320  AT5G35750 K14489-arabidopsis histidine kinase 2/3/4 (cytokinin receptor) [EC:2.7.13.3]AT2G01830.1similar to CHASE domain containing histidine kinase protein

MA_10267291g0010-503-[T_C]TTGTTTACTCTGACTTTGGATTGTAATGTTGTATTTTCTCAGGACGGGACGCAGATCCAG[T/C]TGAAATCATTGAAACTGGGAACCTACGTCGTCGCAGAAAATGGAGGCGGGCAGAAAGTGGSYN MA_10267291MA_10267291g0010PF06268-Fascin domain;PF14200-Ricin-type beta-trefoil  lectin domain-like. Heer et al. 2016Potri.005G167800 Potri.007G089400 Potri.005G078500 Potri.007G010000 Potri.002G093000 . . . .

MA_18142g0010-1959-[C_G]GGATTGGAATTGAATCGGATTCCTTCCATCATGTTATGTAAAGGTGTCATGCTTTGCATT[C/G]CACACAACAAAGCAATGAAAACCCCATGATATAATATGAGATCCCACCTCTGGCAATCCCINTRON MA_18142 MA_18142g0010PF00155-Aminotransferase class I and II;PF00266-Aminotransferase class-V;PF08323-Starch synthase catalytic domain. Heer et al. 2016Potri.001G253300 Potri.009G047700  AT2G13360  K00830-alanine-glyoxylate transaminase / serine-glyoxylate transaminase / serine-pyruvate transaminase [EC:2.6.1.44 2.6.1.45 2.6.1.51]AT2G13360.2alanine:glyoxylate aminotransferase 

MA_20378g0010-7419-[C_T]CTTGTCAGTAATCTTAAATTCTATGTTGCAGAAACCAGGAGGAATTATTGCCCTTTTGGA[T/C]GAAGCTTGGTACGCACATCTTCTCTTACTCTGCATGCATTTTCATGTTTTTTGTAGCAATSYN MA_20378 MA_20378g0010PF00063-Myosin head (motor domain);PF00612-IQ calmodulin-binding motif;PF01656-CobQ/CobB/MinD/ParA nucleotide binding domain;PF01843-DIL domain;PF02736-Myosin N-terminal SH3-like domain;PF07475-HPr Serine kinase C-terminal domain;PF13401-AAA domain. Heer et al. 2016Potri.013G043900 Potri.001G407000 Potri.005G089200 Potri.011G126800 Potri.007G074800 Potri.006G220000 Potri.002G254300 Potri.006G145700 Potri.009G025300 Potri.008G174500 Potri.001G199200 Potri.001G233100 Potri.002G041800 Potri.019G013800 Potri.010G062500  AT1G04160 AT1G50360  AT5G54280 AT4G27370  AT5G43900 AT1G17580  AT2G20290 AT2G31900  AT1G08730 AT4G28710  AT1G54560 AT1G04600  AT5G20490 AT2G33240  AT4G33200 AT3G58160  AT3G19960 AT1G42680  AT5G20470 AT5G20450   . AT1G54560.1Myosin family protein with Dil domain 

MA_39589g0010-566-[T_C]AGCTTCTGGAATTTAAACTCGAAGGGACAATGAGTACAGCTGTCGCTTATTTGGTCAGTA[T/C]TGGAGTGAACCCAAGAGACATTGGACCGATGGTGACACAGTATCCTCAGATTTTGGGTATNONSYN MA_39589 MA_39589g0010PF02536-mTERFGO:0000156-phosphorelay response regulator activity;GO:0000160-phosphorelay signal transduction system;GO:0005622-intracellular;GO:0006355-regulation of transcription, DNA-dependent;GO:0035556-intracellular signal transductionHeer et al. 2016Potri.013G116700 Potri.014G137400AT2G44020 AT4G02990   .  AT2G44020.1Mitochondrial transcription termination factor family protein

MA_57678g0010-2862-[G_T]TCCTTTACTAAGACATTTCTCCACTCATTCTTTCTCATTCCATACATCTTCAATAGCCAT[T/G]TCATCCTTAGAAGAGTGCCGTGTGCTATCACTGAGAGGAGGTTGAGTTCATCATCATTTGINTRON MA_57678 MA_57678g0010PF00067-Cytochrome P450GO:0006457-protein folding;GO:0009644-response to high light intensity;GO:0010286-heat acclimation;GO:0042542-response to hydrogen peroxideHeer et al. 2016Potri.003G192300 Potri.001G032800   . AT3G14650.1cytochrome P450, family 72, subfamily A, polypeptide 11

MA_605776g0010-849-[T_C]AAAGATAGATATATTTATTATTTATTTTCTTTCCATTTTGTCGGAGAATATGCCATTTCT[T/C]GTTCTTGTTTAATTTTACGTTTTAAGCTTTTCCTCGCCCGACCTCATTATAAAGGTTTGGINTRON MA_605776 MA_605776g0010PF00011-Hsp20/alpha crystall in family;PF13349-Domain of unknown function (DUF4097). Heer et al. 2016Potri.012G022400 Potri.010G053400 Potri.001G192600 Potri.015G005800  AT1G52560 AT4G27670 . AT4G27670.1heat shock protein 21

MA_73095g0010-1374-[T_A]GGATAGTGGAAGAAGAGCTCTGGAATTCCTTGGCCTGGATGAAGATCACAACTCTGTAGA[A/T]CTTGATGTATGCAAACTGAGCTTCGCTTCTCTTCTGAAAGAATATTTATTTTTTTGGCATNONSYN MA_73095 MA_73095g0010PF00072-Response regulator receiver domainGO:0000155-phosphorelay sensor kinase activity;GO:0000160-phosphorelay signal transduction system;GO:0005524-ATP binding;GO:0006355-regulation of transcription, DNA-dependent;GO:0008020-G-protein coupled photoreceptor activity;GO:0009584-detection of visible l ight;GO:0009585-red, far-red light phototransduction;GO:0016020-membrane;GO:0017006-protein-tetrapyrrole l inkage;GO:0018106-peptidyl-histidine phosphorylation;GO:0018298-protein-chromophore linkage;GO:0023014-signal transduction by phosphorylation;GO:0042803-protein homodimerization activityHeer et al. 2016Potri.002G082200 Potri.019G133600 Potri.006G041100 Potri.016G038000 Potri.001G027000 Potri.010G037800 Potri.003G197500 Potri.019G058900 Potri.015G070000 Potri.008G193000  AT1G10470 AT1G19050  AT5G62920 AT1G59940  AT1G74890 AT3G48100  AT2G41310 AT3G57040  AT3G56380 AT2G40670  AT2G07440K14492-two-component response regulator ARR-A familyAT1G59940.1response regulator 3

NODE-60-length-1132-cov-157.795929-418GCCAATCTCCCGTTGAACCAAAAAAAATTTGTTGAACTGTGGCCAAACATGCTTAATTGAAACGGAATACCGTAGAACTTAAAACCAATTCAAGACCTTC[A/T]GGTCACGCGCCTTCTCTTTGATCGTTTACTTCTCTTTGGTCCAGGATTATTAGCATCTATTCCATTAACACTAGCAGCATAAACCTGCTCTAATGATTCCINTERGENIC MA_184576 MA_184576g0010. . Chen et al. 2012a. . . . .

P02773-3 ARACAAGAGWATAGGATGGCAATATATGATACTTACTCCCATGGCACATC[T/C]CCAACGAGCATGCGATCTCCTTCAATGTCTTCGTACACAAAGACATAGTCSYN MA_18664 MA_18664g0010PF02309-AUX/IAA family. Chen et al. 2012b . .  AT3G16500.1phytochrome-associated protein 1

P06971-3 TTGTGTTTATATGTGATTGAATGTGATAATGGTATATACAGAGTCCGGTG[T/C]GCGAAGGAAGGAGGAATACGGTTCACCATTCATGGAAATCGTTACTTCTASYN MA_104065 MA_104065g0020PF01357-Pollen allergen;PF03330-Rare lipoprotein A (RlpA)-like double-psi beta-barrelGO:0005576-extracellular region;GO:0006949-syncytium formation;GO:0009739-response to gibberellin stimulus;GO:0009826-unidimensional cell  growth;GO:0009828-plant-type cell  wall loosening;GO:0009831-plant-type cell  wall modification involved in multidimensional cell  growth;GO:0010114-response to red light;GO:0016023-cytoplasmic membrane-bounded vesicleChen et al. 2012bPotri.008G057100 Potri.010G202500 Potri.016G135200 Potri.001G240900 Potri.006G108000 Potri.013G154700 Potri.005G244100 Potri.002G017900 Potri.006G086100 Potri.010G167200 Potri.001G001100 Potri.002G184700 Potri.008G088300 Potri.013G060800 Potri.019G057500 Potri.009G031800 Potri.017G092700 Potri.001G112900 Potri.016G098700 Potri.016G097500 Potri.009G169500 Potri.004G208300 Potri.004G080200 Potri.017G140000 Potri.017G085300 Potri.004G123200 Potri.003G223500 Potri.001G401700 Potri.002G184800  AT1G12560 AT1G62980  AT3G55500 AT2G39700  AT2G28950 AT5G02260  AT2G37640 AT1G69530  AT1G26770 AT5G56320  AT2G40610 AT2G03090  AT4G01630 AT1G20190  AT5G05290 AT5G39280  AT5G39270 AT5G39300  AT5G39290 AT5G39310  AT3G03220 AT4G38210  AT5G39260 AT3G29030  AT3G15370  . AT2G37640.1Barwin-like endoglucanases superfamily protein 

PabiesPRR1-1992AGCGGATGATTGGCGAATGTTGAGCCAAGTAAATTTTTCTCTCTGTTCCGTTTTCTCTCTGATCCCTATATctAaAaTaaAATACaAaCCGAttGCATTTGGTCTGTGTACATGaCAGTAACTGCAGTTAGTACAGCTAGAGGGGTCGTA[A/G]GTgTTCTgAATgCAgAAgGCCAAGAAATTGATCTCATTTTGGCTGATGTGGATCTACCCAAATCCAAAGGCTTTAaGATGCTGAAGTACATTACAAGGAGTACCTGCTTGCAGCGAATACCAATAGTCAGTAAGTAGTGGTTTAGTACCTNONSYN MA_71728 MA_71728g0010PF00072-Response regulator receiver domain;PF06203-CCT motifGO:0000156-phosphorelay response regulator activity;GO:0000160-phosphorelay signal transduction system;GO:0004674-protein serine/threonine kinase activity;GO:0005515-protein binding;GO:0005634-nucleus;GO:0005737-cytoplasm;GO:0006355-regulation of transcription, DNA-dependent;GO:0006612-protein targeting to membrane;GO:0009736-cytokinin mediated signaling pathway;GO:0009793-embryo development ending in seed dormancy;GO:0009963-positive regulation of flavonoid biosynthetic process;GO:0010161-red light signaling pathway;GO:0010363-regulation of plant-type hypersensitive response;GO:0035556-intracellular signal transduction;GO:0042752-regulation of circadian rhythm;GO:0046777-protein autophosphorylationHeuertz et al. 2006, Chen et al. 2010, and Källman et al. 2014Potri.015G061900  AT5G61380  K12127-pseudo-response regulator 1AT5G61380.1CCT motif -containing response regulator protein 

PabiesPRR1-2068NTNNAATACNANCCGANNGCATTTGGTCTGTGTACATGNCAGTAACTGCAGTTAGTACAGCTAGAGGGGTCGTARGTRTTCTKAATRCASAAKGCCAAGAAATTGATCTCATTTTGGCTGATGTGGATCTACCCAAATCCAAAGGCTTTA[A/C]GATGCTGAAGTACATTACAAGGAGTACCTGCTTGCAGCGAATACCAATAGTCAGTAAGTAGTGGTTTAGTACCTTGACCAATKACTTTATATTTGCCACTGAGATCTTGCT-----AGTGAACATTATTGTAGCYTAATACAATCGCTTTNONSYN MA_71728 MA_71728g0010PF00072-Response regulator receiver domain;PF06203-CCT motifGO:0000156-phosphorelay response regulator activity;GO:0000160-phosphorelay signal transduction system;GO:0004674-protein serine/threonine kinase activity;GO:0005515-protein binding;GO:0005634-nucleus;GO:0005737-cytoplasm;GO:0006355-regulation of transcription, DNA-dependent;GO:0006612-protein targeting to membrane;GO:0009736-cytokinin mediated signaling pathway;GO:0009793-embryo development ending in seed dormancy;GO:0009963-positive regulation of flavonoid biosynthetic process;GO:0010161-red light signaling pathway;GO:0010363-regulation of plant-type hypersensitive response;GO:0035556-intracellular signal transduction;GO:0042752-regulation of circadian rhythm;GO:0046777-protein autophosphorylationHeuertz et al. 2006, Chen et al. 2010, and Källman et al. 2014Potri.015G061900  AT5G61380  K12127-pseudo-response regulator 2AT5G61380.1CCT motif -containing response regulator protein 

