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PREFACE  

 

This cumulative dissertation is a product of my three years enrolment in the graduate school 

RESPONSE (GRK 2010) under the supervision of Prof. Dr. Martin Schnittler. In these years I 

have conducted fieldwork (including two trips to the Alaska and two trips to the Bavarian 

Forest National Park) to perform GPS measurements of trees and collect different plant tissues 

for DNA extraction. Hereupon I did DNA extractions, PCR reactions with 11 microsatellite 

markers followed by the fragment analysis of all samples (~2500) (Greifswald, DE). In addition I 

have participated in the international conference in Germany (Gesellschaft für Ökologie e.V. 

(GfÖ)). All of the information presented henceforth was obtained from my original independent 

work with collaborations with experts from around the world. I was fortunate to collaborate 

with the working group of Prof. Søren J. Sørensen (University of Copenhagen, Denmark) who 

are specialized in molecular techniques and Illumina sequencing. Furthermore my study 

benefitted a lot from the collaboration with Prof. Glenn Juday (University of Alaska Fairbanks) 

an expert for climate change and forest growth, forest development and ecosystem life history 

and Carl Roland (Denali National Park and Preserve) who is plant ecologist and principal 

investigator for Central Alaska Network vegetation monitoring program and plant inventory. 

 

After the abstract in Chapter 1 and a general introduction in Chapter 2, three manuscripts 

(on two of which I am first author) are presented in Chapter 3. Chapter 3.1 deals with 

spatio-temporal patterns of clonality in white spruce (Picea glauca (Moench) Voss) in Alaska, 

investigated by the use of 11 microsatellite (SSR; simple sequence repeats) markers combined in 

three respectively two multiplex systems. 

Chapter 3.2 presents a study about geographical distance, elevation and slope as habitat 

conditions and also tree height and age as phenotypical traits for being the main influence in the 

needle mycobiome of P. glauca overruling the effect of the trees genotype. Chapter 3.3 

presents a follow up study on the needle mycobiome of P. glauca focusing on the site-, stand- 

and needle age influence over a bigger geographical scale throughout Alaska. Chapter 4 

summarizes the important findings of this dissertation and highlights its significant contributions 

to the current knowledge on 1) clonality and its drivers in P. glauca 2) the mycobiome of P. 

glauca with the habitat conditions and phenotypic traits influencing it and overruling the tree’s 

genotypic effect. 
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1  ABSTRACT    

1.1 DEUTSCH  

 

Der globale Klimawandel ist überall auf der Erde spürbar, in der Arktis ändert sich das Klima 

allerdings schneller und drastischer als in vielen anderen Regionen unseres Planeten.   

Viele Arten, die bereits am Limit ihrer ökologischen Nische leben, sind davon betroffen und 

müssen sich anpassen oder abwandern, um nicht auszusterben. Als Möglichkeiten der Anpassung 

findet man phänotypische Plastizität oder Adaptation in verschiedenen Ausmaßen. So auch bei 

der Weißfichte (Picea glauca (Moench) Voss), welche zu den Nadelhölzern (Koniferen) und 

somit in die größte heute noch lebende Gruppe der nacktsamigen Pflanzen (Gymnospermae) 

gehört. Unter den ca. 600 lebenden Koniferen gehört die Weißfichte zu den am 

weitverbreitetsten Bäumen in den borealen Wäldern Nordamerikas. Ihr Verbreitungsraum 

erstreckt sich von 69° N in den Canadian Northwest Territories bis zu den Great Lakes 

(Ontario) bei ca. 44° N, wobei sie von Meeresspiegelniveau bis auf einer Höhe von ungefähr 

1520 m vorkommt. Gebietsbezogene, vom Klima abhängige Unterschiede in der Fortpflanzung 

der Weißfichten können als Strategie gesehen werden, unter den rauen klimatischen 

Bedingungen an den Baumgrenzen Alaskas zu überleben: Neben der sexuellen Fortpflanzung, 

kommt bei der Weißfichte als zusätzlicher Reproduktionsmechanismus vegetative Vermehrung 

vor. Dies kann durch „Layering“ geschehen, wenn die unteren Äste der Baumkrone den Boden 

berühren und Wurzeln bilden, um später als eigenständiges Individuum mit oder auch ohne 

Verbindung zum Mutterbaum zu wachsen. Bekannt sind als weitere Mechanismen der 

vegetativen Vermehrung aber auch das Wiederaustreiben umgestürzter Bäume die nicht völlig 

entwurzelt wurden, sowie das „root suckering“ , bei welchem neue Triebe aus den Wurzeln des 

Baumes sprießen. Letzteres wurde bei Picea spp. allerdings bisher nicht beobachtet. Mit Hilfe 

von kurzen, repetitiven, nicht kodierenden Sequenzen im Genom, die somit keiner sexuellen 

Selektion unterliegen und Mikrosatelliten genannt werden, können diese Klone anhand einer 

Genotypisierung bestimmt werden. Hierfür wird anhand verschieden polymorpher 

Mikrosatelliten, ein für jeden Baum individueller Multilokusgenotyp erstellt, anhand welchem 

dieser mit allen anderen Bäumen derselben Spezies verglichen werden kann.  
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Im ersten Teil der hier vorliegenden Arbeit (Artikel I), wird die unterschiedliche Anzahl von 

Klonen in verschiedenen Untersuchungsgebieten an Alaskas Baumgrenzen untersucht und die 

Gründe hierfür diskutiert. Dafür wurden 2571 Weißfichten (P. glauca) genotypisiert und mittels 

Differential-GPS kartiert. Der prozentuale Anteil von klonalen Bäumen ist in den 

Untersuchungsgebieten mit rauen klimatischen Bedingungen höher und korreliert mit der Höhe 

der untersten Zweige der Baumkrone. Das lässt darauf schließen, dass die vegetative 

Vermehrung bei Weißfichten eine Ausweichstrategie ist, für Zeiten, in denen die 

Klimabedingungen eine sexuelle Vermehrung erschweren. Zusätzlich lässt der Zusammenhang 

zwischen Klonzahlen und Höhe der Baumkrone Rückschlüsse darauf zu, dass es sich bei dem 

Mechanismus des Klonens um „Layering“ handelt.  Eine positive oder negative Selektion durch 

eine vegetative Vermehrung erscheint durch die genetischen Untersuchungen in unserer Studie 

sehr unwahrscheinlich.  

 

Im zweiten Teil der hier vorliegenden Arbeit (Artikel II und III) wurde untersucht, welchen 

Einfluss Umweltfaktoren und phänotypische Merkmale auf das Mykobiom der Nadeln 

(Gesamtheit der auf und in den Nadeln lebenden Pilzspezies) in unseren Untersuchungsgebieten 

in Alaska haben. Das Mycobiom der Weißfichtennadeln wurde als Proxy für den Parasitenbefall 

durch Pilze gewählt und dient somit als Fitnessparameter. Hierzu wurden per Metabarcoding-

Analyse die Gesamtheit der epiphytisch und endophytisch vorkommende Pilzarten analysiert. In 

Artikel II wurden 48 Bäume eines Untersuchungsgebietes an der nördlichen Baumgrenze Alaskas 

(Brooks Range) auf Unterschiede im Mycobiom untersucht, die auf genetische Differenzierung, 

phenotypische Merkmale und/oder Habitatbeschaffenheit zurückzuführen sind. Die Bäume die 

für diese Studie verwendet wurden, stammen aus zwei benachbarten Plots an einem südlichen 

Berghang mit einem Höhengradienten von 875 bis 950 m ü. NN. Es konnte gezeigt werden, dass 

im Gegensatz zum Genotyp der Bäume, die Höhe ü. NN, die Inklination des Standorts, sowie 

die Höhe und das Alter der Bäume einen signifikanten Einfluss auf das Mykobiom haben. Die 

genetische Differenzierung zwischen den Baumindividuen hingegen zeigte keinen signifikanten 

Effekt. 

 

Aufbauend auf dieser Studie untersuchten wir in Artikel III die Mykobiomzusammensetzung von 

insgesamt 96 Bäumen in je 2 Plots (je 16 Bäume), verteilt auf drei Standorte in Alaska über eine 

Entfernung von 500 Kilometern. Von jedem Baum wurden je zwei verschieden alte Nadelproben 
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genommen (diesjährige und dreijährige Nadeln) wodurch wir insgesamt auf 192 Proben kamen. 

Der Hintergrund dieser Studie war herauszufinden, welchen Einfluss die Herkunft und das Alter 

der Fichtennadeln auf das Mykobiom haben und ob eine genetische Disposition besteht, welche 

in einem Zusammenhang mit der mykologischen Artengemeinschaft steht. Zusätzlich wurde das 

Probenahme-Design verbessert, indem Nadeln von allen vier Seiten eines Baumes (vier 

Himmelsrichtungen) gesammelt wurden, und Bäume im genormten Abstand zueinander beprobt 

wurden, um systematische Fehler zu vermeiden. Auch für diese Studie erscheint ein Einfluss der 

Baumgenetik auf die Artengemeinschaft der auf und in den Nadeln der Weißfichten lebenden 

Pilze sehr unwahrscheinlich. Im Gegensatz dazu konnte ein signifikanter Einfluss von Standort 

und Nadelalter auf die Artenstruktur der nadelbesiedelnden Pilzspezies festgestellt werden. Der 

Einfluss der phänotypischen Merkmale Baumhöhe und BHD (Brusthöhendurchmesser) stellte 

sich als gering heraus und erklärt lediglich <2% der Mykobiomvarianz. Mittels Ilumina-

Sequenzierung wurden 10,2 Mio. Sequenzen aus der Nukleotidsequenz zwischen den rRNA-

Genen (Internal transcribed spacer – ITS) der gesammelten Proben gelesen, die für die Pilze 

1575 Ribotypen (operational taxonomic units – OTU) ergaben. Diese wurden mit einer 

Gendatenbank abgeglichen um sie mit den Sequenzen bekannter Pilzspezies zu vergleichen und 

diesen zuzuordnen. So wiesen 942 OTUs, >95% Ähnlichkeit zu bekannten Arten auf und 

konnten als diese identifiziert werden, wobei es bei Bestimmung bis zur Gattung schon 1975 

und bis zur Familie bereits 2683 waren. Den deutlichsten Unterschied zur Studie aus dem Jahr 

2012 machten die Pilzspezies aus der Klasse der Pucciniomycetes aus, genauer der Gattung 

Chrysomyxa, die zu den Rostpilzen zählt und pflanzenpathogen sind. In der Studie von Artikel II 

machten Pucciniomycetes nur einen geringfügigen Teil der zugeordneten DNS Sequenzen aus. In 

der erweiterten Studie (Probennahme 2015) representieren sie aber mehr als die Hälfte aller 

gefundenen Sequenzen von Basidiomycetes, welche ihrerseits mit 20,0% aller DNS Sequenzen, 

den zweitgrößten gefundenen Stamm neben den Ascomycetes (51,4 %) darstellen. 
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1.2 ENGLISH 

 

Global climate change is occurring all over the world, but in the Arctic the climate is changing 

more rapidly and drastically than in many other parts of our planet. Many species that are 

already at their climatic limit need to adapt to recent climate conditions or migrate in order to 

not go extinct. The possibilities of adaption include phenotypic plasticity and adaptation to 

various extents. This is also the case for white spruce P. glauca, which belongs to the conifers 

and thus in the largest group of gymnosperms still living today. Among the approx. 600 extant 

conifer species white spruce is one of the most widespread trees in North American boreal 

forests. Its range extends from 69° N in the Canadian Northwest Territories to the Great 

Lakes at about 44° N, where it occurs from sea level to an altitude of about 1520 m (Burns and 

Honkala, 1990). Site related, climate-dependent differences in white spruce reproduction can be 

seen as a strategy to survive under the harsh climatic conditions at Alaska's treelines: Besides 

sexual reproduction, the vegetative propagation occurs in the white spruce as an additional 

reproductive mechanism. This can be realized by "layering" when the lower branches of the tree 

crown touch the ground and develop roots to later grow as a separate individual with or 

without a connection to the mother tree. Known as other mechanisms of vegetative 

propagation are also the rooting of fallen trees which were not completely uprooted, and the 

"root suckering", in which new shoots sprout from the roots of the tree. However, the latter 

was not yet observed in the genus Picea. With the help of short, repetitive, non-coding 

sequences in the genome, which are therefore not subject to selection and are called 

microsatellites, these clones can be determined by genotyping.  