PabiesPRR1-2381TAYGCTAAAGAAGAGTAACTRGATTTTATGTATCATCATNTCATATATGTCAGTGATGTCTGCCCGAGACGAGGTAACTGTTGTTATGAAGTGTTTGAAACTGGGAGCAGCAGATTACCTTGTGAAGCCACTCCGTATCNATGAGCTTCT[C/G]AACTTGTGGATGCACATGTGGAGAAGAAGGCGCATGGTACAGACAGCTTGACCCAAGYATCAATTTTCCATAAGATTTTCCTCCKACAAWGAAATTCTCATGTTTGTAACTCTGCATGCTATGAACTATAACAAATGATTCAGTCATAGTSYN MA_71728 MA_71728g0010PF00072-Response regulator receiver domain;PF06203-CCT motifGO:0000156-phosphorelay response regulator activity;GO:0000160-phosphorelay signal transduction system;GO:0004674-protein serine/threonine kinase activity;GO:0005515-protein binding;GO:0005634-nucleus;GO:0005737-cytoplasm;GO:0006355-regulation of transcription, DNA-dependent;GO:0006612-protein targeting to membrane;GO:0009736-cytokinin mediated signaling pathway;GO:0009793-embryo development ending in seed dormancy;GO:0009963-positive regulation of flavonoid biosynthetic process;GO:0010161-red light signaling pathway;GO:0010363-regulation of plant-type hypersensitive response;GO:0035556-intracellular signal transduction;GO:0042752-regulation of circadian rhythm;GO:0046777-protein autophosphorylationHeuertz et al. 2006, Chen et al. 2010, and Källman et al. 2014Potri.015G061900  AT5G61380  K12127-pseudo-response regulator 3AT5G61380.1CCT motif -containing response regulator protein 

PabiesPRR1-240CTTCTGTTTAGCTTGCAGCATACAtTGATTCGATGAAgAGaAATATAGATTTGTGAGAGTAgAGCGAGGTATTTTGACTTTACATTtTCTCTCAGAAAGGTgTGGGGTAGGAGGCATGGGGAAGGgTAGTATATCGGATGCCGGAAGCTC[A/G]GTGCTCGACCGGAGCTGTGTTCGTATTTTGCTcTGCGACAAAGATCCGACAAATTCACAGCAACTGTTGGAATTGCTTCGTAAATGCATGTATCAAGGTATGCTTTACTATTTACCAAtCAcAgtGATAAATTTAAGSYN MA_71728 MA_71728g0010PF00072-Response regulator receiver domain;PF06203-CCT motifGO:0000156-phosphorelay response regulator activity;GO:0000160-phosphorelay signal transduction system;GO:0004674-protein serine/threonine kinase activity;GO:0005515-protein binding;GO:0005634-nucleus;GO:0005737-cytoplasm;GO:0006355-regulation of transcription, DNA-dependent;GO:0006612-protein targeting to membrane;GO:0009736-cytokinin mediated signaling pathway;GO:0009793-embryo development ending in seed dormancy;GO:0009963-positive regulation of flavonoid biosynthetic process;GO:0010161-red light signaling pathway;GO:0010363-regulation of plant-type hypersensitive response;GO:0035556-intracellular signal transduction;GO:0042752-regulation of circadian rhythm;GO:0046777-protein autophosphorylationHeuertz et al. 2006, Chen et al. 2010, and Källman et al. 2014Potri.015G061900  AT5G61380  K12127-pseudo-response regulator 4AT5G61380.1CCT motif -containing response regulator protein 

PabiesPRR1-2741TATTATAAGTAAGAACTTGAATCATGATGTGGATATGCTTGTTTCCGATCCCAGCGACTCCAATACCAACAGCACCAATTTGTTCTCGGATGATACTAATGACAAGAAAGTCAGGAACCACGCTGGTCCAGAAATCAGCACGTTGGCCAG[T/C]CATCCTGAGTGCGAGGTATGCTTAAATTCCTRTCTAATRCTTGATTAGGAAAAATTTCAYATGTCCAGATCTCTTTTCTTCTATAAAACAGTCTGGGCACTTGCCAAGTTTGTGTAAGATAAAAAAACACAGACTCTTAGTATCTTGGGASYN MA_71728 MA_71728g0010PF00072-Response regulator receiver domain;PF06203-CCT motifGO:0000156-phosphorelay response regulator activity;GO:0000160-phosphorelay signal transduction system;GO:0004674-protein serine/threonine kinase activity;GO:0005515-protein binding;GO:0005634-nucleus;GO:0005737-cytoplasm;GO:0006355-regulation of transcription, DNA-dependent;GO:0006612-protein targeting to membrane;GO:0009736-cytokinin mediated signaling pathway;GO:0009793-embryo development ending in seed dormancy;GO:0009963-positive regulation of flavonoid biosynthetic process;GO:0010161-red light signaling pathway;GO:0010363-regulation of plant-type hypersensitive response;GO:0035556-intracellular signal transduction;GO:0042752-regulation of circadian rhythm;GO:0046777-protein autophosphorylationHeuertz et al. 2006, Chen et al. 2010, and Källman et al. 2014Potri.015G061900  AT5G61380  K12127-pseudo-response regulator 5AT5G61380.1CCT motif -containing response regulator protein 

PabiesPRR1-3828GTAATGTTTCTGTGTCGCCTGAAATCCCCATTGGACAGGTGGCARCTGCAGGTGAGCAGTTCCCCATGGTTCAGGGAGGTCTTCCTAATNAAGATTCCAGTANGAATAATCGTGGTACTTCTTCACTATCGGCTTCTCACKTTTTMCCAG[A/G]CATGATGAATCACTCAATGTCATCTTCAATGCACTTGTGTCATGGAGTGCCCCASGATGTTGGATCACGTGTTACTCCAGGATTGATGCCATTTCATGCATTGCAACCATGTCATGGAATGCCTGTAAATGCCACCATGCCATATTATCCNONSYN MA_71728 MA_71728g0010PF00072-Response regulator receiver domain;PF06203-CCT motifGO:0000156-phosphorelay response regulator activity;GO:0000160-phosphorelay signal transduction system;GO:0004674-protein serine/threonine kinase activity;GO:0005515-protein binding;GO:0005634-nucleus;GO:0005737-cytoplasm;GO:0006355-regulation of transcription, DNA-dependent;GO:0006612-protein targeting to membrane;GO:0009736-cytokinin mediated signaling pathway;GO:0009793-embryo development ending in seed dormancy;GO:0009963-positive regulation of flavonoid biosynthetic process;GO:0010161-red light signaling pathway;GO:0010363-regulation of plant-type hypersensitive response;GO:0035556-intracellular signal transduction;GO:0042752-regulation of circadian rhythm;GO:0046777-protein autophosphorylationHeuertz et al. 2006, Chen et al. 2010, and Källman et al. 2014Potri.015G061900  AT5G61380  K12127-pseudo-response regulator 6AT5G61380.1CCT motif -containing response regulator protein 

PabiesPRR1-4071TTCATGCATTGCAACCATGTCATGGAATGCCTGTAAATGCCACCATGCCATATTATCCWTATGGCTTCCTTGTAGCTYCTGCACAGCTTGGACCGTCACATGCTTGGCCTGGTATGGCAAATTTGTCTGTCTCTGGACCTAAGATTAGTC[A/C]AGTRGAAAGAAGAGAAGCAGCTTTGAATAAATTCAGACAAAAAAGAAAAGACCGATGCTTTGATAAGAAGATACGTTATGTAAGTCGAAAGCGGCTAGCGGAGCAGAGGCCTCGGGTTAGAGGTCAATTTGTGAGGCAAAMTAATGATATNONSYN MA_71728 MA_71728g0010PF00072-Response regulator receiver domain;PF06203-CCT motifGO:0000156-phosphorelay response regulator activity;GO:0000160-phosphorelay signal transduction system;GO:0004674-protein serine/threonine kinase activity;GO:0005515-protein binding;GO:0005634-nucleus;GO:0005737-cytoplasm;GO:0006355-regulation of transcription, DNA-dependent;GO:0006612-protein targeting to membrane;GO:0009736-cytokinin mediated signaling pathway;GO:0009793-embryo development ending in seed dormancy;GO:0009963-positive regulation of flavonoid biosynthetic process;GO:0010161-red light signaling pathway;GO:0010363-regulation of plant-type hypersensitive response;GO:0035556-intracellular signal transduction;GO:0042752-regulation of circadian rhythm;GO:0046777-protein autophosphorylationHeuertz et al. 2006, Chen et al. 2010, and Källman et al. 2014Potri.015G061900  AT5G61380  K12127-pseudo-response regulator 7AT5G61380.1CCT motif -containing response regulator protein 

PabiesPRR1-4365ATGATATGGAARCTGGTGCTAATGGGGTTATTTATGATGTCGATTCCTCTGAAGATGAGGATGATAGGTATGCACATGGTTCTAGTGAATTAGGACTGGCGTCTTCCCCTGAAAGTTTGGCTGGAGACCCCGAGAATGCTATTCAATATC[A/T]AAGATAGAACTTTAGAATTCAGCTAKTGTCCTAATGAGCAAGCTGACATGGTCTTTCGTCTCYCATTCYAAAGTTGTCGCTCACCTTTTGAACCAAAATGGCTGATTCGGTGGTAAYAACTGTTGTGTTTATCATAGCTGGGTTTCAATGNONSYN MA_71728 MA_71728g0010PF00072-Response regulator receiver domain;PF06203-CCT motifGO:0000156-phosphorelay response regulator activity;GO:0000160-phosphorelay signal transduction system;GO:0004674-protein serine/threonine kinase activity;GO:0005515-protein binding;GO:0005634-nucleus;GO:0005737-cytoplasm;GO:0006355-regulation of transcription, DNA-dependent;GO:0006612-protein targeting to membrane;GO:0009736-cytokinin mediated signaling pathway;GO:0009793-embryo development ending in seed dormancy;GO:0009963-positive regulation of flavonoid biosynthetic process;GO:0010161-red light signaling pathway;GO:0010363-regulation of plant-type hypersensitive response;GO:0035556-intracellular signal transduction;GO:0042752-regulation of circadian rhythm;GO:0046777-protein autophosphorylationHeuertz et al. 2006, Chen et al. 2010, and Källman et al. 2014Potri.015G061900  AT5G61380  K12127-pseudo-response regulator 8AT5G61380.1CCT motif -containing response regulator protein 

PabiesPRR7-F1-2518ATGCCTTCTGGCTAGCCTTGAAAGTGAAAAAACAGGGCCATTACAAGTTGCAGTTGCTATTGAGAGAGTGGGCCTCCTCAAAAGGAAGTGGGGGTCCTGATCCATCCACACCAGCACTTATGCACAATCAGCTCATCACAGAGCAGCAAC[A/G]ACCAAGATCTGGGTTCTTCTGTGGTTGGTCCTTCTGGTCAAGACTATGTTTCCAGTGCCTAAGCCAATCAATGATGAGACAGTATCAGCTCCAAATGCATGTCGCGCAGATTGGAAAGCCCATGCNONSYN MA_124244 MA_124244g0020PF00072-Response regulator receiver domain;PF06203-CCT motifGO:0000226-microtubule cytoskeleton organization;GO:0000911-cytokinesis by cell  plate formation;GO:0004674-protein serine/threonine kinase activity;GO:0005515-protein binding;GO:0005524-ATP binding;GO:0005730-nucleolus;GO:0005737-cytoplasm;GO:0006468-protein phosphorylation;GO:0043069-negative regulation of programmed cell  deathHeuertz et al. 2006, Chen et al. 2010, and Källman et al. 2014Potri.014G106000 Potri.012G005900 Potri.015G002300 Potri.002G179800 Potri.008G046200 Potri.010G215200  AT2G46790 AT5G24470  AT5G02810 AT5G60100  AT2G46670 AT4G00760   K12127-K121231-pseudo-response regulator 9/7/5/3AT5G02810.1pseudo-response regulator 7 

PabiesPRR7-F2-534CAAGAATAACCTCCYCATCACACCTCCTCTGTGYGGCTCATCTCAACATGCCGGGAAATAATGCTCCAGAYGGTAACAATGGCCAGAGTGGCAGTAACAATGGCCTACGGAAATAGTGGAAATGGTAACGGCAGTGCCAACGGAAGCGCA[A/T]CTGGGAGTAACAATCGGGAGTAATGGGCAGAATGGGTATAGCAATGGACAGAACAGTGCAGCTGTCACTCCTGGACGGAATCAATGGGGAGAGCGACACTGGCATTGGTGCGGTGAAAAGCAGCACTGGAGGAGCACAGTGGAACTGGAANONSYN MA_124244 MA_124244g0020PF00072-Response regulator receiver domain;PF06203-CCT motifGO:0000226-microtubule cytoskeleton organization;GO:0000911-cytokinesis by cell  plate formation;GO:0004674-protein serine/threonine kinase activity;GO:0005515-protein binding;GO:0005524-ATP binding;GO:0005730-nucleolus;GO:0005737-cytoplasm;GO:0006468-protein phosphorylation;GO:0043069-negative regulation of programmed cell  deathHeuertz et al. 2006, Chen et al. 2010, and Källman et al. 2014Potri.014G106000 Potri.012G005900 Potri.015G002300 Potri.002G179800 Potri.008G046200 Potri.010G215200  AT2G46790 AT5G24470  AT5G02810 AT5G60100  AT2G46670 AT4G00760   K12127-K121231-pseudo-response regulator 9/7/5/4AT5G02810.1pseudo-response regulator 7 