For this purpose, using different polymorphic microsatellites, an individual multilocus genotype is 

created for each tree, by means of which it can be compared with all other trees of the same 

species. 

 

In the first part of this work (article I), the occurrence of clones in three study areas at Alaskan 

treelines are examined and the reasons for their appearance in variable numbers are discussed. 

For this purpose, 2571 white spruces (P. glauca) were genotyped and their position was 

determined via differential GPS in the field. The percentage of clonal trees is higher in areas with 

harsh climatic conditions and correlates with the height of the lowest branches of the tree 
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crown. This suggests that the vegetative propagation of white spruce is a backup strategy for 

times when climatic conditions hamper sexual reproduction. The correlation between clone 

numbers and tree crown height suggests "layering" as the main mechanism for cloning whereas 

selection for vegetative reproduction seems to be very unlikely shown by the results for genetic 

differentiation between the clonal and the singleton trees in this study. 

 

In the second part of this work (articles II and III), the influence of environmental factors and 

phenotypic traits on the mycobiome of the needles (including all fungi living on (epiphytic) and in 

(endophytic) the needles) in our study areas in Alaska was investigated. The mycobiome of the 

white spruce needles was chosen as a proxy for the parasite infection rate by fungi and thus 

serves as a fitness parameter. For this purpose, all epiphytic and endophytic fungal species were 

analyzed by a metabarcoding analysis.  

 

In article II, 48 trees of one study area at Alaska’s northern treeline (Brooks Range) were 

examined for differences in mycobiome due to genetic differentiation, phenotypic characteristics 

and / or habitat characteristics. The trees used for this study were sampled from two adjacent 

plots on a south-facing mountain slope with an elevation gradient from 875 to 950 meters above 

sea level. It could be shown that, in contrast to the trees genotype, the height above sea level, 

the mountain slope, as well as the height and age of the trees have a significant impact on the 

mycobiome. The genetic differentiation between the tree individuals, however, showed no 

significant effect.  

 

Based on article II we examined the mycobiome composition of a total of 96 trees in 2 plots (16 

trees each) at three sites in Alaska over a distance of 500 kilometers. Additionally, we sampled 

needles of two different ages for each tree (current year and three years old needles) summing 

up to 192 samples in total. The incentive of this study (article III) was to investigate the influence 

of origin and age of spruce needles on their mycobiome and if there is a genetic predisposition 

that is related to the fungal species community. In addition, the sampling design was improved 

by collecting needles from all four orientations (North, South, East and West) and sampling 

trees at a standardized distance to each other to avoid systematic errors. Comparable to article 

II the influence of the trees genetics on the species community of the epiphytic and endophytic 

fungi of the white spruce needles seems to be very unlikely. In contrast, a significant influence of 
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the geographic origin and the needle age on the species structure of the needle inhabiting fungal 

species was found. The phenotypic tree traits height and dbh (diameter at breast height) had 

only minor influence and did in fact explain less than 2% of the mycobiome variance. Using 

Illumina sequencing, 10.2 million reads from the nucleotide sequence between the internal 

transcribed spacer (ITS) genes could be obtained, which yielded in 1575 ribotypes (called 

operational taxonomic unit, OTU) for the fungi. These were compared with a reference 

database to compare and assign them to known fungal species. For example, 942 OTUs with 

>95% similarity could be identified as known species, with 1975 samples identified on genus level 

and 2683 when determined to family level. The most pronounced difference between the two 

studies (article II and III) were due to the fungal species of the class of Pucciniomycetes, more 

specifically the genus Chrysomyxa which belongs to the rust fungi and is plant pathogenic. In the 

study of article II (sampling in 2012), Pucciniomycetes accounted for only a minor portion of the 

assigned DNA sequences. In the second study (article III, sampling in 2015) they accounted for 

more than half of all basidiomycetes found, which in turn contain 20.0% of all DNA sequences, 

the second largest phylum found beside Ascomycetes (51.4%). 
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2.1    BACKGROUND 

 

Forests around the world are undergoing rapid changes due to changing climate (Kelsey et al. 

2018) with temperature increasing faster than global averages at high elevations in many 

mountain ranges (Alexander et al. 2018). The boreal forest occupies a circumpolar belt in high 

northern latitudes, between circumpolar tundra and temperate forests and grasslands (Larsen 

1980) and is characterized by a limited number of conifer genera, particularly spruce (Picea), 

pine (Pinus), larch (Larix) and fir (Abies), and a few deciduous genera such as birch (Betula) and 

poplar/aspen (Populus) (Malhi et al. 1999). The total carbon pool in forest ecosystems was 

estimated to be 49% in the boreal forests (Malhi et al. 1999) and the amount of carbon 

sequestered by the tree is directly related to the net amount of oxygen produced by a tree 

during a year (Nowak et al. 2007) with oxygen being necessary for the life of all metazoan 

organisms on earth and carbon dioxide playing a key role in climate change and temperature 

rise (Pastor and Post 1988). P. glauca as a common treeline species is one of the most widely 

distributed conifers in boreal forests and therefore of crucial importance for the climate of our 

planet. Since P. glauca is as well of high economic significance, it is important to investigate how 

this species reacts to climate change and how boreal ecosystems in general are affected by 

different changing climate parameters. There are three possible fates for trees (Aitken et al. 

2008, Corlett and Westcott 2013) and other organisms in a rapidly changing environment 

(Davis et al. 2005, Jump and Penuelas 2005): migration (Gienapp et al. 2008, Tíscar et al. 2018); 

persistence through adaptation or phenotypic plasticity (Salamin et al. 2010, Dyderski et al. 

2018); and extinction (Thomas et al. 2004, Urban 2015). Since the Arctic is warming more 

rapidly than other regions on the planet (Handorf et al. 2017, Descamps et al. 2017) several 

resident species are marginalised due to their adaption to cold climate and loss of habitat in 

Arctic species in general (Stubbs et al. 2018). We chose P. glauca as our model organism at its 

range margin to investigate the effects of environmental-, tree trait specific- and genetic 

parameters on the reproduction strategy and the phyllosphere mycobiome which we took as a 

proxy for the parasite load of the trees. 
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2.1.1  Reproductive strategies and the underlying mechanisms in P. glauca 

The majority of vascular plant species employ two reproductive options, sexually via pollen and 

seeds and vegetatively by cloning. 

Trees employ different strategies for cloning (del Tredici 2001). A commonly occurring 

mechanism is root suckering (many Rosaceae and Salicaceae, see (Wiehle et al. 2009). This 

strategy can lead to very large clones (Vasek 1980, del Tredici et al. 1992) and is especially well 

studied for poplars (Populus tremuloides, Lanner & Rasmuss 1984; P. euphratica, (Petzold et al. 

2013). Regardless if ramets remain connected or not, they usually grow new roots and produce 

further ramets, therefore old clones formed by root suckering may occupy large areas.  An 

impressive example is the aspen clone “Pando” at the western Colorado Plateau, which is now 

believed to be the heaviest organism on earth (Mitton and Grant 1996, DeWoody et al. 2008). 

Other mechanisms include rooting of plant parts that usually develop above ground. Rooting of 

broken twigs is well known for crack willow (Salix fragilis, Beismann et al. 1997) and was as well 

reported for cuttings of Scots pine (Pinus sylvestris, Boeijink & Van Broekhuizen 1974). When 

living branches are still attached to a tree and get in touch with moist soil (e.g., under a moss 

layer), they may develop adventitious roots, a mechanism known as layering. Vegetative 

reproduction from layering is common at some latitudinal treeline sites in Canada and Alaska 

(Elliott 1979a, 1979b). Layering probably is an important means of maintaining the stand when 

sexual reproduction is limited or nonexistent because of climatic limitations (Nienstaedt and 

Zasada 1990). A second way of layering occurs when a fallen tree retains roots in the soil while 

its branches touch ground, grow roots and redirect upwards. When the mother tree dies and 

decomposes later on, the offspring trees can persist by building roots beneath the branch basis 

which was shown for Nepal alder (Alnus nepalensis, Lanner 1964). If the lowermost branches of a 

standing tree undergo layering, the resulting clonal trees should be arranged in a circular pattern 

(Wardle 1968) whereas layering via fallen trunks results in a linear and more disjunct clonal 

structure (Rogers 2000). Both may result in improved survival if fallen trees resprout as clones, 

or if the lowermost twigs around a standing tree form a group of resprouts which benefit from 

facilitation effects. 

The most likely mechanism for clonal growth in P. glauca is layering from branches Fig. 1, which 

is not uncommon for conifers at exposed sites (del Tredici 2001) since it was postulated as the 

responsible mechanism occurring in closely related black spruce (Stanek 1961). 
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Fig. 1 Clonal growth in white spruce (P. glauca) by layering, Brooks Range, Alaska. Photo by 

courtesy of M. Wilmking.   

 

However, layering is a well-known mechanism for P. glauca according to a study in arctic Canada 

(Caccianiga and Payette 2006). A correlation trend between the crown height (height of the 

lowermost living branch of the tree) and the proportion of clonal growing P. glauca trees within 

each plot provides further insights in possible cloning mechanisms (Chapter 3.1). In addition to 

that we analyzed the spatial distribution of clonal growing individuals, the age pattern in the P. 

glauca plots and their genetic differentiation from the individuals originated from sexual 

reproduction. Therefore, in times of next generation sequencing, microsatellite markers are still 

a reliable and suitable tool for genotyping P. glauca trees and the identification of clonally grown 

individuals.
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2.1.2  The phyllosphere mycobiome of P. glauca and its main regulators 

Fungi are among the most species-rich groups of eukaryotes in the Arctic (Timling et al. 2014) 

and many fungi can persist in the phyllosphere (i.e. live in and/or on plant leaves and stems), 

sometimes acting as plant pathogens, causing leaf damage, senescence and/or death (Peay et al. 