PaPHYN-R0319TTGTCATGCTCAATACATGGCCAACATGGGTTCTATAGCATCTCTAGTAATGGCTGTAGTAGTCAATGAGAAGGAATTGGACGGAGATAGCGAGGGTCAGATGCAGCAgAAAGGAAGAAGGCTCTGGGGGTTGGTGGTTTGTCATCACAC[T/C]AGTCCACGCTATGTTCCATTTCCtTTGAGGTATGCTTGTGAGTTCTTGATGCAAGTTTTTGGAATTCAGCTGAACAAgGAAGTTGAATTGGCTGCTCAGATGAGAGAGAAGAAAATTCTGCGCACTCAAACATTGCTCTGCGACATGCTSYN MA_73153 MA_73153g0010PF00360-Phytochrome region;PF00989-PAS fold;PF01590-GAF domain;PF02518-Histidine kinase-, DNA gyrase B-, and HSP90-like ATPase;PF08446-PAS fold;PF08448-PAS fold;PF13188-PAS domain;PF13426-PAS domain;PF13596-PAS domainGO:0003735-structural constituent of ribosome;GO:0006412-translation;GO:0009570-chloroplast stroma;GO:0009941-chloroplast envelope;GO:0016020-membrane;GO:0019288-isopentenyl diphosphate biosynthetic process, mevalonate-independent pathway;GO:0019344-cysteine biosynthetic process;GO:0022625-cytosolic large ribosomal subunitHeuertz et al. 2006, Chen et al. 2010, and Källman et al. 2014Potri.008G105200 Potri.010G145900 Potri.013G000300 Potri.002G089000 Potri.016G077600AT2G18790 AT4G16250  AT4G18130 AT1G09570  AT5G35840  K12120-K12123-phytochrome A/B/D/EAT2G18790.1phytochrome B 

PaPHYN-RI204 CATGGGTTCTATAGCATCTCTAGTAATGGCTGTAGTAGTCAATGAGAAGGAATTGGACGGAGATAGCGAGGGTCAGATGCAGCASAAAGGAAGAAGGCTCTGGGGGTTGGTGGTTTGTCATCACACYAGTCCACGCTATGTTCCATTTCC[T/C]TTGAGGTATGCTTGTGAGTTCTTGATGCAAGTTTTTGGAATTCAGCTGAACAASGAAGTTGAATTGGCTGCTCAGATGAGAGAGAAGAAAATTCTGCGCACTCAAACATTGCTCTGCGACATGCTRCTTCGCGATGCACCCTTGGGAATTSYN MA_73153 MA_73153g0010PF00360-Phytochrome region;PF00989-PAS fold;PF01590-GAF domain;PF02518-Histidine kinase-, DNA gyrase B-, and HSP90-like ATPase;PF08446-PAS fold;PF08448-PAS fold;PF13188-PAS domain;PF13426-PAS domain;PF13596-PAS domainGO:0003735-structural constituent of ribosome;GO:0006412-translation;GO:0009570-chloroplast stroma;GO:0009941-chloroplast envelope;GO:0016020-membrane;GO:0019288-isopentenyl diphosphate biosynthetic process, mevalonate-independent pathway;GO:0019344-cysteine biosynthetic process;GO:0022625-cytosolic large ribosomal subunitHeuertz et al. 2006, Chen et al. 2010, and Källman et al. 2014Potri.008G105200 Potri.010G145900 Potri.013G000300 Potri.002G089000 Potri.016G077600AT2G18790 AT4G16250  AT4G18130 AT1G09570  AT5G35840  K12120-K12123-phytochrome A/B/D/EAT2G18790.1phytochrome B 

PaPHYN-RI420 GGCTGCTCAGATGAGAGAGAAGAAAATTCTGCGCACTCAAACATTGCTCTGCGACATGCTRCTTCGCGATGCACCCTTGGGAATTGTCACTCAGAAGCCCAACATCATGGATCTGGTTAGTTGCGATGGTGCTGCCCTTTACTATGGAGA[A/C]AACTTTTGGCTTCTTGGGGTAACTCCTACTGAGGTTCAGATACAAGATATTGTTGCATGGCTGTCTGAGCACCACATGGATTCCACAGGTTTGAGCACAGATAGTCTTGTTTATGCAGGCTATCCTGGAGCTGGAGCATTAGGTGATGCANONSYN MA_73153 MA_73153g0010PF00360-Phytochrome region;PF00989-PAS fold;PF01590-GAF domain;PF02518-Histidine kinase-, DNA gyrase B-, and HSP90-like ATPase;PF08446-PAS fold;PF08448-PAS fold;PF13188-PAS domain;PF13426-PAS domain;PF13596-PAS domainGO:0003735-structural constituent of ribosome;GO:0006412-translation;GO:0009570-chloroplast stroma;GO:0009941-chloroplast envelope;GO:0016020-membrane;GO:0019288-isopentenyl diphosphate biosynthetic process, mevalonate-independent pathway;GO:0019344-cysteine biosynthetic process;GO:0022625-cytosolic large ribosomal subunitHeuertz et al. 2006, Chen et al. 2010, and Källman et al. 2014Potri.008G105200 Potri.010G145900 Potri.013G000300 Potri.002G089000 Potri.016G077600AT2G18790 AT4G16250  AT4G18130 AT1G09570  AT5G35840  K12120-K12123-phytochrome A/B/D/EAT2G18790.1phytochrome B 

PaPHYO-RII283CTGCGATATGCTTCTTCGTGATGCACCTGTTGGGATCGTGTCTCAGACTCCCAACATTATGGACCTTGTCAAATGTGACGGGGCTGCCTTATTATAYGGGAAACGCCTTTGGCTCTTGGGGACCACTCCTACTGAGGCTCAGATACTGGA[T/C]ATTGCAGATTGGCTCCTCGAGCACCACAGAGATTCCACTGGTTTGAGTACCGACAGTCTTGCAGAAGCAGGCTATCCAGGAGCTGCATCACTAGGTGATGCAGTTTGTGGAATAGCTGCTGCCAGAATTACTTCCAAAGACTTCTTATTTSYN MA_6809 MA_6809g0020PF00360-Phytochrome region;PF01590-GAF domain. Heuertz et al. 2006, Chen et al. 2010, and Källman et al. 2014Potri.008G105200 Potri.010G145900 Potri.013G000300 Potri.002G089000 Potri.016G077600  AT2G18790 AT4G16250  AT4G18130 AT1G09570  AT5G35840 K12120-K12123-phytochrome A/B/D/EAT1G09570.1phytochrome A

PaPHYO-RIII510AAATGACTTGAGGCTTCAAGGAATAGATGAACTAAGTGCAGTGACAAATGAGATGGTACGGTTAATTGAAACTGCAACTGTGCCAATTTTGGCAATCGATTCTAATGGACTGGTAAATGGATGGAATACTAAAGCAGCTGAACTYACAGG[C/G]TTGTTGGCTGATGAAGTTATAGGGAGGCCTTTAATTGATCTTGTTCAGCATGACTCGGTTGGAAKMGTGAAAAAGATGCTCTACTTGGCTTTGCAAGGTAATAAAGAGAGTCCGAAAGAATTTCTTTCCTCTACTGAAATGTCAAGTATCSYN MA_6809 MA_6809g0030PF00512-His Kinase A (phospho-acceptor) domain;PF00989-PAS fold;PF08448-PAS fold;PF13188-PAS domain;PF13426-PAS domain;PF13596-PAS domainGO:0009987-cellular processHeuertz et al. 2006, Chen et al. 2010, and Källman et al. 2014Potri.008G105200 Potri.010G145900 Potri.013G000300 Potri.002G089000 Potri.016G077600  AT2G18790 AT4G16250  AT4G18130 AT1G09570  AT5G35840  K12120-K12123-phytochrome A/B/D/EAT1G09570.1phytochrome A

PaPHYO-RIV39TTGAAACTGCAACTGTGCCAATTTTGGCAATCGATTCTAATGGACTGGTAAATGGATGGAATACTAAAGCAGCTGAACTYACAGGSTTGTTGGCTGATGAAGTTATAGGGAGGCCTTTAATTGATCTTGTTCAGCATGACTCGGTTGGAA[T/G]MGTGAAAAAGATGCTCTACTTGGCTTTGCAAGGTAATAAAGAGAGTCCGAAAGAATTTCTTTCCTCTACTGAAATGTCAAGTATCTTATGTGTGTCTAGTTCGTGGTTAGATATGCTAATTCTTATAAAGTACTTGAAGGTTGGAAGGTCNONSYN MA_6809 MA_6809g0030PF00512-His Kinase A (phospho-acceptor) domain;PF00989-PAS fold;PF08448-PAS fold;PF13188-PAS domain;PF13426-PAS domain;PF13596-PAS domainGO:0009987-cellular processHeuertz et al. 2006, Chen et al. 2010, and Källman et al. 2014Potri.008G105200 Potri.010G145900 Potri.013G000300 Potri.002G089000 Potri.016G077600  AT2G18790 AT4G16250  AT4G18130 AT1G09570  AT5G35840  K12120-K12123-phytochrome A/B/D/EAT1G09570.1phytochrome A

PaPHYP-RI308 CTCGAATTCAAAGAGGGGGAAGAATACAGCCGTTTGGGTGTGTGCTCGCAGTGGAGGAGACCACTTTTAGGATCATCGCTTACAGTGAGAAYGCAGTGGAAATGCTGGATCTGGCGCCACAATCTGTACCGAGCATGGAACAACCTCAAC[T/C]AGAAGTTCTGACAATCGGTACCGACGTKCGAACCCTGTTCACTGCCGCCAGTGCTCACTCATTGGAAAAGGCAGCCGTAGCCCAGGAAATAAGCCTCATGAACCCTATCTGGGTTCATTGTAAAAACTCCAGAAAACCCTTTTATGCAATNONSYN MA_10435530MA_10435530g0010PF00360-Phytochrome region;PF00512-His Kinase A (phospho-acceptor) domain;PF00989-PAS fold;PF01590-GAF domain;PF02518-Histidine kinase-, DNA gyrase B-, and HSP90-like ATPase;PF08446-PAS fold;PF08447-PAS fold;PF08448-PAS fold;PF13188-PAS domain;PF13426-PAS domain;PF13492-GAF domainGO:0000155-phosphorelay sensor kinase activity;GO:0000160-phosphorelay signal transduction system;GO:0005524-ATP binding;GO:0005739-mitochondrion;GO:0006325-chromatin organization;GO:0006355-regulation of transcription, DNA-dependent;GO:0008020-G-protein coupled photoreceptor activity;GO:0009409-response to cold;GO:0009584-detection of visible l ight;GO:0009585-red, far-red light phototransduction;GO:0009630-gravitropism;GO:0009638-phototropism;GO:0009649-entrainment of circadian clock;GO:0009687-abscisic acid metabolic process;GO:0009867-jasmonic acid mediated signaling pathway;GO:0009883-red or far-red light photoreceptor activity;GO:0010029-regulation of seed germination;GO:0010148-transpiration;GO:0010161-red light signaling pathway;GO:0010201-response to continuous far red light stimulus by the high-irradiance response system;GO:0010202-response to low fluence red light stimulus;GO:0010203-response to very low fluence red light stimulus;GO:0010374-stomatal complex development;Heuertz et al. 2006, Chen et al. 2010, and Källman et al. 2014Potri.008G105200 Potri.010G145900 Potri.013G000300 Potri.002G089000 Potri.016G077600  AT2G18790 AT4G16250  AT4G18130 AT1G09570  AT5G35840  K12120-K12123-phytochrome A/B/D/EAT2G18790.1phytochrome B 

PaPHYP-RI96 NNNNNACCAACAAAGCAACGGCGATGGCGCAGTACAATGCGGACGCGAGATTACTCCAAGTCTTCGAACAGTCGGGGGAATCCGGTAAGTCTTTCGATTA[T/C]ACGAGATCCATCAAGTCTACAACAGAATCTGTTCCAGAACAGCAAATTACCGCATATTTATCTCGAATTCAAAGAGGGGGAAGAATACAGCCGTTTGGGTGTGTGCTCGCAGTGGAGGAGACCACTTTTAGGATCATCGCTTACAGTGAGSYN MA_10435530MA_10435530g0010PF00360-Phytochrome region;PF00512-His Kinase A (phospho-acceptor) domain;PF00989-PAS fold;PF01590-GAF domain;PF02518-Histidine kinase-, DNA gyrase B-, and HSP90-like ATPase;PF08446-PAS fold;PF08447-PAS fold;PF08448-PAS fold;PF13188-PAS domain;PF13426-PAS domain;PF13492-GAF domainGO:0000155-phosphorelay sensor kinase activity;GO:0000160-phosphorelay signal transduction system;GO:0005524-ATP binding;GO:0005739-mitochondrion;GO:0006325-chromatin organization;GO:0006355-regulation of transcription, DNA-dependent;GO:0008020-G-protein coupled photoreceptor activity;GO:0009409-response to cold;GO:0009584-detection of visible l ight;GO:0009585-red, far-red light phototransduction;GO:0009630-gravitropism;GO:0009638-phototropism;GO:0009649-entrainment of circadian clock;GO:0009687-abscisic acid metabolic process;GO:0009867-jasmonic acid mediated signaling pathway;GO:0009883-red or far-red light photoreceptor activity;GO:0010029-regulation of seed germination;GO:0010148-transpiration;GO:0010161-red light signaling pathway;GO:0010201-response to continuous far red light stimulus by the high-irradiance response system;GO:0010202-response to low fluence red light stimulus;GO:0010203-response to very low fluence red light stimulus;GO:0010374-stomatal complex development;Heuertz et al. 2006, Chen et al. 2010, and Källman et al. 2014Potri.008G105200 Potri.010G145900 Potri.013G000300 Potri.002G089000 Potri.016G077600  AT2G18790 AT4G16250  AT4G18130 AT1G09570  AT5G35840  K12120-K12123-phytochrome A/B/D/EAT2G18790.1phytochrome B 

PRR3BC-903 GCAAAACTCAGCTGCAAATCAAAACGGAAGAAGCAATYAACACAATGGTCTCTACCAGACTTTACATCTGATCTGGAGGTGTTTTCCATCTCATAGATGC[T/C]GGATGCCTAGCTATCAACCACTTGATAAGAGGGTAGTATAGTACAAATTCATGCCCCGACTTGGTGACTTCTACGTCAACATCTGTTGTCAGTCCTCCATINTRON MA_10437131MA_10437131g0030PF05556-Calcineurin-binding protein (Calsarcin). Chen et al. 2016. . . . .

80



Chapter II - Supplementary Materials 2

 
 

6.2. Chapter II – Supplementary Materials 2: Figures and tables 

Crown morphology in Norway spruce (Picea abies [Karst.] L.) as 

adaptation to mountainous environments is associated with single 

nucleotide polymorphisms (SNPs) in genes regulating seasonal growth 

rhythm 

published in: Tree Genetics and Genomes 

Oliver Caré, Oliver Gailing, Markus Müller, Konstantin V. Krutovsky and Ludger 

Leinemann  

corresponding author: Oliver Gailing, Department of Forest Genetics and Forest Tree Breeding, Büsgen-

Institute, Faculty of Forest Sciences and Forest Ecology, Georg-August University of Göttingen, 37077 

Göttingen, Germany, e-mail: ogailin@gwdg.de; phone:  +49-551-3933536 

Figure S1 Map section of central to south-eastern Germany indicating the stand 

locations as coloured points with corresponding abbreviations as high elevation type 

(HE), low elevation type (LE), “Schlossbergfichte” (SBF) followed by region Harz 

Mountains (H), Thuringian Forest (T) and Ore Mountains/ Saxony (S). Longitudinal and 

latitudinal coordinates (WGS 84; EPSG:4326) are given. Maps generated with QGIS 

2.18.15 (QGIS Development Team) using geodata from www.openstreetmaps.org 

(OpenStreetMap contributors).  

HE_H 

LE_H 

SBF_T HE_T 

LE_T 

LE_S HE_S 
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Figure S2 Clustering result based on the STRUCTURE (Pritchard et al. 2000) 
analysis of 11 SSR markers. Displayed are the averaged (by CLUMPAK 
(Kopelman et al. 2015)) individual admixture coefficients to cluster 1 and 2 on 
the primary and secondary y- axis, respectively. Individuals are sorted by their 
stand membership as indicated on the x-axis and by the shape and colour of 
the points representing the individuals. 
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Figure S3 Nominal p-values of allelic and genotypic complementary compositional 

differentiation 𝛿𝑆𝐷 calculated using DifferInt (Gillet 2013) between phenotypic groups 

of narrow, intermediate and broad shaped trees. Data are presented for each SNP 

alphabetically ordered along the x-axis with corresponding logarithmic p-values on the 

y-axis. The shape of the datapoints corresponds to the p-value of allelic (circle) and 

genotypic differentiation (triangle) between groups for four colour-coded datasets – 

Harz, Saxonian, Thuringian, and pooled. All data points on or above the dashed line 

indicate significant differentiation at α =0.05. 
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Figure S4 Nominal p-values of the association analysis based on the GLM implemented 

in the R-package “SNPassoc” 1.9-2 (Gonzalez et al. 2007) for each SNP alphabetically 

ordered along the x-axis with corresponding logarithmic p-values on the y-axis for four 

colour-coded datasets – Harz, Saxonian, Thuringian, and pooled. Each SNP was fitted as 

a response variable against the crown phenotype as a fixed effect and using Q-matrix 

(CLUMPAK; Kopelman et al. 2015) for population structure representing two clusters 

(K = 2) as a confounding factor calculated using the SRUCTURE 2.3.4 software (Pritchard 

et al. 2000) based on the neutral SSR markers (Caré et al. 2018). The shape of the data 

points indicates the most favourable model based on ∆AIC or lowest p-value. The y-axis 

represents the log10-transformed p-values, where for each SNP only the p-value 

obtained by a model with the highest AIC, or in case of ambiguity the lowest p-value, is 

displayed. The dashed line represents the threshold of the log10-transformed nominal p-

value at α = 0.05. 
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Figure S5 The outlier SNPs detected by 

LOSITAN (Antao et al. 2008) for the 

groups of narrow, intermediate and 

broad crowned trees. Data points 

correspond to the FST and He values of 

SNPs among groups in the (a) pooled, 

(b) Harz, (c) Saxonian, and (d) 

Thuringian datasets. SNPs are 

numbered alphabetically as indicted in 

the right-hand legend. Black dashed 

and dotted lines indicate the upper and 

lower 95% confidence limits, 

respectively, both calculated using 

50,000 permutations with the stepwise 

mutation model and the assumed 

neutral FST calculated using SSR 

markers (Caré et al. 2018). 
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Figure S6 Nominal p-values of 

the association analysis 

based on the GLM 

implemented in TASSEL 5.0 

(Bradbury et al. 2007) for the 

(a) pooled, (b) Harz, (c) 

Saxonian and (d) Thuringian 

datasets for each SNP 

alphabetically ordered along 

the x-axis with corresponding 

p-values on the y-axis. Each 

SNP was set as a response 

variable and the phenotype 

(narrow, intermediate and 

broad crowned trees) as a 

fixed effect. The shape of the 

data points corresponds to 

the type of the Q-matrix used 

as covariates, where circles 

indicate the Q-matrix 

(CLUMPAK; Kopelman et al. 

2015) for two clusters (K = 2) 

obtained using the 

SRUCTURE 2.3.4 software 

(Pritchard et al. 2000) based 

on the neutral SSR markers 

(Caré et al. 2018), crosses 

indicate that the region of 

origin and triangles that a 

randomly generated Q-

matrix with three clusters 

were used. The y-axis 

represents the log10-

transformed p-values. The 

dashed lines are the 

threshold of the log10-

transformed nominal p-value 

at α = 0.05. 
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Figure S7 Nominal p-values of the 

association analysis based on the 

GLM implemented in the R-package 

“SNPassoc” 1.9-2 (Gonzalez et al. 

2007) for the (a) pooled, (b) Harz, (c) 

Saxonian and (d) Thuringian datasets 

for each SNP alphabetically ordered 

along the x-axis with corresponding p-

values on the y-axis. Each SNP was set 

as a response variable and the 

phenotype (narrow, intermediate 

and broad crowned trees) as a fixed 

effect. The colour of the data points 

corresponds to the Q-matrix as  

covariate, where orange (noK) 

indicates that no Q-matrix was used, 

purple (region) that the region of 

origin was used, and the black (K=2) 

that the Q-matrix (CLUMPAK; 

Kopelman et al. 2015) for two clusters 

obtained by the SRUCTURE 2.3.4 

software (Pritchard et al. 2000) based 

on the neutral SSR markers (Caré et 

al. 2018) was used. The shape of the 

data points indicates the most 

favourable model based on ∆AIC or 

lowest p-value. The y-axis represents 

the log10-transformed p-values, 

where for each SNP-loci only the 

model with the highest AIC, or in case 

of ambiguity the lowest p-value, is 

presented. The dashed lines are the 

threshold of the log10-transformed 

nominal p-value at α = 0.05. 
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Figure S8 Frequency distribution of SNP genotypes in phenotypic groups of selected 

loci and datasets (a-u). Presented are locus/dataset combinations that were highly 

significant according to at least one detection method or showed nominal significance 

for the same dataset for several methods. Plots representing the same SNP in different 

datasets are separated from the others by dotted lines. SNP and dataset names are 

indicated above each plot. 
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Table S1 Climatological data for the sample stands. 

Mean air temperature, mean length of the vegetation period, mean number of 
days with a snow cover >1 cm in the morning, mean annual precipitation, mean 
wind speed at 20 m above ground level, and the elevation range in the sampled 
stands. LE: Low elevation type; HE: High elevation type; SBF: 
“Schlossbergfichte”; S: Ore Mountains (Saxony); T: Thuringia; H: Harz 
Mountains. Values for climatological parameters were taken from extrapolated 
1 × 1 km grid maps of the long-term average measurements (Deutscher 
Wetterdienst DWD Climate Data Center (CDC)). For individuals falling in 
different grids, the mean of these grid values is given and used for calculation 
of the total mean. The mean vegetation period is calculated from the grid 
values of the mean end-date minus the mean starting-date of the vegetation 
period (both are presented in days from New Year). Elevation data were taken 
from the GPS data. Stand age according to information given by the forestry 
officials. * The age of the “Schlossbergfichte” population is based on the oldest 
trees (Jetschke 2019, Wilhelm 1990), and the age of the HE_Harz population is 
based on the oldest trees of equivalent stands at Mt. Brocken (Meyer et al. 
2017). (Table according to Caré et al. 2018) 

  

Stand 

Age of 
Upper 
Story 
Trees, 
years 

Mean 
Multi 

Annual 
Air 

Tempera
ture 

1981–
2010, °C 

Mean 
Vegetat

ion 
Period 

in 
1992–
2015, 
days 

Mean 
Snow 
Cover 

Days in 
1981–
2010, 
days 

Annual 
Mean 

Precipita
tion in 
1981–
2010, 
mm 

Mean 
Wind in 20 

m a.g.l. 
m/s in 
1981–
2000 

Elevation 
Range Of 
Sampled 

Individuals, m 
a.s.l. 

LE_H 180 4.7 181.0 141.5 1668.5 56 889–915 
HE_H 300 * 3.9 177.0 158.0 1793.0 79 1036–1065 
LE_S 162 5.2 184.0 127.0 1210.0 55.5 972–1009 
HE_S 142 4.9 182.0 136.0 1255.0 58 988–1014 
LE_T 90 5.7 190.0 122.0 1331.0 57 899–912 
HE_T 151 6.3 195.5 100.5 1211.0 39 761–776 
SBF_T 280 * 5.8 191.0 116.0 1331.0 50 818–840 
Mean  5.2 185.8 128.7 1399.9 56.4 921 
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Table S2 Summary of results for the different methods used to detect association 

between SNP loci and crown phenotype. Significant outcomes based on the generalized 

linear model (GLM), FST-outliers, and significant allelic differentiation (𝛿𝑆𝐷) between 

individuals grouped by their phenotypes for each SNP are marked and detected SNPs 

highlighted in grey. 

Genea (encoded putative 

protein) 

SNP FST-

outlie

rsb 

GLMc GLMd 𝛿𝑆𝐷
e 

T H P T H P T H S P T H S 

MA_2193g0020 (AP2-like factor, 

APL2L3) 

AP2L3-2319 ◊          ●   

AP2L3-2842 ◊          ●   

AP2L3-2907        ◊   ●   

MA_470416g0010 (response regulator 

ARR-A family) 

ARRL-214              

MA_137887 (D6 protein kinase like 2, 

BIF2L2) 

BIF2L2-423   ◊   ◊ ◊ ◊      

BIF2L2-747     ◊   ◊  ◊  ◊  

MA_86404g0010 (large subunit 

ribosomal protein L5) 

FCL3066Contig1-663              

MA_19575g0010 (gigantea protein, GI) 
GI6-1089   ● ●  ● ●    ◊   

GI6-1207   ● ●  ● ●    ◊   

MA_108198g0010 (floral meristem 

identity control protein LEAFY, LFY) 

LFY-1307              

LFY-2961              

LFY-357       ◊       

LFY-637      ◊     ◊   

MA_101803g0010 (similar to CHASE 

domain containing histidine kinase 

protein) 

MA_101803g0010-

16597 

             

MA_101803g0010-2450              

MA_10267291g0010 (?) 
MA_10267291g0010-

503 

             

MA_18142g0010 (aminotransferase) MA_18142g0010-1959              

MA_20378g0010 (myosin family 

protein with Dil domain) 

MA_20378g0010-7419              

MA_39589g0010 (mTERF / 

mitochondrial transcription 

termination factor-related) 

MA_39589g0010-566  ◊ ● ●  ◊ ●   ◊ ◊   

MA_57678g0010 (cytochrome P450) MA_57678g0010-2862       ◊       

MA_605776g0010 (heat shock protein 

21) 

MA_605776g0010-849              

MA_73095g0010 (response regulator 

3) 

MA_73095g0010-1374       ◊       

MA_184576g0010 (?) 
NODE-60-length-1132-

cov-157.795929-418 

    ◊   ◊     ◊ 
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Genea (encoded putative 

protein) 

SNP FST-

outlie

rsb 

GLMc GLMd 𝛿𝑆𝐷
e 

T H P T H P T H S P T H S 

MA_18664g0010 (phytochrome-

associated protein 1) 

P02773-3              

MA_104065g0020 (Barwin-like 

endoglucanases superfamily protein) 

P06971-3      ◊   ◊     

MA_71728g0010 (PRR1, CCT motif -

containing response regulator protein) 

PabiesPRR1-1992       ◊  ◊  ◊ ◊ ◊ 

PabiesPRR1-2068          ◊    

PabiesPRR1-2381              

PabiesPRR1-240           ◊   

PabiesPRR1-2741              

PabiesPRR1-3828     ◊   ◊    ◊  

PabiesPRR1-4071              

PabiesPRR1-4365      ◊   ◊     

MA_124244g0020 (PRR7, pseudo-

response regulator 7) 

PabiesPRR7-F1-2518              

PabiesPRR7-F2-534              

MA_73153g0010 (phytochrome B) 

PaPHYN-R0319              

PaPHYN-RI204              

PaPHYN-RI420              

MA_6809g0020 (phytochrome A) PaPHYO-RII283        ◊      

MA_6809g0030 (phytochrome A) 
PaPHYO-RIII510              

PaPHYO-RIV39              

MA_10435530g0010 (phytochrome B) 
PaPHYP-RI308        ◊      

PaPHYP-RI96              

MA_10437131g0030 (?) PRR3BC-903            ◊  

abased on http://congenie.org; bcomputed using Lositan software (Antao et al. 2008); 

GLM included neutral population structure with K = 2 clusters as a confounding factor 

and was computed using the Tasselc (Bradbury et al. 2007) and SNPassocd (González et 

al. 2007) software; ecomputed using the DifferInt (Gillet 2013) software; based on P – 

pooled, H - Harz, T – Thuringian, and S - Saxonian samples; ◊ and ● –significant 

associations or differentiations for nominal p-values ≤ 0.05 or the FDR-adjusted q-value 