2008) saprotrophs, not harming the living plant, or both. The study of these fungi was long 

limited by an inability to identify species in their vegetative states (Peay et al. 2008), and 

previous studies of fungal richness and taxonomic composition had to rely on cultivation-based 

methods (Sieber 2007, Gazis and Chaverri 2015). Nowadays, by using High Throughput 

Sequencing (HTS), we are able to gain new insights in fungal community structure without prior 

cultivation. The fungal community is influenced by numerous factors such as regional climate, 

soil chemistry, plant communities (Yergeau et al. 2006, Wallenstein et al. 2007, Fujimura and 

Egger 2012) and leaf exposure (Unterseher et al. 2007) but also by e.g. secondary metabolites, 

enzymes, water, oxygen and carbon dioxide by the host plant itself (Gonthier et al. 2005, Bailey 

et al. 2005, Olbrich et al. 2010). Several studies showed as well that the fungal diversity and 

composition are found to be influenced by the host genotype (Cordier et al. 2012, Bálint et al. 

2015). The influence of phenological tree traits, host genotype (chapter 3.2) and regional climate 

on a finer scale (temperature, precipitation, potential evapotransporation (PET) and radiation) is 

investigated in chapter 3.3. 
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2.2  FIELD WORK 

 

All field work undertaken in this thesis was conducted in Alaska over the years 2012, 2015 and 

2016. In total three sample sites were established (Fig. 1), each consisting of a forest and a 

treeline plot mainly determined by elevation and stem density, whereas the treeline plot in all 

cases includes the marginal P. glauca trees growing in the transition zone between forest and 

tundra (or open steppe in the case of a drought-controlled treeline).  

Two of the three study sites were established in 2012 by Wilmking et al., (2017): one at the 

northern treeline in the Central Brooks Range (67°56’N, 149°44’W) (BR) and one at an 

elevational treeline in the Alaska Range (Denali National Park and Preserve, 63°43'N, 

149°00’W). The third sample site was established by us in 2015 representing a moisture limited 

treeline on a south-facing bluff above the Tanana river near Fairbanks in Interior basin of Alaska. 

All study sites were located on south-facing slopes and each plot was laid out parallel to the 

slope. In total approximately 3000 trees were sampled, genotyped and measured for different 

phenotypic parameters and about 1000 of these trees were cored for age determination and 

studies of the wood anatomy. For genotyping of the P. glauca trees needle samples were taken 

whenever they were below 4m height. In the rare cases (~30 samples in total) when the 

lowermost living needles were growing above 4m, cambium samples were taken using a hollow 

punch.  

For chapter 3.1 and chapter 3.2 needle samples were taken at random positions of the tree 

whereas needle samples for chapter 3.3 were collected in two different ages at the four cardinal 

directions (North, East, South, West) and pooled for age. All samples were immediately put on 

silica gel to dry and avoid destruction of the DNA. Extracting DNA from fresh leaves would still 

be the preferred method, but silica-gel dried samples have proven themselves a nearly 

equivalent source (Chase and Hills 1991). The silica gel was changed and renewed whenever 

necessary, indicated by a color change. The DNA of all samples was extracted as soon as 

possible after the collection of the samples to ensure best possible DNA quality as the quality of 

the DNA is known to decrease with time (Doyle and Dickson 1987).However, the results of 

Doyle & Dickson (1987) suggest that DNA in dried samples does degrade slowly over a several 

year period and specimens still contain DNA of a size that should be useful for most systematic 

applications for at least a year after drying,  
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Figure 1 Map of Alaska (USGS, 2016) showing location of the investigated sites (dots). Plot 

photos by me and by courtesy of Mario Trouillier.
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2.3  CONCEPTUAL FRAMEWORK OF RESPONSE  

 

This study was conducted as part of the first generation of research projects in the graduate 

school “Biological RESPONSEs to Novel and Changing Environments“ (in short RESPONSE). 

Here it was part of the research cluster A (Adaption), with the aim to understand the factors 

associated with species’ phenotypic and plastic capacities (see research goals, RESPONSE1). 

Applying this research aim to the study of how P. glauca reacts to climate change meant 

answering the question how the species deals with different climatic conditions and if/how the 

species adapts. As we found adaption to different climatic conditions, the question had to be 

answered if it is either plastic or genetic. The specific research objectives for this thesis are 

summarized in the following section. 

                                      
1 RESPONSE web site: https://biologie.uni-greifswald.de/forschung/dfg-

graduiertenkollegs/research-training-group-2010/research-projects/ accesses 11.09.2018. 
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2.4    OBJECTIVES OF THE THESIS 

 

The main objective of this thesis was to find out how P. glauca reacts to climate change.  

To provide new insights in this largely unknown field of how organisms deal with global change, 

we focused on distinctions in reproduction strategies and fungal (parasite) load of P. glauca trees 

in Arctic treeline ecotones.  

With respect to reproduction strategies, more precisely vegetative reproduction, we studied its 

correlations with habitat conditions, phenological tree traits and genetic differentiation of the 

trees. In the first chapter we wanted to answer if 1) cloning is ubiquitous throughout the range 

of white spruce in Alaska, 2) occurs in all life stages of a tree, 3) is rather common in more 

extreme habitats and 4) what drivers are responsible for cloning in white spruce. 

To answer this, the first research project included: 

- Collection of 2782 samples (mainly needles). 

- Taking tree cores and measures of phenotypic tree parameters like height, dbh, crown 

height (height of the lowermost living branch) and -diameter, basal diameter for a large 

number of trees. 

- Combining 11 microsatellite markers in a way they can be processed within only two 

multiplex systems. 

- Genotyping 2571 trees. 

- Statistical calculations to investigate the drivers for different degrees of vegetative 

reproduction and the underlying mechanisms in three study sites through Alaska. 

The results are reported in chapter 3.1.   

 

For the second part of my thesis we applied a metabarcoding approach to study the influences 

of habitat conditions, host genotype, phenological tree traits and needle age on the needle 

mycobiome of P. glauca trees at three different sites along an approx. 500 km long transect 

through Alaska. Using the modern molecular technique of High Throughput Sequencing (HTS), 

we wanted to answer the questions if 1) fungal communities differ between sites throughout 

Alaska, 2) needle age has an influence on the fungal community composition and 3) by which 

environmental factors, phenological and genetic tree traits the mycobiome is determined. 

To answer this, the second research project included: 
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- Collection of 240 samples (48 samples for chapter 3.2 and 192 samples for chapter 3.3) 

- DNA extraction and subsequently preparing, sequencing and processing Illumina libraries 

- Genotyping of the samples using 11 microsatellite markers 

- Performing complex bioinformatic processing of the metabarcoding data  

- Applying different multivariate statistical analysis to gain new insights in fungal community 

composition, -diversity and its regulators. 

The results are reported in chapter 3.2 and 3.3.   
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Abstract 

Many plant species reproduce by cloning, if environmental conditions are unfavorable for sexual 

reproduction. To test the alternative hypotheses whether cloning is an “exit strategy” or caused 

by selection, clonal growth in white spruce (Picea glauca (Moench) Voss) was investigated in 

three stands in Alaska, each consisting of a core (closed forest) and an edge (treeline) plot. A 

total of 2571 trees were mapped and genotyped with 11 SSR markers. The proportion of clonal 

trees follows a moisture gradient and was lowest in the dry Interior basin (4.5%), followed by 

the sites at the Alaska Range (9.0%) and Brooks Range (21.7%). At the two latter sites, clonal 

growth was more frequent in the edge plot. A comparison among 960 aged trees revealed that 

clonal growth becomes more likely with increasing age and continues over the life span of a 

tree. Genetic data do not indicate any genetic predisposition for cloning. Most likely, clonal 

growth in white spruce takes place via layering and depends on environmental conditions. Since 

                                      
1
 https://www.dropbox.com/sh/psu2gft85nt878s/AAA-ea0wCYqb1CfmmxFbYSuBa?dl=0 

https://www.dropbox.com/sh/psu2gft85nt878s/AAA-ea0wCYqb1CfmmxFbYSuBa?dl=0
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performance of the trees, and therefore likely plant reproductive success, is lower in plots with 

a high proportion of clones, selection for clonal growth seems to be highly unlikely. 

 

Key words: boreal forest, climate change, clonal growth, microsatellites, Picea glauca 

 

Introduction 

The majority of vascular plant species employ two reproductive options, sexually via pollen and 

seeds and vegetatively by cloning. Clonal reproduction can be achieved through plant structures 

fragmenting mechanically or by decay (stolons, rhizomes, root suckers), vegetative diaspores 

(e.g. bulbils, turions), or agamospermous via seeds with vegetatively derived embryos (Hörandl 

and Paun 2007). Although very different in terms of achieved dispersal distances, all these 

mechanisms result in genetically identical individual plants. Cloning is a common strategy among 

many plants (e.g., in two thirds of all Central European vascular plant species, Klimešová and 

Klimeš 2009) due to several major advantages. 

First, cloning is a backup strategy for harsh environments where sexual reproduction is at risk 

(Nichols 1976, Bostock 1980). Second, spatial expansion by clonal growth can increase sexual 

fitness, if this brings pollen within reach of other genotypes (Matsuo et al. 2014). 

This depends on dispersal features of pollen and distances bridged by clonal growth (stands for 

all these trees originating from vegetative reproduction), and on the degree of intermingling 

between clones (Somme et al. 2014). Model calculations (Van Drunen et al. 2015) demonstrated 

a fitness gain for higher clonality in cases of spatially restricted dispersal of pollen and especially 

seeds. However, mating interference (Vallejo-Marín et al. 2010), may lead to inbred offspring. 

Similarly, disruption of sexual polymorphisms can lead to unbiased ratios of mating groups 

(Barrett 2015); both processes should decrease sexual fitness. For taxa which have lost the 

capability for sexual reproduction, cloning is the only mode of reproduction (Pfeiffer et al. 2012, 

James and McDougall 2014). In regions where natural disturbances are likely to severely damage 

trees, cloning may help to regenerate them. If conditions for pollinators are unfavorable, cloning 

helps since no pollination is needed. This might be the explanation why clonality often increases 

towards the margin of a species range (Silvertown 2008, Klimešová and Doležal 2011) where 

the environment may be harsher compared to the optimum conditions for a species.  
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Selection for clonal growth should occur as long as a clone produces more offspring or persists 

longer than its singleton peer (Pan and Price 2002). However, a trade-off appears to occur, 

since clonal growth diverts resources away from sexual reproduction (Van Drunen and Dorken 

2012) which can be compensated only via enhanced resource capture. If increased sexual fitness 

indeed selects for increased rates of cloning, selective effects should occur especially within the 

main range of a species, where the conditions for sexual reproduction are at its optimum. In 

contrast, if cloning serves as a backup strategy to increase survival or replaces missing sexual 

reproduction, it should be more advantageous at the margin of the range.  

To test these hypotheses, we use data from a massive genotyping effort in Alaskan white spruce 

(Picea glauca (Moench) Voss). Similar to black spruce (Picea mariana (Mill.) B.S.P. (Légère and 

Payette 1981, Payette et al. 1994, Laberge et al. 2001, Viktora et al. 2011) this species has been 

shown to grow clonally in certain circumstances (Walker et al. 2012, Wilmking et al. 2017), 

most likely to endure periods unfavorable for sexual reproduction. We compared edge and 

core populations at a latitudinal, an elevational and a drought-controlled treeline to answer the 

following questions: Is cloning ubiquitous throughout range of white spruce in Alaska? Does it 

occur in all life stages of a tree? Is cloning more common in more extreme habitats? What are 

the drivers of cloning in white spruce?  