≤ 0.05, respectively. 
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6.3. Chapter II-Supplementary Materials 3: Additional results and discussion 

on nominal significant SNPs 

Crown morphology in Norway spruce (Picea abies [Karst.] L.) as 

adaptation to mountainous environments is associated with single 

nucleotide polymorphisms (SNPs) in genes regulating seasonal growth 

rhythm 

published in: Tree Genetics and Genomes 

Oliver Caré, Oliver Gailing, Markus Müller, Konstantin V. Krutovsky and Ludger 

Leinemann  

corresponding author: Oliver Gailing, Department of Forest Genetics and Forest Tree 

Breeding, Büsgen-Institute, Faculty of Forest Sciences and Forest Ecology, Georg-

August University of Göttingen, 37077 Göttingen, Germany, e-mail: ogailin@gwdg.de; 

phone:  +49-551-3933536 

 

PRR1 

The sequence MA_71728g0010 codes for a pseudo response regulator 1 (PRR1) also 

known as TIMING OF CAB EXPRESSION 1. Similar to the GI gene in Picea abies, it is a core 

circadian clock gene. Within the sequence, two SNPs showed nominal significance for 

two and three methods, respectively. Interestingly, PaPRR1-1992 represents a 

nonsynonymous SNP with a replacement of the hydrophobic, nonpolar glycine (G) by 

the polar, hydrophile serine (S) in the protein sequence at position 56. crown type 

groups were significantly differentiated at the SNP PaPRR1-1992 in all regions, as 

measured by  𝛿𝑆𝐷 (Table 1). In the Harz Mountain and Thuringia, the broad-crowned 

group had a lower proportion (~13%) of the G/G homozygotes than the narrow-crowned 

group (~24%) (Fig. S8 s & t), whereas in Saxony the opposite pattern was observed. Both 

the GLM and the differentiation ( 𝛿𝑆𝐷) analyses gave significant p-values for PabiesPRR1-

3828 in the Harz dataset. Similar to PabiesPRR1-1992, PabiesPRR1-3828 in the Harz 

samples had a higher proportion of the most common homozygote in the broad crown 

group (Fig. S8 u). 

The genotype frequency for both nominal significant SNPs PabiesPRR1-1992 and -

3828 showed an increase of the minor homozygote in narrow-crowned trees. Such 

pattern was also reported for SNPs in PRR1 in Pinus sylvestris from gradient with 

proposed adaptive role in climatic adaptation (Kujala and Savolainen 2012). In Poplar, 

PRR1 is involved in cold tolerance, bud set, and bud burst and is crucial to set the critical 

day length for growth cessation (Ibáñez et al. 2010). It also has a role in abscisic acid 

sensitivity, a plant hormone involved amongst others in seed dormancy and potentially 

bud dormancy (Cooke et al. 2012). Gene expression levels reach their peak at dusk 
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(Gyllenstrand et al. 2014) and as with GI, the PRR1 expression patterns suggest a 

synchronising role of the circadian clock genes to the local environment (Alakärppä et 

al. 2018). 

D6PKL2 

The best Blast hit of MA_137887 was an Arabidopsis gene coding for a D6PKL protein. 

In Arabidopsis, it is involved in the plant reaction to cold stress (Sun et al. 2009). Two 

SNPs, BIF2L2-423 and BIF2L2-747, showed nominal significance across methods. 

Genotype distributions at BIF2L2-423 among groups differed significantly with a higher 

frequency of the homozygote G/G in the narrow-crowned individuals - 46.1% in the 

pooled, 55.3% in the Harz and 41.6 % in the Thuringian datasets (Fig. S8 d-f). Comparing 

the BIF2L2-747 genotype distributions between phenotypic groups in the Harz 

Mountain, a higher frequency of the C/C homozygote or C/T heterozygote was observed 

in the broad crowned group (Fig. S8 h). 

For both nominal significant SNPs and across sites a tendency to a higher proportion 

of the most common homozygotes and alleles (G/G for BIF2L_423 and T/T for BIF2L2-

747) in the group of narrow-crowned trees was noticed. The putative involvement of 

D6PK in polar auxin transport in Arabidopsis and its role in plant development and 

growth (Willige et al. 2013; Miao et al. 2018; Zhou and Luo 2018) makes it a candidate 

gene also for plant structure. 

UF 

Both GLM analyses revealed significant results for the NODE-60-length-1132-

cov157.795929-418 SNP in the Harz dataset (Table 1). The homozygote A/A was slightly 

less abundant in the narrow-crowned individuals than in the other groups. In the 

narrow-crowned trees both heterozygote and homozygote A/A had equal proportions. 

The minor homozygote T/T was only observed in the intermediate and broad-crowned 

trees, with higher frequency in the latter (Fig. S8 j). 

The function of this gene is unknown, but it has previously been found that it has a 

highly significant association with the content of trans-resveratrol and trans-piceatannol 

in needles of Picea abies (Ganthaler et al. 2017b). Trans-resveratrol is a phytoalexin 

synthesised in several plant families in response to phytopathogenic microorganisms 

(Jeandet et al. 2010; Ahuja et al. 2012; Ribera and Zuñiga 2012). The observed genotype 

distributions were similar between Harz and Thuringia, where broad and intermediate 

crown trees more often had the variant for higher trans-resveratrol and trans-

piceatannol content. 
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Abstract: Norway spruce differs little in neutral genetic markers among populations and provenances
often reported, but in terms of putative adaptive traits and their candidate genes, some clear differences
have been observed. This has previously been shown for crown morphotypes. Stands with mostly
narrow crown shapes are adapted to high elevation conditions, but these stands are scattered, and the
forest area is often occupied by planted stands with predominantly broad crowned morphotypes.
This raises questions on whether this differentiation can remain despite gene flow, and on the level of
gene flow between natural and planted stands growing in close neighbourhood. The locally adapted
stands are a valuable seed source, the progeny of which is expected to have high genetic quality
and germination ability. The presented case study is useful for spruce plantation by demonstrating
evaluation of these expectations. Immigrant pollen and seeds from planted trees could be maladaptive
and may alter the genetic composition of the progeny. This motivated us to study single tree progenies
in a locally adapted stand with narrow crowned trees in a partial mast year at nuclear genomic simple
sequence repeat (SSR) markers. Spruce is a typical open-pollinated conifer tree species with very low
selfing rates, which were also observed in our study (s = 0.3–2.1%) and could be explained by efficient
cross-pollination and postzygotic early embryo abortion, common in conifers. The estimated high
amount of immigrant pollen found in the pooled seed lot (70.2–91.5%) is likely to influence the genetic
composition of the seedlings. Notably, for individual mother trees located in the centre of the stand,
up to 50% of the pollen was characterised as local. Seeds from these trees are therefore considered to
retain most of the adaptive variance of the stand. Germination percentage varied greatly between
half-sib families (3.6–61.9%) and was negatively correlated with relatedness and positively with
effective pollen population size of the respective families. As pollen mostly originated from outside
the stand and no family structures in the stand itself were found, germination differences can likely
be explained by diversity differences in the individual pollen cloud.

Keywords: parentage assignment; paternity analysis; pollen dispersal; gene flow; mating system;
inbreeding effect; outbreeding
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1. Introduction

Historically, forest areas were heavily exploited and reforested in Germany, and older stands were
often planted with unknown and potentially unsuitable plant material [1]. Typically, local stands of
Norway spruce at higher elevations are characterised by trees with a narrow crown and plate-like
branching adapted to sustain heavy snowfall [2,3]. In the past, due to limited availability of planting
material from desired provenances or lack of attention in selection of material, spruce stands were
often established using seeds or seedlings representing lowland morphotypes. Recently, Caré et al. [4]
showed adaptive differentiation at candidate genes between high and low elevation morphotypes.

Adapted autochthonous stands are valuable for in situ conservation of genetic resources and as
the main seed sources for artificial regeneration [1]. Therefore, there are two important aspects related
to the genetic composition of the offspring: (1) the natural regeneration of the stand itself, and (2)
the usage of the seeds for production and subsequent plantation of seedlings. As a wind-pollinated
monoecious species, Norway spruce is characterised by high outcrossing rates and long-distance pollen
dispersal [5–8]. The high outcrossing rates can, not only be explained by effective wind-mediated
pollen flow, but also by postzygotic abortion of inbred embryos, decreasing the selfing rates estimated
in viable seeds. Early studies in the genus Picea spp. detected no self-incompatibility, but did detect
unviability of selfed embryos caused by inbreeding depression [9,10]. Inbreeding depression in
Picea abies [L.] Karst. also lowers germination percentage and speed and negatively affects growth
traits and the viability of young trees [11]. At later ontogenetic stages it strongly reduces tree volume
and height and increases mortality compared to individuals from open pollinated seeds [12].

Pollen-mediated gene flow in conifers occurs at the local population scale as a distance dependent
process with a typically exponential decrease with increasing distance. However, long distance gene
flow occurs by pollen lifted in upper air-layers and transported over several or even hundreds of
kilometres [7,8,13,14]. This leads to the overall low differentiation of Norway spruce populations at
neutral markers observed throughout the distribution range of the species [15]. Long-distance gene flow
and immigrant pollen could have various impacts on the genetic composition of a local population. Gene
flow between populations, on the one hand, leads to a distribution of genetic information across the
population range, possibly counteracting effects of genetic drift or inbreeding and distributing potentially
important gene variants for adaptation, that even might assist the adaptive processes to climatic changes.
On the other hand, it may alter local adaptation by changing allele frequencies and gene complexes [16].

We studied seed samples from single tree progenies (half-sib families) ripened after a partial
mast year. The samples were collected in a putatively adapted and autochthonous spruce stand of
mainly narrow to intermediate crowned individuals that grow at higher elevations of the Thuringia
Forest in Germany and that have previously showed signs of genetic adaptation to the mountainous
environment [4]. The area is also characterised by a high proportion of planted stands typically
consisting of broad crowned individuals. The sampled stand is used as a seed source to produce
reproductive material of mountainous provenance. Thus, potentially extended gene flow from the
surrounding stands might introduce undesired characteristics to the progeny, and our results could be
helpful in the evaluation of the stand as seed source.

Genetic analysis combined with observation of germination was conducted to address the
following objectives: (1) assigning progeny to potential pollen donors to examine the mating system,
(2) quantifying the amount of pollen originated from within the autochthonous stand or migrated from
the surrounding stands to assess possible impacts on adaptive genetic variation, and (3) observing the
germination rate of seed samples from each half-sib family and estimating genetic differences between
them, considering also a possible link between genetics and fitness.
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2. Materials and Methods

2.1. Plant Material

Cones from 21 trees were collected in March 2017 in a pure Norway spruce stand located in the
Thuringian forest at ~770 m a.s.l. (above sea level), where the forest area is dominated by pure spruce
stands. This sample represents a partial mast year, with seed ripening in 2016. The mother-trees were
selected in three groups representing the northern and south-eastern edges, as well as the central
part of the stand, respectively. Cones and seeds were collected, kept and studied separately for each
mother tree representing half-sib family samples from open pollination. Preceding the cone collection,
200 adult trees in this stand were initially genotyped at nuclear genomic microsatellite or genomic
simple sequence repeat (SSR) markers (gSSRs) and expressed sequence tag SSR markers (EST-SSRs) [17]
including the 21 mother trees, the seeds of which were used here to study germination and infer
potential pollen donors (Figure 1a). The stand is considered autochthonous and used for harvesting
seeds for forest reproductive material. Stand location and topographic features of the region are
displayed in Figure 1b,c. Trees within the stand are mainly characterised by a narrow to intermediate
crown shape with plate-brush or plate-like secondary branching pattern [17]. Narrow crowned trees
with plate-like branching are typical high elevation morphotypes.
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2.2. Observation of Germination

The collected cones were dried to extract the seeds, which were manually cleaned and then stored
at 8 ◦C. Germination was observed for 84 seeds per tree. Seeds were put on top of moist paper tissue
in Petri dishes that were subdivided in segments for single-seed-identification. During the 10-day
observation period, the seeds were kept moist under ambient conditions in the laboratory. Germination
was assessed daily, where each seed was scored whether (1) its seed coat was dehisced, (2) the seed coat
was dehisced and the root tip was visible, (3) the root had started to elongate or (4) the seed showed no
signs of germination. For each tree 20 seeds were randomly selected for genotyping. They were used
for DNA-extraction either when the root emerged or after 10 days without germination. If a selected
seed was empty and could not be used for extraction, another random seed was used. For five trees
less than 20 seeds could be used for DNA extraction due to the high proportion of empty seeds.
Nevertheless, all seeds prepared for DNA extraction could be genotyped successfully.

2.3. DNA Extraction and Genotyping

For DNA extraction, seeds were dissected to isolate embryo and megagametophyte and, then, to
genotype them separately. This enables us to determine separately individual paternal and maternal
contributions to the genotype of the embryo. DNA extraction was carried out according to the
manufacturer’s protocol using the DNeasy 96 Plant Kit (Qiagen, Hilden, Germany) with prior freezing
of embryo or megagametophyte tissues in liquid nitrogen and grounding them in a MM300 ball mill
(Retsch, Haan, Germany) for 2 min at 30 Hz.

Genotyping of 200 adult trees (including the 21 trees from which seed samples were taken and the
potential pollen donors) at gSSRs and EST-SSRs had been performed by Caré et al. [17]. Here, embryos
and corresponding megagametophytes were genotyped accordingly at the same seven gSSRs [19,20]
and three out of four EST-SSRs [21,22] (Table S1). The EST-SSR PaGB8 was excluded to increase
parent–offspring assignment accuracy, because this marker often had a stuttering pattern, which may
cause misgenotyping that negatively affects assignment probability. PCR reactions were performed the
same way as for the adult trees in 14 µL total volume containing 1 µL of 1:10 diluted DNA mixed with
1X reaction buffer B (Solis BioDyne, Tartu, Estonia), 2.68 mM MgCl2, 178.57 µM for each dNTP, and
one unit of HOT FIREPol® (Solis BioDyne, Tartu, Estonia) Taq polymerase. Multiplex combinations
of primer pairs and their concentrations are provided in Table S2. Reactions were run in a Biometra
TProfessional Basic thermocycler (Analytic Jena AG, Jena, Germany) using a touch-down PCR protocol
(Table S3) followed by fragment separation on an ABITM 3130xl Genetic Analyzer (Applied Biosystems,
Foster City, CA, USA) with the size standard GeneScanTM500 ROXTM (Applied Biosystems, Foster
City, CA, USA) and peak calling using GeneMapperTM v4.1 software (Applied Biosystems, Foster City,
CA, USA).

2.4. Statistical Analysis

Quality control genotyping and allele calling were validated by inspecting whether at least one
allele found in the embryo matched the allele in the corresponding megagametophyte and that this
allele matched at least one allele in the respective mother tree. The haplotype of male gametes in the
pollen contributing to the formation of the seed was inferred by subtracting the megagametophyte
haplotype from the corresponding embryo genotype. In rare cases (<1%), when no data for the
megagametophyte were available, and the embryo had both alleles in common with the mother tree
the male contribution could not be determined. Then, both alleles were considered as potential male
contribution in the assignment analysis. Not excluding these cases from the analysis as undefined
missing data help to better resolve the number of potential pollen-donors. One tree was discarded
from the analysis of potential pollen donors, as it was successfully genotyped at only five loci.

Individual observed heterozygosity (H) of the embryo was calculated as a proportion of
heterozygous loci among all loci genotyped. Fixation index (FIS), which was used as a proxy
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for inbreeding coefficient, its corresponding p-value after 50,000 permutations, mean observed (Ho)
and expected (He) heterozygosity over all loci were calculated for each half-sib family and for the
entire pooled sample using Arlequin 3.5.2.2 [23]. To account for uncertainties from unequal sample
size the standard deviation of the mean Ho from 10,000 rarefaction resampling to n = 10 was calculated.
The He within the stand and the seed lot was also calculated and compared to the half-sib families
Ho to estimate potential loss of heterozygosity across generations. Visualisation of dissimilarities
among embryos and also adult trees that represent potential pollen donors in the stand was performed
by principal coordinate analysis (PCoA) using the R-package ape v.5.2 [24] and pairwise Hamming
distances [25] calculated using the R-package poppr v.2.8.1 [26,27], which can be regarded as genetic
distance based on allelic differences between individual embryos or adult trees. Outbreeding rate for
each half-sib family was calculated as the number of seeds without an assigned pollen donor in the
stand divided by the total number of genotyped seeds. Germination percentage was calculated as the
percentage of germinated seeds from the initial 84 seeds. To assess association between genotypes and
germination percentage and time, linear regression was applied considering the germination time or
percentage as a response variable and genetic indices as fixed effect.

Effective population size (Ne) was estimated using the R-package NB v.0.9 [28] based on a
maximum likelihood approach [29] from the change in allele frequencies between the parent and
offspring generation. Since each offspring sample represents a half-sib family, differences between the
maternal genotypes and corresponding Ho could influence the estimated Ne. Therefore, the final Ne

and its regression against the germination percentage were calculated based on the haploid pollen
contribution to the embryo genotypes, giving an estimate of the effective pollen population size (Ne (P)).
Less than 20 seeds were available for genotyping and subsequent analysis for five families, therefore
the Ne (P) of these half-sib families with fewer full seeds might be negatively biased. Rarefaction
resampling to a sample size of ten with replacement and recalculating Ne (P) 10,000 times was used to
adjust to uneven sample size. Hence, the mean rarefied effective pollen population size (Ne (P; r)) was
used as the unbiased estimator. Moreover, half-sib family 1 was excluded from subsequent calculation
of the regression due to the very low sample size.

The triadic likelihood relatedness (r) estimate [30] was calculated using the R-package related
v.0.8 [31] as a measure of pairwise relatedness among embryos and as a mean relatedness within
half-sib families calculated by averaging pairwise r-values for all embryos from the same half-sib
family. Linear regression of relatedness against the germination percentage was calculated. To verify
relatedness estimates and the linear regression, r-values were additionally calculated by the efficient
method-of-moment [32] and dyadic likelihood estimates [33] and processed as described above. Further,
each algorithm was run with different reference allele frequencies. As all the r-estimators used here rely
on the sample allele frequency, the sensitivity of the r-estimates was assessed by using different allele
frequency estimates. First, the default setting was used which calculates population allele frequencies
from the individuals of which the r-values should be estimated, this corresponds to only the embryo
genotypes. In this default calculation the maternal alleles are overrepresented in the allele frequency
estimates, because in each half-sib family half the alleles originate from the corresponding maternal
tree. This can reduce diversity of the estimated population allele frequency compared to estimates
made from stand data, and thus might influence the pairwise r-estimates. Therefore, as a second
calculation, the frequencies were estimated from the combined embryos and adult trees in the stand
and, third, based on the adult trees only. After evaluating the robustness of the method, the rarefied
triadic likelihood relatedness (r(r)) estimate was calculated by rarefaction resampling to a sample size of
ten with replacement and recalculating the within family mean over 10,000 replications. As the mean
relatedness is calculated from the pairwise estimates, which are largely unaffected by sample size,
rarefaction was used to assess the variation of the mean estimate due to different combinations of seeds
in a single half-sib family. Also, regression was calculated excluding family 1. For both regressions of
r(r) and Ne (P; r) with the germination percentage as response, respectively, the assumption of normality
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and homogeneity of the residual variances was checked. Box–Cox transformation was applied to
validate results, if one of the assumptions was not met.

Resampling with replacement was chosen in order to take into account also families with lower
sample size. However, this inevitably implicates drawing identical genotypes for the calculation,
which could lower the diversity of the rarefied sample, thus leading to lower estimates of Ne (P; r).
Therefore, the rarefaction without replacement was additionally calculated. For the estimate of mean
r-values it is however irrelevant weather it is calculated by the mean of the original pairwise values or
by resampling, either with or without replacement, as the results are identical. Resampling in this
case is an approximation of the actual mean value, with increasing iterations approaching it. Yet, the
resampling gives additional information on the standard deviation.

Potential pollen donors were assigned by two approaches: (1) a match/no-match comparison
between genotypes and (2) using CERVUS v.3.0.7 software [34].

First, we compared the paternal haplotype in the respective embryo to all corresponding genotypes
in the sample population at all genotyped markers. Those trees that had no mismatch with the inferred
pollen haplotypes were considered as potential paternal trees. To account for potential genotyping
errors, a less strict assignment was also performed by allowing a single mismatch only for one of the
markers. Trees with only a single mismatch were considered as potential pollen donors, if no other
trees with complete matching genotype were found.

Second, CERVUS v.3.0.7 was used with default settings to assign paternal parents. Unfortunately,
this programme cannot use paternal haplotype data inferred from the embryo genotypes directly.
We solved this problem by forcing the programme to use specifically only these data by replacing
maternal haplotypes in diploid embryo genotypes by dummy alleles that are not present in the studied
sample. All embryos had the same dummy “maternal” allele at each locus that was also present in
only one artificially added dummy mother tree. This approach allowed us to identify the most likely
paternal trees for embryos based on the paternal haplotype of these embryos. The cases, in which a
paternal tree was also a true maternal parent of an embryo, represented tentative self-pollination.

Pollen dispersal can be described by the distance and geographic direction between the assigned
potential pollen donor and the mother tree. Geodesic distances were based on the WGS 84 (EPSG:
3857) point coordinates for trees and calculated using the R-packages rgdal v.1.3-6 [35] and geosphere
v.1.5-7 [36]. The direction of pollen dispersal was calculated as the angle between the point coordinates
of the maternal tree and the putative pollen donor. For graphical representation all mother trees were
projected to a single point, and direction and distance to all putative pollen donors was plotted with the
R-package plotrix v.3.7-4 [37]. Dispersal distance was also visualised as frequency histogram in 10-m.
distance classes. In cases where no potential pollen donor could be identified without mismatch and
more than one potential pollen donor was identified by accepting a single mismatch, the tree with the
shortest distance to the mother tree was considered as the most likely candidate pollen donor. In the
CERVUS assignment, two confidence thresholds of 95% (strict) and 80% (relaxed) were considered.

Simulations were used to compare the observed distances and directions of pollen-dispersal
with those expected under complete random mating without assumptions. The 21 mother trees
were computationally resampled 20,000 times, pollen donors from the studied stand were randomly
assigned, and distances and angles were calculated. Distributions of simulated and observed distances
and angles were compared by a two-sample Kolmogorov-Smirnov test. Both the strict and relaxed
assignments with 80% confidence for CERVUS and allowance of one mismatch in the genotype
matching approach were used, respectively.

3. Results

Germination percentage varied considerably among half-sib families (Table 1). From 3.6% to
61.9% of the 84 seeds per tree showed at least a dehisced seed coat after 10 days, with an average of
38.5% for all seeds. Ho and He ranged from 0.517 to 0.713 and from 0.500 to 0.640 in half-sib families
(Table 1). FIS-values were negative (−0.006 to −0.122) in all half-sib families except for family 15 (0.024)
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and significant in 11 families (Table 1). Comparing the He (0.724) estimated based on all 200 trees in the
stand to the Ho (0.613) of the pooled seed sample, seeds showed a considerable loss in heterozygosity.
In addition, He (0.696) compared to Ho of the pooled seed sample (0.607) showed lower heterozygosity.
Ne (P; r) varied from 1.1 to 3.7 in the half-sib families and equalled 85.3 for the pooled genotyped
seeds (Table 1). The within families mean rarefied triadic likelihood r(r)-estimates varied from 0.11 to
0.33, with a combined mean of 0.22 (Table 1). For estimating relatedness within the half-sib families
two related methods and two additional population allele frequency estimates were investigated to
assess robustness of the reported values. The calculations of the triadic likelihood estimate based
on allele frequencies of combined embryo and stand data and stand-only data produced similar and
slightly higher mean r-values of 0.22 and 0.24, respectively, compared to the default calculation using
only the embryo data. Using the same algorithm with the different reference allele frequencies resulted
in significantly correlated estimates. Comparison of different algorithms using the same reference
allele frequencies demonstrated also significant correlations between them, except for comparisons
of the efficient method-of-moment estimates based on the stand allele frequencies to the two other
estimates (Table S4).

A highly significant (p = 0.005) negative linear relationship was found between r(r) (Figure 2a), as
well as a highly significant (p = 0.003) positive relationship between Ne (P; r), calculated with replacement,
and germination percentage in the half-sib families. This relationship was still significant (p = 0.02) for
the rarefied calculation without replacement (Figure 2b). Assumptions of normality and homogeneity
of variances of the residuals were tested by QQ-plots (Figure S1) and the Breusch-Pagan [38] test,
respectively. Residuals met the assumption for Ne (P; r), but for r(r) the Breusch-Pagan test indicated
heterogeneity of variances. To confirm the regression result, it was recalculated with a Box-Cox
transformation of r(r), which met both the assumption of normality and variance homogeneity of
the residuals. A significant relationship with germination rate was confirmed with an adjusted
R2 of 0.24 (p = 0.015). Results of the unrarefied values are presented in Figure S2. A significant
negative relationship was confirmed for the original data with all methods for calculating r [30,32,33]
and applying the described population reference allele frequency estimates, except for the efficient
method-of-moment algorithm based on the stand only data (Table S5). Linear regressions between the
time and percentage of germination against Ho at typed loci were insignificant. As well as no significant
influence of FIS on the germination percentage or the dispersal distance of assigned pollen donors was
found. Finally, no significant relationship was found between outbreeding and germination rates.

The PCoA plot demonstrates variability of genetic distances between embryos within half-sib
families, as well as variability of genetic distance between half-sib families and the stand (Figure S2).
Highest within family distance between embryos was found in families 2, 10, 16, 18, and 19, while
others showed less genetic distance, especially in families 7 and 17. Families 14, 15, 16, 19, and 20
represented the stand relatively well in terms of variation and coverage, whereas families 2, 4, 11, 12,
and 21 showed more differences to the overall stand. Nevertheless, samples of half-sib families always
overlapped partially with the stand data (Figure S3).
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in (b) shown the mean confidence interval. Indicated by an upward triangle is the unrarefied value 
for family 13, because resampling in this family was impossible for rarefaction without replacement. 

Figure 2. Scatter plot of mean seed germination percentage (x-axis) in 21 half-sib families plotted
against the (a) rarefied mean within half-sib family relatedness (r(r)) or (b) rarefied mean effective pollen
population size (Ne (P; r)) of the half-sib families. The line represents the corresponding linear regression
trendline, excluding family 1 (downward triangle) due to very limited sample size. Grey symbols and
lines correspond to rarefaction with replacement, black indicates rarefied results without replacement.
(a) adjusted R2 = 0.33, p = 0.005; (b) with replacement adjusted R2 = 0.37, p = 0.003, without replacement
adjusted R2 = 0.21, p = 0.02. Whiskers represented by solid lines in (a,b) show the standard deviation of
the mean from the rarefaction resampling, whiskers represented by doted lines in (b) shown the mean
confidence interval. Indicated by an upward triangle is the unrarefied value for family 13, because
resampling in this family was impossible for rarefaction without replacement.