 

Material and Methods 

Study species  

White spruce is a common treeline species and one of the most widely distributed conifers in 

North American boreal forests, occurring across the continent from Newfoundland and 

Labrador to Alaska. It reaches ca. 69° N at its northernmost stands in the Northwest 

Territories, Canada; the southern edge of the contiguous distribution is marked by the Great 

Lakes at about 44°N. Its vertical distribution ranges from sea level to 1520 m (Burns and 

Honkala 1990). While the treeline in eastern North America is mainly formed by black spruce 

(Lavoie and Payette 1992, Gamache and Payette 2004), white spruce takes over as the primary 

treeline forming species in western North America (Payette and Filion 1985, Lloyd et al. 2005). 

The species is widely favored for timber production in Canada and the United States and one of 

the most important commercial species in the boreal forest (Burns and Honkala 1990). 

 



 

26 

Study sites 

We established three study sites: 1) at the elevational treeline in the Alaska Range, 2) at a 

moisture limited treeline on a south-facing bluff near Fairbanks in Interior Alaska and 3) at the 

latitudinal treeline in the Brooks Range. All study areas were located on south-facing slopes and 

each plot was laid out parallel to the slope. In each study area two plots with at least 300 trees 

were selected for sampling. Initially the plots were designed for an area of 1 ha (100 x 100 m), 

but if in this plot less than 300 trees were found, we increased the area. A core plot was 

established in a closed canopy forest below the treeline and an edge plot at the treeline (Table 

1). In the Alaska Range, a large saddle separated core and edge plot, which were about 1.3 km 

apart. In the Brooks Range, core and edge plot are situated at a steep slope and are only about 

30 m apart. The drought-controlled treeline site (edge) in the Interior basin consisted of the 

upper slope of a south exposed bluff of the Tanana River and mature, closed canopy forest site 

(core). Both plots are part of the Bonanza Creek LTER site and about 7 km apart (Viereck et al. 

1986, Juday 2012). Monthly climate data were obtained from the Scenarios Network for Alaska 

+ Arctic planning (SNAP; www.snap.uaf.edu) as gridded data for each of the three sites. 

Within each plot, all trees were mapped using a Trimble R3 differential GPS device (Trimble) 

attaining a mean precision of 0.48 m in floating mode. Needles for DNA extraction were 

collected from all living trees, dried and stored on silica gel. Tree height and, if applicable, 

diameter at breast height (dbh) were recorded using a Suunto PM-5 clinometer and a measuring 

tape. The basal diameter of the crown and the height of its lowermost living branch above 

ground were measured for each tree (see https://figshare.com) respectively.  

Age of the trees was determined by three methods. These were (1) coring: >96% of the older 

trees with a dbh exceeding 5 cm were cored at 20–50 cm height for age determination; the age 

derived from these cores was corrected for a) deviation from pith and b) height of coring. This 

was not possible for the Interior core plot (we got no permission to core trees within the 

LTER). (2) A height-age relationship was established for young trees below 1.4 m (breast 

height): 20–40 trees just outside of each plot were cut at ground level and aged (see Table 1), 

and the resulting relationship was used to estimate the age of young trees in the plots. Due to 

National Park regulations, we could not cut trees in the Denali National Park (Alaska Range); 

here we assumed seedling height growth per year as the mean between Brooks Range and 

Interior basin site. (3) For the remaining medium-sized tress (usually taller than 1.4 m but below 

5 cm dbh) we estimated the age from the relationship dbh to age obtained by a linear regression 



Würth et al. Environment drives spatio-temporal patterns of clonality (accepted 05.09.2018)  

 27 

of a scatter plot including the first two cohorts. This methods were applied for 65.2 % (1), 

18.5% (2) and 16.3 % (3) of all trees. In addition, we calculated the height-age ratio for each tree 

with available age data to obtain a comparable proxy for the growth rate. 

 

DNA extraction and microsatellite analysis 

About 70 mg of needle tissue was homogenized using a Retsch ball mill MM301 (Retsch). DNA 

was extracted using the Invisorb Spin Plant Mini Kit (Stratec) following the manufacturer’s 

protocol. We analyzed eleven microsatellite loci developed by Hodgetts et al. (2001) and Rajora 

et al. (2001). For the Alaska Range and the Brooks Range these primers were combined into 

three multiplex assays amplifying several loci simultaneously developed by Eusemann et al. 

(2015). For the Bluff plot the three multiplex systems were combined into two multiplex 

systems1. PCRs were performed on Eppendorf Mastercycler thermocyclers (Eppendorf) using 

the Qiagen Multiplex PCR Plus Kit (Qiagen) and a modified protocol in a total volume of 10 µl. 

Each reaction contained 1x Multiplex PCR Plus buffer (Qiagen), 0.2 µM of each primer, and 20 

ng DNA. For each assay, a primer mix containing 2 µM of all primers used within the respective 

assay was prepared. An equimolar concentration of 0.2 µM produced balanced signals for all loci 

within an assay. PCR conditions were: A cooling step of 5 minutes at 4°C while the lid of the 

thermocycler heats up, a denaturing and polymerase activation step of 5 minutes at 95°C, 

followed by 30 cycles of 95°C for 30 seconds, annealing at 60°C for 90 seconds, elongation at 

72°C for 30 seconds and a singular final extension at 68°C for 10 minutes. PCR products were 

diluted 1:5 in ddH2O. Fragment analysis was carried out on a 3130xl Genetic Analyzer (Life 

Technologies) using 1 µl of diluted PCR product, 0.15 µl of 500 GeneScan LIZ size standard, and 

8.85 µl HiDi Formamide (both Life Technologies). Fragment size determination and binning 

were performed using Peak Scanner software (Life Technologies) and Allelogram (Morin et al. 

2009)

                                      
1
 cjfr-2018-0234suppla Primer combinations of the two microsatellite multiplex sets used for the Interior 

plots 
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Genotyping and population genetic analyses 

Clones were determined by identification of identical multilocus genotypes (MLG) using 

GenAlEx 6 (Peakall and Smouse 2006). To account for genotyping errors, we additionally used 

the algorithm described in Schnittler and Eusemann (2010). This allowed variable thresholds to 

be set for genotyping errors (i.e. MLGs with 0, 1, 2,… deviating alleles assigned to a clone); and 

a histogram to be constructed for 1 to n deviating loci for all pairwise combinations of trees to 

derive the optimum value for this threshold. For all analyses based on microsatellite data, only 

trees showing not more than two loci with null alleles or genotyping errors were considered 

(counted as successfully genotyped). As clonal diversity measures we calculated R = (G–1)/(N–

1) with G being the number of genotypes and N the number of sampled trees and its opposite 

parameter, clonality C = 1–R (Dorken and Eckert 2001), as well as the proportion of trees 

belonging to clones within the plot. Probability of Identity (PID) was calculated using GenAlEx 6, 

and null allele frequencies were calculated using GenePop 4.0 (Rousset 2008). Number of trees 

per clone and tree age was compared between core and edge plots using the Wilcoxon test. To 

test for genetic predisposition of clonal growth, a PCA for all microsatellite genotypes was 

carried out separately for the three study regions (Brooks Range, Interior basin, Alaska Range) 

using PCOrd (McCune 1986), and the genotypes belonging to trees with clonal growth were 

mapped over the plot of sample scores. For this procedure, every clone was considered only 

once, and loci with null alleles were replaced by the most frequent allele at the respective locus. 

In addition, a second PCA was performed with only individuals showing no null alleles or 

genotyping errors at any locus. To test for genetic clustering of clonal trees among all 

genotypes, the difference of the centroids for the first three axes between non-clonal genotypes 

and clonal genotypes was calculated. A Mantel test, selecting randomly 999 times the same 

number of clonal genotypes as recorded for the study region, was used to calculate confidence 

intervals (CI) for the average distance between centroids and compared with the figure 

calculated from actual clonal genotypes. In addition, the calculation of FST-Values (Wright 1949), 

Dest (Jost 2008) values and an analysis of molecular variance (AMOVA) using GenAlEx 6 were 

carried out, treating singleton and clonal trees as two separate populations, allowing a 

calculation of the proportion of genetic diversity (i) between plots and (ii) between trees 

belonging to a clone and such growing as singletons. A Wilcoxon test was performed to test for 

age differences between clonal and singleton trees and for differences in the proportion of 
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clonal trees between sites because our data followed non-normal distributions. Tests were 

performed for all plots separately using R 3.4.0 (R Core Team 2017). 

 

Results 

Genetic diversity and plot structure 

A total of 2782 trees in three paired plots (see Fig. 1a) were mapped; 92% of these were 

successfully genotyped (the remaining 8% failed due to poor sample quality not allowing 

successful extraction of DNA). This resulted in 2571 successfully genotyped trees and a total of 

339 alleles detected across the 11 microsatellite loci. We repeated about 10% of all samples to 

check for genotyping errors, but obtained an error rate of zero (the multilocus genotypes were 

identical). Allele numbers ranged from 8 to 68 per locus, with a mean of 30.8. This high 

variability resulted in high exclusion probabilities with a PID computed over all loci of 1.34 x 10-

15. We identified a total of 96 clones (Fig. 2) using a threshold of two scoring errors (a maximum 

of two alleles that did not match). The clonal identity of 223 trees was unambiguously identified 

(all 11 microsatellite loci are identical for the clone), whereas 40 trees differed in one locus, and 

10 trees in two. Of the 50 mismatches (a tree deviated at one or two loci from the genotype of 

the clone), 70% involved a homozygous locus (which may contain a hidden null allele) or a 

visible null allele.  

The investigated plots are genetically diverse but not genetically differentiated: even between 

the plots in the Alaska and the Brooks Range, separated over a distance of ca. 800 km, FST and 

Dest values do not exceed 0.061 and 0.234, respectively (Table 2a). When comparing clonally 

growing and singleton trees with each other, FST, GST and Dest values show no differentiation 

between the two groups (Table 2b). The AMOVA resulted in a maximum value of 3.2% for the 

genetic diversity found between clone members and singleton trees (Table 1).  
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Table 1 Characteristics of the six mapped and genotyped stands of P. glauca. Coordinates (WGS84) of 

the lower left edge are given for each plot. Precipitation and temperature are the monthly means for the 

period 1901–2009; results for AMOVA depict the per cent genetic diversity between clonal and 

singleton trees 

 

Region Alaska Range Interior basin Brooks Range 

Stand Core Edge Core  Edge Core Edge 

Longitude [dd.ddddd° W] 149.01000 149.00972 148.28077 148.30889 149.74615 149.75306 

Latitude [dd.ddddd° N] 63.72472 63.73667 64.76661 64.70361 67.94564 67.94639 

UTM Easting  6W 400880 6W 

400680 

6W 439080 6W 437660 6W 384960 6W 384440 

UTM Northing 7067650 7069040 7183060 7176070 7539360 7539940 

Elevation [m a.s.l.] 802 1008 406 180 876 924 

Exposition South South South South South  South 

Precipitation [mm] 38.7 24.9 36.3 

Temperature [°C] –3.04 –2.71 –7.75 

Trees sampled 380 313 677 584 470 358 

Trees genotyped 352 303 640 529 419 328 

Trees in clones 20 39 32 20 79 83 

Size of largest clone 2 13 2 2 7 14 

Number of clones 10 10 16 10 27 23 

Mean clone size 2.00±0.00 2.97±4.60 2.00±0.00 2.00±0.00 3.20±2.18 5.62±4.91 

Proportion of clonal trees 0.06 0.13 0.05 0.04 0.19 0.25 

Clonality C 0.03 0.10 0.03 0.02 0.12 0.18 

AMOVA 1.2% 0.0% 1.2% 0.3% 3.2% 0.3% 

Trees cored and aged 175 165 5 299 324 123 

Trees with estimated age 196 150 495 257 142 215 

Average dbh ± SD [cm] 1 15.5±14.1 5.6±5.9 8.5±15.1 9.7±9.1 8.8±8.7 4.8±6.4 

Dbh of largest tree [cm] 68 29 59 37 45 29 

Height/age ratio 0.071 0.055 n.d. 0.114 0,050 0.047 

Average age ± SD [years] 106±71 55±39  n.d. 55±35 94±73 60±54 

Age of oldest tree [years] 353 188  n.d. 129 444 254 

Mean age of clonal trees 

[years] 

65±63 61±40  n.d. 53±32 164±70 123±56 

Mean age of singleton trees 

[years] 

106±71 54±38  n.d. 58±33 86±71 40±34 

Height correction for age 

 (years per cm height) 

3.00 3.00  n.d. 3.40 3.40 2.39 

Lowermost twig:  

 height above ground [m]  

0.69±0.55 0.23±0.24  n.d. 0.93±1.34 0.62±0.74 0.29±0.46 

 

1 only trees above 1.5 m height considered 
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Table 2a FST values (lower left) and Dest values (upper right) between the six different stands (see 

Table 1 for sample sizes) 

 

Stand  Alaska Range Interior basin Brooks Range 

  core edge core edge core edge 

Alaska Range core  –  0.050 0.066 0.083 0.232 0.186 

 edge 0.016 – 0.069 0.068 0.190 0.136 

Interior basin core 0.023 0.021 – 0.034 0.232 0.170 

 edge 0.029 0.021 0.008 – 0.234 0.173 

Brooks Range core 0.061 0.047 0.059 0.061 – 0.051 

 edge 0.054 0.037 0.047 0.049 0.013  –  

 

 

       

 

Table 2b FST , GST and Dest values between clonal growing trees and their singleton counterparts 

 

 Alaska Range Interior basin Brooks Range 

 core edge core edge core edge 

FST 0.025 0.015 0.012 0.014 0.016 0.007 

GST 0.007 –0.003 0.000 –0.004 0.009 –0.001 

Dest 0.035 –0.019 0.000 –0.025 0.076 –0.010 
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Figure 1 (a) Map of Alaska (USGS, 2016) showing location of the investigated stands (dots). (b)–(g) 

Maps of the six investigated stands drawn to scale (one grid cell = 10 x 10 m), showing trees belonging 

to clones (differently colored circles) and singleton trees (light gray circles). The size of the circles 

reflects tree dbh (see scale) 
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Figure 2 (a) Histogram of the number of trees in a clone and (b) maximum extension of clones 

(maximum distance of the pairwise comparison of all members in clone). (c) Mean crown height 

(distance of lowermost twigs to ground) of trees in relation to the proportion of clones in a plot (for the 

Interior core plot, no data are available) 

 

Clones in white spruce 

In the six plots we identified a total of 96 clones including 273 trees among 2571 genotypes; on 

average 3.8% of all trees formed clones. Clonal growth occurred in all investigated plots, yet in 

different proportions. Cloning was more prevalent in edge than in core plots (Table 1). Looking 

at regions, the number of trees belonging to clones was highest in the Brooks Range, followed 

by the Alaska Range, and lowest in the Interior basin (Table 1; Figs. 1b–g). Table 1 shows the 

most important climatic parameters (period 1901–2009) for the three regions (mean 

temperature, calculated from monthly means and mean precipitation).  
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Most of the clones comprise only two or three trees (Fig. 2a). The three clones with more than 

10 trees are all from edge plots (one Alaska, two Brooks Range). Clones were of limited size: 

95% of the clones did not exceed 13.8 m between the two most distant trees, 90% were below 

8.4 m. The PCA of the eleven microsatellite loci revealed a distance different from zero for all 

three regions between the centroids of the sample scores for singleton and clonal trees, but this 

was nearly always within the confidence interval for the bootstrapped distances (Alaska Range: 

observed 0.541, bootstrapped CI 5% 0.178, mean 0.452, CI 95% 0.798; Interior basin: observed 

0.569, bootstrapped CI 5% 0.119, mean 0.309, CI 95% 0.552; Brooks Range: observed 0.477, 

bootstrapped CI 5% 0.127, mean 0.337, CI 95% 0.587). Neither PCA nor AMOVA (Table 1) 

showed significant differences between MLGs of clonal and singleton trees. 

 

Tree traits and clonality 

Trees differed strongly in shape and age between plots. In the dry interior basin, the lowermost 

branches of a tree occur on average ca. 0.9 m (data only for the edge plot available) above 

ground. In the core plots of the two mountain ranges lowermost branches were ca. 0.6 m, but 

in the edge plots only 0.3 m above ground (Table 1). The proportion of clonal trees was 

inversely correlated with the height of the lowermost branches (r = –0.71) (n.s.) although we 

can only call this a trend do to the lack of significance. Age as a covariable had no effect (r = 

0.01) on this correlation: the lower the branches, the more likely cloning becomes (Fig. 2c). As 

shown in Table 1, trees in the core plots are on average nearly two times older than those in 

the edge plots, a similar pattern occurs for the oldest trees in the plots. 

The age distribution of the trees (Fig. 3) shows pronounced peaks in recruitment. Judged from 

the slope of the height to age ratio (Table 1), trees grow fastest in the dry Interior (data only 

available for the edge plot), followed by the Alaska Range and the Brooks Range. In the two 

mountain ranges, growth at the edge appears to be slower than in the core plots (which are 

both at lower elevations compared with the respective edge plot). Clones are older compared 

to singleton trees, especially in the Brooks Range, where the proportion of clonal trees is 

generally highest (Fig. 3).  

Since nearly all living trees in a plot were genotyped, most of the young clone members were 

included. Age of the trees within a clone is very unevenly distributed: From the 80 clones with 

age data, the oldest and the youngest member differed by less than 20 years in 26 trees, by less 

than 40 years in 45 trees, by less than 80 years in 53 trees, whereas in the remaining third the 
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maximum age differences reach up to 200 years. This holds true even more for the maximum 

age of the clone members, which range from 3 to 444 years, without any recognizable age peak. 

For the five plots where age data are available, there is a negative correlation (r = –0.43; p < 

0.05) between the mean yearly increment (height/age) and the percentage of clones within each 

plot. Clonal trees show significant differences (p < 0.05) in age between the Brooks Range plots 

and the Alaska Range plots as well as between the Brooks Range plots and the interior plot. 

There is no significant difference (p > 0.05) between the plots from the Alaska Range and 

between them and the interior edge plot (Table 1). Within all plots except the Alaska Range 

edge plot and the Interior edge plot age of clonal trees differs significantly from singleton tree 

age (Table 1). For the interior core plot no age data are available except for five trees, but the 

distribution of dbh data suggests two very pronounced age cohorts: an old-growth cohort 

(mean dbh 32.3±10.7 cm, range 10.1–59.2 cm, n = 165) and a much younger cohort (mean dbh 

1.0±0.4, range 0.3–3.4 cm, n = 45, with additionally 432 trees below 1.5 m height where a dbh 

could not be measured). 
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Figure 3 (a)–(e) Histogram of age distribution of all trees in five investigated plots with age data 

(classes of 10 years). Shaded portion of the bars indicates trees belonging to clones. Inset: Proportion of 

clonal trees for the respective age classes 



 

38 

Discussion 

White spruce appears to be capable of self-cloning at almost every age: the youngest clone 

found involved two trees less than 1.5 m height, estimated to be 21 and 22 years, the oldest 

clone comprised two trees of 424 and 262 years, respectively, although it is worth noting that 

the mean age of clonal trees was significantly higher than that of singleton trees (Table 1).  

 

Potential mechanisms of clonal growth in white spruce 

The proportion of clonal trees showed a negative correlation with the height of lowermost 

living branches (measured as crown height above ground, r = –0.71) (n.s.) in our sites. This 

result suggests that layering is the common mechanism generating clones. According to a study 

in arctic Canada this mechanism is known for white spruce (Caccianiga and Payette 2006). 

Other possible mechanisms such as resprouting, root suckering (many Rosaceae and Salicaceae, 

Wiehle et al. 2009) or rooting of broken twigs (Salix fragilis, Beismann et al. 1997) seem to be 

fairly unlikely. A second possible mechanisms includes fallen trees that may root with their apical 

branches. However, we noted only a very few fallen trees in the plots; even the majority of the 

dead trees were still standing – most likely because the extremely narrow crown of white 

spruce is less vulnerable to toppling from snow or wind forces.  

 

Colonization of treelines in Alaska and age distribution 

Both clonal and singleton trees are significantly younger in the edge plots at the Alaska and 

Brooks Range if compared with the respective core plots (Table 1). Although age data for the 

Interior core plot are not available, dbh data suggest a similarly pronounced age difference 

between forest and edge plots in the Interior basin. With trees showing maximum ages of 188 

years (Alaska Range), 129 years (Interior basin) and 254 years (Brooks Range) within the edge 

plots, our data indicate that initial treeline advance does not date to recent decades and that 

complete reestablishment after disturbance did not occur following initial tree establishment. 

However, the median of 47 years (Alaska Range), 71 years (Interior basin) and 40 years (Brooks 

Range) suggests that the majority of the tree colonization did indeed happen only recently, 

consistent with a recent process of “thickening” or increased stand density. However it appears 

that microclimate limits the successful establishment of seedlings, which for its part limits forest 

expansion. 
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Potential benefits of clonal growth for trees 

Clonality, especially at high altitudes and in harsh environments, seems most important as a 

factor to enhance an individual’s survival chances (Kimura et al. 2013). Additionally, in the 

relatively harsh conditions extant in treeline situations, facilitation effects may be operative: tree 

islands can have positive effects for survival and growth rates of their members (Körner 2012). 

Co-occurrence of high levels of facilitation and clonality in arctic and alpine environments is not 

uncommon, and clonality likely plays a role in regulating facilitation processes (Brooker 2017). 