For the combined results of the assignments without and with one mismatch together the
proportion of immigrant pollen was 75.8% with 92 assignable local pollen donors in 375 genotyped
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seeds. Three self-pollination events were found among 375 mating events in the assignment without and
with one mismatch, leading to an estimated self-fertilisation rate s of 0.8% (3/375). One potential pollen
donor could be assigned with no mismatch for 32 unique mating events. This corresponds to 8.5% of
all genotyped seeds or an estimated 91.5% of immigrant pollen, respectively. One self-pollination event
without mismatch was detected for 32 mating events (s = 1/375 or 0.3%) (Table 1). Dispersal distance
for outcrossing ranged from 3 to 138 m with a mean of 33 m. Potential pollen donors could be assigned
for additional 60 seeds by accepting a single mismatch. For 18 of these seeds, more than one potential
pollen donor was assigned. Considering only mating with the shortest distance between seed parent
and pollen donor for these 18 cases, the mean dispersal distance was 66 m (ranging from 5 to 161 m)
for outcrossing. Pollen dispersal was mainly realised within 10 m (47%) and 10–20 m (19%) distances
when the strict assignment was used. If mating assignments with a single mismatch are also included
and considering among multiple possibilities only events with the shortest distance between parents,
pollen dispersal within 10 (18%) and 10–20 (12%) m distances was still the most frequent. A more
homogeneous distribution of dispersals was observed for more distant classes, up to the 130–140 m
class. In the simulated random mating without any assumptions, dispersal distances reached up
to 250 m. with the far-reaching upper tail representing very rare dispersal events. Most simulated
dispersal events (28% in total) occurred within 30 to 60 m distance classes. Shorter distance classes were
much less represented for dispersal events than in the observed data (Figure 3a). Dispersal directions
were mainly from northern pollen donors southward. Pollen flow north to north-westwards also
occurred, but less than the southward dispersal, and distances were much shorter than the possible
distances under the simulation. Almost no pollen came from north eastern to south eastern trees
(Figure S4a). These directions represent only the observable pollen dispersal based on the genetic
assignment; pollen flow from outside this stand is unknown in terms of distance and direction.

Candidate pollen donors were assigned for 112 seeds by CERVUS with relaxed confidence, giving
an immigrant pollen estimate of 70.1%. They included 33 assignments with the strict confidence
threshold. For eight seeds their true mother tree was assigned as candidate pollen donor, meaning
eight self-pollination events for 375 mating events in total (s = 8/375 or 2.1%) (Table 1). In total,
30 assignments were detected by both assignment methods, CERVUS and comparison, both with the
less strict criteria. Most dispersal occurred within distances up to 20 m in assignments detected by
CERVUS with either relaxed or strict criteria. The distance class up to 10 m comprised 19.6% and 39.4%
of assigned mating events under the strict and relaxed criteria, respectively. For the 10–20 m distance
class 18.8% and 25.2% of assigned mating events were observed, respectively. The mean distance
between seed parent and putative pollen donor was 47 m under the strict criterion, but 169 m under
the relaxed one (Figure 3b). Long distance mating events occurred mainly between a pollen donor
located south and the southeast mother tree, but some pollen came from the northern pollen donors.
The assignments by CERVUS also included pollen donors from northeast and southeast (Figure S4b),
although again gene flow distances and directions for outside pollen could not be characterised.

Distributions of the simulated distances and directions (angles) differed significantly (p < 0.0001)
from the observed distributions, except for the distribution of pollen dispersal directions (angles)
in the CERVUS assignments with relaxed confidence threshold. Estimates of external pollen from
the “putative maladapted gene pool” accounted for 70.1–91.5% of viable embryos, depending on the
method of assignment.
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Figure 3. Relative frequency of local, within the stand, pollen dispersal in 10 m. distance interval classes
and the 0 m distance class indicating self-fertilisation: (a) dark grey bars represent strict assignments
without any mismatch at the genotyped simple sequence repeat (SSR) markers, grey bars represent strict
assignments combined with assignments allowing for only one mismatch, where in cases of multiple
possible assignments for a seed the nearest pollen donor was considered, and light grey bars represent
the same conditions as previous, but mean distance is used in cases of multiple assignments; (b) dark
and light grey bars represent assignments made by CERVUS 3.0.7 with 95% and 80% confidence,
respectively. The simulated random mating distance of the sampled mother trees and the reference
population is given as cubic spline interpolated black curve of 20,000 events. Both observed and
simulated data do not include pollen flow from outside the stand.

4. Discussion

4.1. Germination and Relatedness

The observed mean germination percentage of 38.5% was relatively low compared to typical
commercially available seeds. Although, reported germination percentage may greatly vary depending
on year, location, and tree, germination is drastically reduced in selfed seeds [11,39]. The seeds used in
our study were not commercially processed, and, thus, empty seeds were still present in the sample.
Among seeds from five half-sib families, more than 75% were empty, and fewer than 20 full seeds were
available for analysis. Factors that may increase the formation of empty seeds are, amongst others,
lack of or insufficient pollination and unsuitable environmental conditions during seed maturation.
Nonetheless, inbreeding is the main cause of empty seeds and attributed to increased homozygosity
and resulting expression of deleterious recessive alleles, as shown for different spruce species [10,39–42]
and other conifers [43–45]. The higher proportion of empty seeds is thus likely caused by selfing
and inbreeding but cannot be confirmed by genetic analyses because postzygotic abortion leaves no
material to study.

An increase in r(r) and Ne (P; r) estimates within the half-sib families revealed significant negative
and positive associations with the germination percentage, respectively. Half-sib families with the
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highest proportion of empty seeds and low germination, showed Ne values below, and within family
r-values above the mean (Figure S2). Because of the high proportion of empty seeds, it was not possible
to achieve the sample size of 20 genotyped seeds in these families. Therefore, rarefaction methods
were used to calculate unbiased estimators. In contrast, no significant association of diversity (Ho) and
fixation index (FIS) with the germination time and percentage were detected. Although, a slight trend
of positive correlation of higher Ho with germination percentage was observed, it was insignificant.
Only in four families a slightly increased homozygosity was found within the half-sib families, when
Ho and He were compared. For the complete seed lot, increased homozygosity was more pronounced.
Distribution of samples in the PCoA also demonstrates a restricted genetic diversity and higher
similarity within half-sib families. Genetic load could not be accurately determined because only viable
embryos were screened. Thus, genetic diversity parameters in half-sib families with high proportion
of empty seeds could be overestimated. However, negative associations of r(r) were observed with
Ne (P; r) and germination. The Ne (P; r) estimates, however, should be interpreted with caution, as this
method is strongly influenced by sample size. A sample size of 20 and subsequent reduction to 10 for
the rarefaction for estimating population size from genotypic data is quite low and combined with
a relative high uncertainty of the estimate given by the confidence interval. Higher confidence for
the present data is unlikely be achieved with 20 true samples for each family, because even for the
complete seed lot of 375 samples, the confidence interval of the estimated total pollen population size
was still very broad −38% and 87% of the estimate, respectively.

To explain differences between the half-sib families in Ho, r(r) and Ne (P; r), different levels of
inbreeding are conceivable, but could not be confirmed. The differences can probably be explained
by a limited number and/or diversity of the pollen donors contributing to the single half-sib-families.
No family structure was found in the stand: differentiation and relatedness between adult trees
did not depend on geographic distance. The pooled progeny was fathered to a large extent by
immigrant pollen (70.2% to 91.5% dependent on the method), likely from the surrounding planted
stands. Thus, increase relatedness estimates cannot be explained only by mating between close relatives.
Low diversity of the pollen donors can also result in lower genetic diversity, higher genetic similarity,
and increased homozygosity in a half-sib family. This could also lower population size estimates
and increase relatedness estimates in the progenies. Thus, a restricted number of, or lower genetic
diversity amongst pollen donors likely affected the offspring of a single tree. This is also a plausible
explanation for the lower germination, as fitness and variability are associated with genetic diversity
in forest trees [46]. Such correlation between poorer seed performance and restricted population size
was previously detected in other conifers [47,48]. For example, increased formation of empty seeds
and lowered germination rate dependent on population size had been found in artificial Douglas-fir
(Pseudotsuga menziesii [Mirbel] Franco) stands of different size [47], and decreased germination and
seedling performance dependent on population size were observed in the tropical pine Pinus chiapensis
[MartÍnez] Andresen [48]. In both cited studies the population size was calculated from census data
of the parental population, whereas here it was estimated from genetic data of the pollen haploid
contributions to the embryos. We showed that although the studied stand was located within a
relatively large spruce area with a supposedly large census, the effective pollen population size varied
in the families and affected their germination percentage.

In future studies the effect of pollen immigration on fitness traits, such as germination percentage,
should be investigated in detail. The overall low germination performance in combination with the
detected high proportion of immigrant pollen of likely different origin from the planted surrounding
stands could hint to outbreeding depression. The reduction in fitness traits is caused by cross fertilisation
of genetic distant gene pools, when the breakdown of adaptive gene complexes outweighs positive
introgression effects [49]. Outbreeding depression was shown to reduce fruit set and seedling number
in the flowering plant Acmispon glaber [Vogel] Brouillet. High seed abortion in cross- and naturally
pollinated seeds of Pinus sylvestris L. was also explained by outbreeding depression [50]. Similar to
inbreeding depression, outbreeding depression also has a long-term effect as revealed by poorer
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performance of growth traits in Abies sachalinensis [F. Schmidt] Mast. progenies [51]. Neverteless, we
could not confirm a significant relationship of the half-sib families’ individual outbreeding rate and the
germination percentage.

However, the overall Ne(p)-estimate of 85.3 in the pooled seed lot can be interpreted as large
enough to contain enough genetic diversity to avoid genetic drift. It is comparable to similar estimates
in other studies of P. abies [52] and conifers [53]. A good representation of the stand in the pooled
seed lot can also be seen in the PCoA distribution based on the selectively neutral markers (Figure S2),
where the pooled seed lot overlaps with the stand samples. Genetic differentiation estimated using
selectively neutral markers was in general relatively low between different P. abies stands [15]. It was
also found in German stands including the one studied here [17]. However, low genetic differentiation
at neutral markers did not reflect differentiation at potentially adaptive candidate genes, for which
variation was associated with different adaptive morphotypes [4]. Thus, the high amount of immigrant
pollen contributing to at least 70% of the offspring can change allele frequencies at putative adaptive
loci. Population structure of the stand was already studied in Caré et al. [17], and neither correlation
of genetic differentiation with distance among individuals nor significant within population genetic
structure were found. Here, we studied correlation of r with distance among individuals, and no
significant correlation was found.

4.2. Distances and Distribution

We observed distance-dependent mating within the stand with closer growing trees being more
likely to mate. Within the investigated stand, mating events were most frequent per distance class
in >0 m to 10 m and 10 m to 20 m, but can be as distant as 170 m. This is in agreement with previous
results [6,54] and observations on the distance-dependency of single tree pollen cloud density [55].
A directionality in pollen dispersal departing from the simulated random dispersal within the stand
could not be conclusively defined because comparisons between simulated and observed distributions
were inconsistent, and their significance depended on the method and confidence thresholds.

This distance-dependent mating success applies only to the local pollen and accounts for ~10–30%
of the total seeds studied. Exponential decrease in mating probability in the present study was mostly
shown at a local scale. Here, “local” refers to the sampled stand, to which an assignment is possible.
As the area is continuously covered by spruce trees, mating of the trees on the edge of this stand is
expected to happen also with neighbouring trees that will be characterised as immigrant pollen even
though it could result from a short distance mating. Nevertheless, a large proportion of pollen likely
came from distant pollen sources as previously shown [5,6]. For trees within the centre of the stand,
more potential pollen donors were assigned in both approaches than for those growing at the stand
edge. This might be partly an effect of the sampling design, since central trees were surrounded by
more genotyped trees as compared to trees growing on the edge of the sampled stand. Nevertheless,
this indicated that immigrant pollen from the surrounding stands contributed less to the progeny of the
central trees, and a considerable amount of within stand mating for central trees is realistic. Moreover,
for single mother trees, a maximum of no more than half of the seeds were assigned to potential pollen
donors in the studied stand. These results further underline the high proportion of immigrant pollen
also for single trees, with as high as 100% in family 4.

4.3. Selfing and Outcrossing

Estimated effective selfing rates in viable seeds ranged from 0.3% to 2.1%. This is on the lower end
compared to the reported mean values of generally low selfing rates in P. abies [5,6,56–59]. Nevertheless,
although rarely, but 100% outcrossing [58] or high selfing rates greater than 20% were also observed [59].
Nonetheless, genetic studies of the mating system require “full” seeds. Therefore, estimates of selfing
and outcrossing could be biased for seed lots with empty seeds resulted from postzygotic abortion
due to possible inbreeding depression [60]. This mechanism of avoiding high self-fertilisation rates
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in the viable offspring in the absence of self-incompatibility mechanisms has also been observed in
P. omorika [42].

Approximately two thirds of the estimated outcrossing was due to immigrant pollen most likely
coming from the neighbour largely supposedly planted stands. Thus, a negative effect on the genetic
composition at adaptive genes is likely. Particularly considering adaptive genetic differences that had
been found between different morphotypes in Norway spruce [4].

5. Conclusions and Perspectives

Association between r(r) and Ne (P; r) of single tree progenies and fitness represented by germination
was shown for seeds collected from a natural population after a partial mast year. Progenies with
lowered germination percentage had also lower Ne (P; r) but increased mean r(r). This can be explained
by lower genetic diversity in these progenies due to probably a limited number of pollen donors
and/or their low diversity. Inbreeding depression expected from mating amongst close relatives
and high selfing rates was not found, despite high amounts of empty seeds. This can be an artefact
explained by postzygotic abortion of inbred embryos that results in empty seeds as reported for several
conifers [43,45,50], but these empty seeds cannot be genetically studied. Further, we estimated that at
least 70% of viable seeds were formed by immigrant pollen. This likely alters the genetic composition
of the progeny in this locally adapted stand. As the immigrant pollen was most likely contributed
by the surrounding planted spruce stand, representing most likely a distant gene pool, potentially
outbreeding depression might both contribute to empty seeds and poor seed fitness. To quantitatively
assess these impacts, further studies on seed lots including putative adaptive candidate genes are
necessary. To confirm outbreeding depression, controlled crosses or at least sampling the surrounding
stands and observing seedling development would be necessary.