Our data fit well into this pattern: the higher proportion of clonal trees at edge compared to 

core plots may indicate a shift from facilitation to competition from treeline to forest for tree 

stem recruitment and early survival, as postulated by Körner (2012). For white spruce in Alaska, 

the main factor limiting clonal growth seems to be the climate (see Table 1): cool and wet 

conditions favor clonal recruitment in contrast to drought-controlled sites. The Interior edge 

plot, situated at the edge of a bluff, has certainly the warmest and driest microclimate and shows 

the lowest proportion of clonal trees (Table 1). For individual growth of already established 

trees with adequate rooting depth, the warmer and drier conditions in the core plots (forest) 

appear to be more favorable than at the edge (treeline):: in both Alaska and Brooks Range trees 

the core plots, situated at lower elevations and more sheltered sites than at edge, sustain 

greater radial growth. The negative correlation (r = –0.43; p < 0.05) between average increment 

(calculated as height/age ratio) and the percentage of clones within a plot indicates that the 

better the individual growth of the trees within a plot, the less likely cloning becomes. 

Clones may enjoy increased fitness by (i) increased lifetime of the genotype, (ii) more stems 

allowing a higher seed output, and (iii) bridging larger distances for pollination. If clonal growth 

increases the persistence of a genotype, thus ensuring future seed production, a fitness 

advantage should be realized for such a genet (Fischer and Van Kleunen 2001, Pan and Price 

2002, Douhovnikoff et al. 2004) as fitness is often estimated as lifetime reproductive success 

(Antonovics and Ellstrand 1984). If a multistemmed clonal individual of a tree produces more 

seeds, this may as well translate into a fitness advantage. Although we cannot assume that tree 

performance is correlated with reproductive output, our data suggest that a fitness advantage of 

clones, if it exists, is small. Increased pollination distances are unlikely to be of any importance, 

since boreal forest trees are usually wind pollinated gymnosperms which can realize large 

distances for pollination (O’Connell et al. 2007), and this is strongly suggested by the low FST and 

Dest values in our data (Table 2a). In addition, the small average radius (3.9±4.8 m) of the 
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clones found in white spruce makes a fitness gain by increased pollination distances unlikely, 

especially when compared to data on pollen dispersal in closely related Norway spruce (Picea 

abies (L.) Karst, Jarosław et al. 2004).  

In contrast, clonal fitness may suffer from (i) resources diverted from sexual reproduction to 

clonal growth, (ii) competition between trees of a clone, and (iii) mating interference which 

leads to more selfed offspring which appears to have fitness disadvantages (Charlesworth and 

Charlesworth 1987, Husband and Schemske 1996). 

For trees, root suckers which occur in different species can bridge large distances (up to 40 m 

in Populus euphratica Oliv., Wiehle et al. 2009). In contrast, branch layering or resprouting of 

fallen trunks, which seems to be the mechanism for white spruce, leads to much smaller clonal 

spread distances, since the crown radius of even the 25% quantile of the strongest trees (highest 

dbh values) is below 1.5 m; and their height is below 12.7 m. Therefore, individual trees in white 

spruce clones are close together: we measured a mean distance between a member of a clone 

and its nearest clonal neighbor of 2.9±5.2m.  

 

Ecological importance of cloning 

For persistence of the species in a changing climate in Alaska through space and time cloning can 

be of high ecological importance. There are several studies indicating that clones survived since 

and even during the last glaciation (Kemperman and Barnes 1976, May et al. 2009). 

Spruce has adapted to survive severe climate and can persist for hundreds of years by vegetative 

propagation (de Vernal and Hillaire-Marcel 2008), presumably this ability has been relatively 

more important during periodic unfavorable intervals in the past, such as the "Little Ice Age" and 

other times where range contraction may have occurred in white spruce (Caccianiga and 

Payette 2006). The ability to reproduce by clones in combination with its facilitation effects 

should be beneficial for persistence especially in marginal habitats. Snow accumulation could play 

an additional role in facilitation as shown for white spruce by Scott et al. (1993) and for shrubs 

by Sturm et al. (2001). One hypothesis put forward by MacDonald (1984) is that the apparently 

explosive surge of white spruce populations along the western interior 'corridor' after the 

glacial retreat was initiated from small populations that persisted vegetatively in isolated 

localities with particularly favorable microclimates. Clonal growth might be the reason why 

white spruce trees, although in low densities, survived in glacial refugia in East Beringia 

(Brubaker et al. 2005) but also in Alaska (Anderson et al. 2006), as suggested by only trace 
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amounts of pollen in lake sediments. The production of viable seeds in white spruce is 

extremely episodic, particularly in marginal treeline habitats (Roland et al. 2014), with large cone 

and seed crops synchronized in time ensure maximum seed output especially after large-scale 

wildfires (Juday et al. 2003). Thus the ability to reproduce vegetatively is an important "stop-gap" 

that would allow persistence (and perhaps even encourage expansion) during extended intervals 

of low sexual reproductive output, and thus prevent the decay of marginal populations 

(Caccianiga and Payette 2006). 

 

Selection pressure for clonality in white spruce? 

While clonality benefits a genotype directly, it is less suited as a long-distance colonizing strategy 

for trees, as both root suckering and layering is limited to the immediate vicinity of a tree. Rare 

exceptions in trees include broken branches in riparian species of willows and poplars which 

may be washed away by floods and root far away from the mother tree (Densmore and Zasada 

1978, Asaeda et al. 2011). In gymnosperms, clones always seem to be capable of only limited 

spatial expansion, and this certainly holds true for white spruce (Fig. 2b). Because of the small 

spatial scale of clones compared with distances bridged by pollen, detrimental consequences of 

mating interference should be negligible. Furthermore this limits potential positive effects, like 

siring more offspring by increased pollination distances. Therefore, increased sexual fitness of 

clones, if it occurs at all, is most likely to be associated with the potential larger reproductive 

(seed) output of clones. The lifetime reproductive output of trees cannot be assessed easily, 

especially with the high fluctuations in seed output among years known for white spruce. 

However, if dbh is taken as a rough proxy for reproductive output, a significantly higher seed 

output of clones compared to a similar area of singletons seems to be unlikely. The last 

theoretical possibility for increased sexual fitness is a longer lifetime reproductive success, i.e. a 

longer persistence of clones compared with singletons. This is difficult to assess from our data, 

as the plots at the treelines are naturally younger than those in the forests (Table 1).  

However, the white spruce stands investigated in this study show an important feature which 

makes selection for cloning unlikely: trees grow best in plots where the proportion of clonal 

trees is lowest. Judged by the height/age relations, trees in the Interior edge plot grow 2.4 times 

faster than those at the edge plot in the Brooks Range, but judged from the proportion of clonal 

genotypes to all genotypes, trees at the Brooks Range treeline have a 4.1 fold higher probability 

to belong to a clone. This argues against a selective pressure for cloning, since this mechanism 
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works best where white spruce is at the range margin. The generally low FST/ GST/Dest values 

between the clones and their singleton counterparts (Table 2b) provide further evidence against 

selection. In addition, the low FST and Dest values between the six investigated plots do not 

inidicate a genetic differentiation (Table 2a) – in spite of the significant differences in the 

proportion of clonal trees. We therefore assume that the occurrence of clones is mainly 

determined by the environment. 

However, it should be noted that the microsatellite loci used in our study are neutral markers, 

which limits their suitability to investigate adaptive processes (Kirk and Freeland 2011). The 

ultimate proof for a selective advantage of clonal growth can only be demonstrated by 

monitoring reproductive success, i.e., fitness, of clones compared with singletons, and markers 

from sequences that are known to be under selection should reveal a differentiation between 

clonal and singleton trees.  

Summarizing, we can state that clonality seems to be widespread in Alaskan white spruce 

populations, especially in treeline populations, but does not constitute the primary mode of 

reproduction. Clonality seems to be triggered by particular environmental conditions that favor 

layering. A genetic predisposition or selection for cloning is unlikely, since (i) the genetic 

differentiation of populations throughout Alaska is low, (ii) clones are not genetically distinct 

from singleton trees, and (iii) trees grow best, and have thus likely the highest reproductive 

output, where the proportion of clones is lowest. However, especially at the treeline facilitation 

effects may be invoked to explain white spruce clonal growth. Environmentally induced cloning 

is not necessarily more common in harsh environments. For instance, clonal plants are not 

consistently more frequent in cold environments (Klimešová and Doležal 2011). Most likely, the 

drivers for cloning result from a mixture of phylogenetic constraints (the mechanism of cloning 

determines clone extension and the degree of intermingling of clones) and environmental 

conditions (advantages of cloning for plant regeneration and persistence) and are slightly 

different for each plant species. 
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Summary 

● Plant-associated mycobiomes in extreme habitats are understudied and poorly under

 stood. 

● We analysed Illumina-generated ITS1 sequences from the needle mycobiome of white 

 spruce (Picea glauca) at the northern treeline in Alaska (USA). Sequences were obtained 

 from the same DNA that was used for tree genotyping. In the present study, fungal 

 metabarcoding and tree microsatellite data were compared for the first time. 

● In general, neighbouring trees shared more fungal taxa with each other than trees 

 growing in further distance. Mycobiomes correlated strongly with phenological host 

 traits and local habitat characteristics contrasting a dense forest stand with an open 

                                      
1
 https://nph.onlinelibrary.wiley.com/doi/abs/10.1111/nph.13988 

https://nph.onlinelibrary.wiley.com/doi/abs/10.1111/nph.13988
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 treeline site. Genetic similarity between trees did not influence fungal composition and 

 no significant correlation existed between needle mycobiome and tree genotype. 

● Our results suggest the pronounced influence of local habitat conditions and phenotypic 

 tree traits on needle-inhabiting fungi. By contrast, the tree genetic identity cannot be 

 benchmarked as a dominant driver for needle-inhabiting mycobiomes, at least not for 

 white spruce in this extreme environment. 

 

 

Introduction 

 

Among the various groups of plant-associated fungi, leaf-inhabiting fungal phytobiomes  

(mycobiomes) comprise an inconspicuous, yet highly diverse and dynamic component in almost 

all terrestrial ecosystems. These leaf and needle mycobiomes associate intimately with their 

plant hosts, and therefore have been studied intensively (Kennedy & Stajich, 2015;  

Vandenkoornhuyse et al., 2015). Several studies have shown high observed and expected density 

and diversity of such fungi in tropical and temperate forests (Jumpponen & Jones, 2009; 

Unterseher, 2011; Cordier et al., 2012a; Gazis & Chaverri, 2015), deserts (Sun et al., 2012;  

Unterseher et al., 2012), boreal and arctic environments (Higgins et al., 2007). 

Most of our knowledge of the richness and composition of phyllosphere mycobiomes is based 

on pure-culturing of endophytes (Sieber, 2007; Gazis & Chaverri, 2015). Such studies have 

several drawbacks including the more frequent detection of fast-growing species, high time and 

labour costs, as well as the exclusion of biotrophic species. Combined, these culturing biases 

often result in an incomplete view of the resident communities (Unterseher, 2011). Fast-

growing needle-inhabiting fungi have occasionally been interpreted as contaminants and 

discarded (Stefani  &  Bérubé,  2006),  whereas  later  studies  using  high-throughput sequencing 

(HTS) have identified such fungi, for example members of the Zygomycota, as an active and 

abundant component  of  the  needle  mycobiome  (Peršoh,  2013).  A  major advantage of HTS 

methods is the deep sampling and thus the ability to detect rare and uncultivable taxa (Rajala et 

al., 2014). So far, most available fungal HTS data have been generated with the disappearing 454 

pyrosequencing technology (Toju et al., 2013; Blaalid et al., 2014; Tedersoo et al., 2014). Illumina 

platforms can provide unmatched sequencing depth (Smith & Peay, 2014), but read length is still 

limited to 2 x 300 bp in paired-end sequencing. Given that, on average, reverse Illumina reads 

are of weaker quality than forward reads and a comparable large overlap is needed for reliable 

contig making, Illumina data allow analysis of either the ITS1 or ITS2 regions of the ribosomal 
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RNA gene repeats (Lindahl et al., 2013; Schmidt et al., 2013; Siddique & Unterseher, 2016). 