For natural regeneration the high amounts of immigrant pollen are likely to alter genetic
composition of the stand over generations. As seeds also have a distance-dependent dispersal, and less
immigrant pollen contributes to the progeny of central trees, decrease of adaptation is likely happening
faster at the edges than in the centre of the stand. Still, dilution of adaptive variation in the stand is a
conceivable long-term process in the absence of other effects. Here, the actual regeneration should
be studied, as natural selection might counteract the alteration of adaptive variation by immigrant
pollen. Also, here we investigated one seed year. As natural regeneration is formed with contributions
of several seed years, where the genetic structure of the progeny and mating system parameters vary
between years, the amount of immigrant pollen might be differently estimated based on young trees.

It can be expected, that harvesting seeds predominantly in the centre of the stand would retain
the most adaptive variation of the stand itself. Still, for a seed harvest equal representation of mother
trees in the seed lot is advised, as this also guaranties the maintenance of genetic diversity to avoid
introduction of drift effects, since diversity and genetic distance are highly variable between half-sib
families. Still, the overall high amount of immigrant pollen is troublesome in the context of preservation
of genetic composition of the parental stand.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-2818/12/7/266/
s1, Document (pdf; 5 pp) including Table S1: SSR markers used for genotyping 200 adult trees including
21 seed-collected trees, embryos, and megagametophytes (Caré et al. [17], modified), Table S2: Concentration (ci,
µM/µL) of each forward and reverse primer in the multiplex reactions (Caré et al. [17], modified), Table S3: PCR
touch-down protocol used for amplification of SSR-markers, Table S4: Pearson’s correlation coefficient (PCC)
for the comparisons (1 vs. 2) of mean within half-sib families relatedness estimated with different algorithms
and reference allele frequencies, Table S5: Adjusted R2 of linear regressions between the germination percentage
and the mean within family relatedness estimated with different algorithms and reference allele frequencies
from the original data, excluding half-sib-family 1 due to very limited sample size, Figure S1: Quantile-Quantile
diagram of the standardised residuals in the linear regression between within half-sib family seed germination
rate presented in Figure 3 and (a) rarefied mean relatedness or (b) rarefied mean effective pollen population size,
Figure S2: Scatter plot of mean seed germination rate (y-axis) in 21 half-sib families plotted against the (a) mean
within half-sib family relatedness (r) or (b) effective population size (Ne) of the half-sib families. The black line
represents the corresponding linear regression trendline: (a) adjusted R2 = 0.34, p = 0.004 excluding half-sib
family 1 (depicted by the grey cross) due to very limited sample size; (b) adjusted R2 = 0.15, p = 0.046, Figure S3:
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Principal Coordinate Analysis (PCoA) of embryos and also adult trees that represent potential pollen donors in
the stand based on the pairwise Hamming distance [25] between them calculated using genotypes of 10 SSR
markers. For better visualisation of the embryos belonging to the same half-sib family, the figure presents the
same PCoA plot 21 times, but each time with samples of a particular half-sib family highlighted by dark blue dots.
Potential pollen donors in the stand are highlighted by turquoise, and all other datapoints are highlighted by grey.
Distributions of the datapoints that belong to the same half-sib family are circled each by a 95% inertia ellipse,
Figure S4: Local pollen dispersal distances and angles of the assignment determined by (a) matching the pollen
haplotype with the genotyped individuals and (b) using Cervus 3.0.7 software. All 21 seed-collected mother trees
are projected to the centre of the plot. End-marked lines indicate the assigned pollen donor. (a) A strict assignment
with complete match for all markers and allowing a single mismatch for one of the markers are depicted by
dark violet lines with round-pointed-ends and blue lines with square-pointed ends, respectively. (b) A strict 95%
confidence delta threshold and a relaxed 80% confidence delta threshold are depicted by dark violet lines with
round-pointed-ends and blue lines with square-pointed ends, respectively. The simulated random mating events
(n = 20,000) between 21 seed-collected mother trees and all genotyped trees are depicted by light orange lines in
the background. Both observed and simulated data do not include pollen flow from outside the stand.
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Figure S1. Quantile-Quantile diagram of the standardized residuals in the linear regression between 

within half-sib family seed germination rate presented in Figure 3 and a) rarefied mean relatedness or 

b) rarefied mean effective pollen population size. 
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Figure S2. Scatter plot of mean seed germination rate (y-axis) in 21 half-sib families plotted against the 

a) mean within half-sib family relatedness (r) or b) effective population size (Ne) of the half-sib families. 

The black line represents the corresponding linear regression trendline: a) adjusted R2 = 0.34, P = 0.004 

excluding half-sib family 1 (depicted by the grey cross) due to very limited sample size; b) adjusted 

R2 = 0.15, P = 0.046. 
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Figure S3. Principal 

Coordinate Analysis 

(PCoA) of embryos and 

also adult trees that 

represent potential pollen 

donors in the stand based 

on the pairwise Hamming 

distance [24] between them 

calculated using genotypes 

of 10 SSR markers. For 

better visualization of the 

embryos belonging to the 

same half-sib family, the 

figure presents the same 

PCoA plot 21 times, but 

each time with samples of a 

particular half-sib family 

highlighted by dark blue 

dots. Potential pollen 

donors in the stand are 

highlighted by turquoise, 

and all other datapoints are 

highlighted by grey. 

Distributions of the 

datapoints that belong to 

the same half-sib family are 

circled each by a 95% 

inertia ellipse. 
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Figure S4. Local pollen dispersal distances and angles of the assignment determined by a) matching 

the pollen haplotype with the genotyped individuals and b) using Cervus 3.0.7 software. All 21 seed-

collected mother trees are projected to the centre of the plot. End-marked lines indicate the assigned 

pollen donor. a) A strict assignment with complete match for all markers and allowing a single 

mismatch for one of the markers are depicted by dark violet lines with round-pointed-ends and blue 

lines with square-pointed ends, respectively. b) A strict 95% confidence delta threshold and a relaxed 

80% confidence delta threshold are depicted by dark violet lines with round-pointed-ends and blue 

lines with square-pointed ends, respectively. The simulated random mating events (N=20,000) 

between 21 seed-collected mother trees and all genotyped trees are depicted by light orange lines in 

the background. Both observed and simulated data do not include pollen flow from outside the stand. 
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Table S1. SSR markers used for genotyping 200 adult trees including 21 seed-collected trees, 

embryos, and megagametophytes (Caré et al. [17], modified). 

SSR marker 

Allele 

size 

range, 

bp 

Dye label (6-FAM and HEX) and the 

forward (F) and reverse (R) PCR primer 

nucleotide sequences (5`–3`) 

Repeat motif Reference 

EATC1B2a 197-219 
F: 6-FAM-TGGCATGAGATTTATGTGGTT 

R: GTGTGCCACTCAACCTCAC 
(ATC)7(AT)3 

Scotti et 

al. [60] 

EATC1D2a 180-236 
F: 6-FAM-TTGTCATCGTCGTCATTGTC 

R: TTTAGCCTCTGTTTTCTAGCG 
(ATC)3AT(ATC)6 

EATC1E03a 130-175 
F: 6-FAM-CCCCTTATTCCTAACGTCAAA 

R: TACCAGTGGTGACAACGATG 

(CAT)4CGT(CAT)8CG

T(CAT)4CGT(CT)4CG

T(CAT)4 

EATC2G05a 193-254 
F: HEX-TGGAGCATGGGTAAATCG 

R: TACCTCACACCCGTGAGAAT 

(AAT)5(CAT)16CAA(

CAT)4 

PaGB3b 109-150 
F: 6-FAM-AGTGATTAAACTCCTGACCAC 

R: CACTGAATACACCCATTATCC 
(AT)11 

Besnard et 

al. [61] 
SpAG2a 88-122 

F: 6-FAM-GCTCTTCACGTGTACTTGATC 

R: TTCGAAGATCCTCCAAGATAC 
(TC)16 

SpAGC1a 71-121 
F: HEX-TTCACCTTAGCCGAGAACC 

R: CACTGGAGATCTTCGTTCTGA 
(TC)5TT(TC)10 

Pfeiffer et 

al. [62] 
SpAGG3a 109-149 

F: HEX-AGCATGTTGTCCCATATAGACC 

R: CTCCAACATTCCCATGTAGC 
(GA)24 

WS00016.O09b 386-402 
F: HEX-CTTTGGGGGCTAGCAAGTTT 

R: ATTCGGGCTTCATAGCACAA 
(AT)9 

Rungis et 

al. [63] 
WS00111.K13b 212-272 

F: HEX-GACTGAAGATGCCGATATGC 

R: GGCCATATCATCTCAAAATAAAGAA 
(AT)9 

a gSSRs, b EST-SSRs 
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Table S2. Concentration (ci, μM/μl) of each forward and reverse primer in the multiplex 

reactions (Caré et al. [17], modified). 

Multiplex 1 Multiplex 2 Multiplex 3 Multiplex 4 

SSR ci SSR ci SSR ci SSR ci 

WS00111.K13 3.57 SpAGC1 2.14 EATC1E03 1.25 SpAGG2 1.79 

EATC1D2 2.14 EATC2G05 2.14 SpAG2 1.79 WS00016.O09 3.57 
  EATC1B2 1.07 SpAC1F07 3.57 PaGB3 1.07 

 

 

 

Table S3. PCR touch-down protocol used for amplification of SSR-markers. 

Step Temperature, °C Time, min Cycle repeats 

Incubation 95 15 1 

     

Touch-down 

Denaturation 94 1  

Annealing 60 (∆-1) 1 10 

Extension 72 1  

     

Denaturation 95 1  

Annealing 50 1 25 

Extension 72 1  

     

Final extension 72 20 1 
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Table S4. Pearson’s correlation coefficient (PCC) for the comparisons (1 vs. 2) of mean within 

half-sib families relatedness estimated with different algorithms and reference allele 

frequencies.  

Calculation 1 Calculation 2 

PCC Algorithm 1(1) reference allele 

frequency 1(2) 

Algorithm 2(1) reference allele 

frequency 2(2) 

triadic likelihood default triadic likelihood 
stand & 

embryo 
0.996*** 

triadic likelihood default triadic likelihood stand 0.979*** 

triadic likelihood 
stand & 

embryo 
triadic likelihood stand 0.991*** 

efficient method-of-

moment 
default 

efficient method-of-

moment 

stand & 

embryo 
0.956*** 

efficient method-of-

moment 
default 

efficient method-of-

moment 
stand 0.734*** 

efficient method-of-

moment 

stand & 

embryo 

efficient method-of-

moment 
stand 0.794*** 

dyadic likelihood default dyadic likelihood 
stand & 

embryo 
0.998*** 

dyadic likelihood default dyadic likelihood stand 0.981*** 

dyadic likelihood 
stand & 

embryo 
dyadic likelihood stand 0.992*** 

triadic likelihood default 
efficient method-of-

moment 
default 0.692*** 

triadic likelihood default dyadic likelihood default 0.983*** 

efficient method-of-

moment 
default dyadic likelihood default 0.627** 

triadic likelihood 
stand & 

embryo 

efficient method-of-

moment 

stand & 

embryo 
0.683*** 

triadic likelihood 
stand & 

embryo 
dyadic likelihood 

stand & 

embryo 
0.988*** 

efficient method-of-

moment 

stand & 

embryo 
dyadic likelihood 

stand & 

embryo 
0.632** 

triadic likelihood stand 
efficient method-of-

moment 
stand 0.4 

triadic likelihood stand dyadic likelihood stand 0.988*** 

efficient method-of-

moment 
stand dyadic likelihood stand 0.345 

(1)triadic likelihood described in [29]; efficient-method-of moment described in [31]; dyadic likelihood 

described in [32]  (2)reference allele frequency used in the calculation; default uses the sample data for 

estimating the population allele frequency, here the embryo data; stand & embryo is the combined allele 

frequencies of the sampled stand and the embryos and stand is the adjusted allele frequencies of only the 

stand data;*P < 0.05, **P < 0.01, ***P < 0.001.   
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Table S5. Adjusted R2 of linear regressions between the germination percentage and the mean 

within family relatedness estimated with different algorithms and reference allele frequencies 

from the original data, excluding half-sib-family 1 due to very limited sample size. 

Algorithm (1) 

reference 

allele 

frequency (2) 

adjusted R2 

triadic likelihood default 0.3435** 

triadic likelihood 
stand & 

embryo 
0.3009** 

triadic likelihood stand 0.2396* 

efficient method-of-moment default 0.5326*** 

efficient method-of-moment 
stand & 

embryo 
0.446** 

efficient method-of-moment stand 0.08051 

dyadic likelihood default 0.2504* 

dyadic likelihood 
stand & 

embryo 
0.2137* 

dyadic likelihood stand 0.1552* 

(1)triadic likelihood described in [29]; efficient-method-of moment described in [31]; dyadic likelihood 

described in [32]  (2)reference allele frequency used in the calculation; default uses the sample data for 

estimating the population allele frequency, here the embryo data; stand & embryo is the combined allele 

frequencies of the sampled stand and the embryos, and stand is the adjusted allele frequencies of only the 

stand data;*P < 0.05, **P < 0.01, ***P < 0.001.   
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