Over the past few years, many abiotic and biotic factors influ-encing plant-associated 

mycobiomes have been observed with HTS data. The effect of changing climate is intensively 

debated (reviewed in Vandenkoornhuyse et al., 2015). Hagedorn et al. (2013) showed that long-

term CO2 enrichment of alpine treeline soils had minor effects on the fungal biomass and the 

composition of fungal communities. By contrast, Streit et al. (2014) observed that warming 

altered microbial metabolic activity in treeline soils. Basic host attributes, such as species 

identity or tissue type act continuously on endophytes and other plant-associated fungi, leading 

to comparatively stable fungal core communities in the long term (Rajala et al., 2013; Bálint et 

al., 2015). By contrast, temporally variable parameters such as plant secondary metabolites, 

seasonality, environmental contaminants or multitrophic interactions may also have significant 

impact on the mycobiomes and may correlate with a generally high fungal community turnover, 

in particular of the rare or subdominant taxa (Korkama et al., 2006; Korkama-Rajala et al., 

2008). 

Alaska is among the regions where temperatures have been rising faster than anywhere else 

during the last decades (ACIA, 2004). There is also growing scientific interest in identifying 

responses of fungal species and communities under such pronounced climate warming 

(Jumpponen & Brown, 2014; Bálint et al., 2015). 

Here, we examined the needle mycobiome colonizing white spruce (Picea glauca) at the Alaskan 

northern treeline, the border between boreal forest and arctic tundra. We combined these 

investigations with ongoing research that focuses on assessing tree responses to climate change 

(e.g. Ohse et al., 2012). In the course of this project, trees were spatially mapped, measured and 

cored to document spatial and demographic data of the trees and to obtain information about 

their life history dynamics. Moreover, the trees were genotyped using microsatellites to 

reconstruct gene flow, reproduction and population dynamics under treeline conditions (see 

Eusemann et al., 2014, for methodology). A subset of those trees was analysed and the 

respective microsatellite data were included in the present study for mycobiome diversity 

analyses. 

We hypothesized that mycobiome diversity and composition correlate with local environmental 

conditions. Specifically, we posited that sheltered, less exposed conditions would increase the 

diversity of the mycobiome and that community composition would reflect the increasing 

climatic harshness from a closed forest stand to the scattered isolated trees at the treeline. In 
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addition, we evaluated the effects of host tree genotype on the mycobiome, an effect suggested 

in recent publications (Cordier et al., 2012b; Bálint et al., 2015). 

 

Materials and Methods 

 

Sampling sites and fieldwork 

The study site was established in the Nutirwik Creek area in the Brooks Range of northern 

Alaska (67°560N, 149°440W, Fig. 1) at the northern treeline. Here, Picea glauca (Moench) Voss 

occurs at the northern margin of its range at a mean altitude of 900 m above sea level (asl) on 

south-facing slopes as the sole tree species undisturbed by direct human activities. An elevation 

gradient from 875 to 950 m asl within two neighbouring sites on a southfacing slope was 

sampled. Four environmental parameters and five phenological tree traits were recorded as 

described later (identifiers written in italicized text). Habitat type was defined as a cutoff 

between high-density and low-density stands. This bipartition can be viewed as a simplification 

of the real conditions, which show a gradual decrease of tree density uphill instead of a sharp 

dividing line between the two categories ‘forest’ and ‘treeline’ (Fig. 1). The exact position of 872 

trees was recorded using an R3 differential GPS device (Trimble, Sunnyvale, CA, USA) with a 

resultant mean precision of 0.48 m in floating mode (Fig. 1), providing also data on elevation, 

which were then used to infer slope (inclination). For tree traits we measured height and stem 

diameter at breast height (DBH) using a Suunto PM-5 clinometer (Suunto, Finland) and a 

measuring tape. The total crown volume was estimated from lower crown diameter, height of 

the first living branches and tree height. Trees with a DBH exceeding 7 cm were cored for 

dendrochronological analysis (n > 450). Tree cores were mounted on wooden trays, sanded or 

cut using a microtome until cellular structures became visible, and measured for tree ring width 

using high-resolution scans of the cores and the program CDENDRO 7.8 (Cybis, Sweden). This 

allowed us to derive age and average tree ring width for each cored tree. 

Asymptomatic needles of varying age and from three to five positions in the tree crown were 

sampled and immediately dried on silica gel for storage at ambient temperature until further 

processing. All habitat characteristics and phenological tree traits are available in Supporting 

Information Table S1. 
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DNA extraction and tree genotyping 

Dry needles were powdered in a Retsch ball mill MM301 (Retsch, Germany). Approximately 70 

mg of needle tissue was used for DNA extraction with the Invisorb Spin Plant Mini  Kit (Stratec, 

Birkenfeld, Germany) following the manufacturer’s protocol. DNA concentration was measured 

with NanoDrop Lite (Thermo Fisher Scientific, Waltham, MA, USA),  adjusted  to  5 ng ll—1  

and  used  as  template  DNA  for microsatellite analysis in three different multiplex reactions 

(Eusemann et al., 2014). As measures of genetic diversity and differentiation, as well as 

relatedness, we estimated the individual heterozygosity of all trees, genetic distance between all 

trees, and the fixation and differentiation indices FST and Dest between the two study sites. 

Further analysis of the genetic structure was performed using principal coordinates analysis 

(PCoA) and analysis of molecular variance (AMOVA). All population genetic statistics were 

performed using GENALEX 6 (Peakall & Smouse, 2006). Genotype data are available in Table 

S1. 

 

Preparation of fungal ITS amplicon libraries for Illumina sequencing 

For the present fungal biodiversity analysis, 48 trees were selected randomly with the sole 

requirement of equal numbers of forest and treeline trees (Fig. 1c).  
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Fig. 1 Characterization of the investigation site. (a) Satellite view of Alaska, USA with approximate 

position of Nutirwik Creek area at  the  Brooks  Range   Mountains   (b). (c, d) Position of (e) the 

sampled treeline and (f) forest trees of Picea glauca (UTM = Universal Transverse Mercator coordinate 

system). 

 

In the first tagged PCR (PCRTA) with custom-made primers (Siddique & Unterseher, 2016), the 

fungal ITS rDNA was amplified from the same genomic DNA used for tree genotyping. The 

primer pairs for PCRTA consisted of the commonly used ITS1F and ITS4 sequences concatenated 

with multiplexing barcode tags of varying length and half of the Illumina sequencing primer. The 

latter region served as binding site for the primer pairs of the second indexed library PCR 
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(PCRIN), which contained further barcodes for multiplexing purposes and the Illumina-specific 

anchor sequences (Siddique & Unterseher, 2016). 

The final amplicon libraries consisted of the full ITS1-5.8S-ITS2 rDNA in the centre, flanked by 

the ITS1F/ITS4 primer sequences, a first pair of sample-specific barcode sequences (here termed 

tags), the forward and reverse Illumina-sequencing primer (SP1/SP2), a second pair of sample-

specific barcode sequences (here termed indices), and the terminating Illumina adapter 

sequences P5 (forward) and P7 (reverse). Thus, all reads from the same sample were defined by 

an unique combination of four barcodes; that is, forward index (five variants coded 501–505), 

forward tag (four variants, F1–F4), reverse tag (four variants, R1–R4) and reverse index (five 

variants, 701–705). Amplicons were pooled in equal DNA quantities, purified with Dynabeads 

Sequencing Clean Up Kit (Thermo Fisher Scientific) and transferred to the Genetics Sections, 

Biocenter of the LMU Munich, Germany. They were prepared for sequencing according to 

Siddique & Unterseher (2016). 

In addition to the original samples, we retained four samples as negative controls, these showing 

no sign of positive amplification (no gel bands, no reproducible NanoDrop measurements). 

Further controls contained mixtures of known operational taxonomic unit (OTU) composition 

and abundance (measured as relative concentration of DNA from axenic fungal cultures). See 

Methods S1 for analysis and interpretation of those mock communities. 

 

Analysis of Illumina sequences 

Raw forward (R1) and reverse (R2) reads were demultiplexed by the Illumina sequencer 

software according to their index combinations (501-701, 501-702, etc.) and provided as 

FASTQ files that had Illumina adapters, indices and sequencing primers already removed. Reads 

in all fastq files thus started with forward and reverse tags, respectively. 

Our bioinformatics workflow contained stringent quality filtering at phred scores of ≥ 30 for at 

least 75% of the read length and three consecutive low-quality base calls allowed before a read 

was truncated. A second demultiplexing step was applied to separate all tag combinations, 

followed by chimera checking, ITS trimming and the separation of ITS1 and ITS2 sequence data. 

Analyses of read quality  with  FastQC  (freely  available  from 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/; accessed March 2016) showed 

overall lower base calls for R2 than for R1 reads. Consequently, a much higher number of R1 

reads (covering ITS1) than R2 reads (ITS2) was retained after quality filtering. In addition, read 
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quality of both R1 and R2 reads was too low in the 5.8S region and did not allow successful 

contig assembly of read pairs. We continued our workflow with ITS1 reads only, because a 

detailed comparison of ITS1- and ITS2- derived community data was beyond the scope of this 

study and would have inflated the methodic aspect of this paper. This issue is addressed only 

briefly in the Discussion section. 

The ITS extractor (Bengtsson-Palme et al., 2013) was used for removing the conserved flanking 

regions and grouping of OTUs was done with USEARCH (centroid-based complete-linkage 

clustering, Edgar, 2010) at 97% sequence similarity. All steps were accomplished using QIIME as 

the main analytical backbone (Navas-Molina et al., 2013). The FASTX toolkit (fastx_renamer, 

available at http://hannonlab.cshl.edu/fastx_toolkit/download. html, last accessed January 2016) 

and a Perl script to rename FASTA headers  (Bálint  et al.,  2014)  were  used  as  small  helper 

application. Two reference datasets for chimera checking (Nilsson et al., 2015) and taxon 

assignment (K~oljalg et al., 2013) were also used. All steps and commands are available in 

Methods S2. The raw Illumina reads are provided under the NCBI SRA accession SRX1287546. 

A spreadsheet master data file was then generated from two major output files (the final OTU 

table and the representative sequence FASTA file; see Notes S1). These data were 

conservatively curated by removing all tentative nonfungal OTUs (those returning ‘no blast 

match’ after automatic taxon assignment), unique OTUs (OTUs occurring in only one sample 

regardless of the number of reads) and OTUs with < 5 reads over all samples (cf. Brown et al., 

2015). This ITS1 dataset was used for the biodiversity analyses. 

 

Mycobiome biodiversity 

The entire curated dataset was used for the analysis of community composition, although there 

are persuasive arguments to focus on only the core assemblage, because a few core OTUs are 

generally thought to contribute disproportionately to community dynamics and ecosystem 

functions (Gibson et al., 1999). However, a thorough consideration of the various 

interpretations of core–satellite species hypothesis (Hanski, 1982; Magurran & Henderson, 

2003) is beyond the scope of this paper. Furthermore, we feel that this would add an excessive 

theoretical component to this study. For application of the core–satellite hypothesis to 

molecular data, please refer to Galand et al. (2009), Unterseher et al. (2011) or Bálint et al. 

(2015). Six diversity indicators – Fisher’s alpha (richness), Shannon index (a combined index of 

richness and evenness) and the first four Hill numbers from Hill’s series of diversity (Hill, 1973) 
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were used for the diversity analysis of the needle mycobiomes. We applied two different 

approaches to determine fungal habitat specialists. First, we evaluated significant linear models of 

single OTUs (at P < 0.05) to search for taxa whose abundance correlated with the continuous 

elevation gradient as a whole (e.g. high read abundance at low elevation, medium read 

abundance at medium elevations and low read abundance at high elevation). Second,   we   used   

Legendre’s   INDVAL  procedure  (Dufrêne   & Legendre, 1997) to determine ‘indicator’ OTUs 

for each of the variable classes ‘forest’ and ‘treeline’. In other words, the indicator OTUs were 

defined separately for these two habitats. Thus, forest indicator OTUs would have a significantly 

higher abundance in all forest trees compared with all treeline trees. Results from these two 

approaches were merged, because an OTU responding significantly to the elevation gradient will 

be detected with the GLM method, but not with the INDVAL analysis. Neither indicator 

analysis may discriminate sufficiently between abundant and rare OTUs. For example, on the 

one hand, a rare OTU with 10 reads is represented as an indicator with the highest possible 

confidence, if all 10 reads were recovered from a single variable class (e.g. all from forest trees). 

On the other, an abundant OTU with 1000 reads will be less significant, if 900 reads were 

recovered from one variable class and 100 from another. To avoid random effects caused by 

rare key OTUs, only those with > 500 reads were considered as ‘true’ key players. Those key 

OTUs were manually assigned to known taxa using  INSD (Nakamura  et al.,  2013)  and  

UNITE (Koljalg  et al., 2013), followed by assessment of their tentative biology and ecology. 

Community composition was assessed by applying nonmetric multidimensional scaling (NMDS) 

and PCoA based on Bray– Curtis dissimilarities of square-root transformed read abundances. 

The distinctiveness of fungal assemblages in different subdatasets (i.e. forest vs treeline) was 

tested using a permutational multivariate analysis of variance (PERMANOVA/ADONIS; 

Oksanen, 2015) using the same distance metrics. In addition, we used generalized linear models 

(GLM) to test for significance of environmental responses to the multivariate community data 

(so-called multivariate or multispecies GLMs) (Wang et al., 2012; Bálint et al., 2015). The 

analyses of diversity and community composition were repeated using a rarefied dataset down-

sampled to the lowest number of reads per sample. 

The entire biodiversity analysis was performed in R. All corresponding commands and all 

necessary input data files are available in Notes S2.  
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Results 

 

Analysis of phenological tree traits 

Phenological tree traits differed significantly between the forest and  treeline  samples  (Fig. 2a;   

PERMANOVA;   F = 3.29, R 2 = 0.084, P = 0.037, df = 1). Forward model selection revealed 

tree height and age as the two most important and significant variables explaining this division 

(height: R 2 = 0.13, F = 6.66, P = 0.013; age: R 2 = 0.15, F = 6.56, P = 0.025). The treeline trees 

were, on average, 10 yr younger than forest trees (120.1 vs 

129.7 yr; t-test: t = 2.45, P = 0.021, df = 27) and 1.6 m shorter (7.2 vs 8.8 m; t-test: t = 2.08, P = 

0.045, df = 35) (Fig. 2b,c).  

 

Analysis of tree genotypes 

PCoA of the genetic distances resulted in weak but significant separation of the two habitat 

types (PERMANOVA; F = 2.12, R 2 = 0.056, P = 0.003, df = 1). Again, elevation was the most 

important   variable   (Fig. 3a;    PERMANOVA;    F = 1.61,  R 2 = 0.043, P = 0.029, df = 1). The 

population-wide indexes Dest and Fst, although comparatively low in value, also significantly 

distinguished genetic differentiation between forest and treeline sites (Dest = 0.100, Fst = 0.033, 

both at P = 0.002). Correlation tests of tree traits (phenotypic characters) and shared allele 

distances (tree genotypes) were statistically insignificant (Fig. 3b). 

 

The mycobiome – basic sequencing results 

The resulting sequence dataset contained 2009 OTUs from 399 219 quality-filtered ITS1 reads 

and 44 samples (Table S1). The four negative control samples yielded very low numbers of reads 

and were removed from the dataset. Due to the interoperability with the genotype dataset, 

another six samples were discarded. The removal of rare and unassigned OTUs according to 

the criteria described earlier reduced the dataset to 450 OTUs (a 78% decrease in OTU 

richness) and 387 451 ITS1 reads    (a 3% decrease). 

The average sequencing depth (reads per sample) was 8806 and ranged from 3350 to 15 900. 

Sequencing depth did not differ significantly between the habitat groups ‘forest’ (mean read 

number per sample = 8927) and ‘treeline’ (mean read number per sample = 8685; t-test:  
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t = -0.27, P = 0.795) (Fig. S1). Among the 31 identified orders, the five most dominant were 

Capnodiales (53 OTUs), Pleosporales (48 OTUs), Dothideales (25 OTUs), Helotiales (18 

OTUs) and Tremellales (13 OTUs). Of all identified OTUs, 86% belonged to Ascomycota and 

the remaining 14% were assigned to Basidiomycota. Analysis of mock samples showed that 

variation (noise) increased in the molecular community compared with the original setting, but 

that the original relations among samples were preserved after bioinformatics, data curation and 

transformation of the ITS1 reads (Methods S1). 

 

 

 

Fig. 2 (a) Analysis of the combined phenological tree traits of Picea glauca with respect to habitat type 

according to a principal coordinates (PCO) analysis. Green circles, forest samples; brown squares, 

samples from the treeline site. For the five phenological tree traits: (b) age and (c) tree height differed 

significantly between forest (green boxplots) and treeline (brown boxplots). 
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Fig. 3 (a) Analysis of Picea glauca genotypes with respect to habitat type according to a principal 

coordinates analysis (PCoA). Green circles, forest samples; brown squares, samples from the treeline 

site. For all recorded site parameters, elevation significantly explained genotype structure. (b) Visual 

inspection and correlation tests resulted in lack of statistical support for an interconnectivity of 

phenotypic traits and genotype of the trees. 

 

Table 1 Taxonomic information of the six most abundant ‘habitat specialists’ of Picea glauca 

Preferred  

isolation source 

OTU ID No. of 

reads 

BLAST annotation* UNITE SH UNITE SH  

annotaion 

Forest site 40 888 Meristemomyces, Xenophacidiella SH200725.07FU Mycosphaerellaceae 

 51 788 Gyoerffiella, Lemonniera, Articulospora SH184432.07FU Gyoerffyella 

 154 672 Venturia SH219604.07FU Venturia 

 93 598 Constantinomyces, Catenulostroma SH027297.07FU Capnodiales 

Treeline site 1 30 648 Perusta, Aureobasidium SH206394.07FU Dothideomycetes 
 36 944 Pseudocercospora, Zasmidium,  

Xenomycosphaerella 
SH194525.07FU Zasmidium 

 

*BLAST search limited to sequences from type material. OTU, operational taxonomic unit. 

 

Mycobiome diversity and composition in relation to site characteristics, 

phenological tree traits and tree genotype structure 

The six diversity indexes did not differ significantly between the forest and treeline group, yet 

the needle mycobiome of forest trees possessed consistently higher diversity compared with 

the treeline trees (Fig. S2). 
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Sixty-six OTUs were identified initially to respond significantly to the habitat categories ‘forest’ 

and ‘treeline’. The INDVAL approach identified 24 ‘specialists’ for forest and 29 for treeline. 

Among them, six OTUs had > 500 reads and were taxonomically annotated to their closest 

available relatives (Table 1; Fig. S3). 

Two forest indicator OTUs (40 and 93) belonged to the order Capnodiales (Ascomycota). 

According to the taxonomic assignment, OTU 40 had an affinity to the family 

Mycosphaerellaceae (SH200725.07FU), whereas OTU 93 was not assigned further to a family, 

genus or species (SH027297.07FU). BLAST search of corresponding ITS1 reads limited to 

sequences from type material, gave closest matches to the genera Meristemomyces (93% 

sequence similarity) and Xenophacidiella (92% similarity) for OTU 40, and to Constantinomyces 

(92% similarity) and Catenulostroma (90% similarity) for OTU 93. When excluding uncultured 

and environmental sequences only, high similarity with sequences from North American isolates 

became apparent for both OTUs (e.g. JQ759473 or HQ535864, FJ554069) Two further forest 

specialists were assigned to the genera Venturia (OTU 154) and Gyoerffiella (OTU 51) according 

to UNITE’s species hypothesis concept (Table 1). The two remaining OTUs significantly 

preferred treeline over forest trees (Fig. S3). BLAST search against sequences from type 

specimens revealed a placement within Dothideomycetes (OTU 1, SH206394.07FU) with 

affinities to the genera Perusta, Celosporium and Rhizosphaera. The second treeline specialist 

(OTU 36) was assigned to the Mycosphaerellaceae (SH194525.07FU) with 97% similarity to a 

type sequence of Zasmidium (KC677913). 

Mycobiome composition was significantly and positively correlated with the position of the 

sampled trees: the closer that two trees were to each other, the more similar were their needle 

mycobiomes (Fig. 4a). This interdependency was due mainly to the latitude (N–S) gradient (R 2 

= 0.109, P = 0.001) but not to the  longitude  (E–W)   gradient   of   the   trees (R 2 = 0.038, P 

= 0.107). By contrast, mycobiome composition was not correlated with tree genotypes (Fig. 4b).  
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Fig. 4 (a) Compositional dissimilarity of the needle mycobiome of Picea glauca was significantly and 

positively related to the geographic position of the trees. (b) By contrast, mycobiome communities and 

shared allele distance between trees (tree genotypes) were not correlated. Mantel test statistics are 

shown on the figures. 

 

The pronounced effect of tree position and site parameters on needle fungi is further reflected 

in the results of multivariate analysis (Fig. 5). The treeline samples, displayed as brown squares 

and the forest samples, shown as green circles, hosted distinct fungal assemblages in both 

NMDS and PCoA (only PCoA is shown in Fig. 5). These mycobiome communities were 

correlated with elevation, latitude (northing), slope and tree age. 
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Fig. 5 Composition of the needle mycobiome of Picea glauca in the two different habitats according to a 

principal coordinates (PCO) analysis. Significant site characteristics and phenological tree traits 

(elevation, northing, slope and age) were overlaid as linear arrows, pointing to the direction (dimension) 

of effect. Tree samples are visually grouped into forest (green circles) and treeline (brown squares) and 

are significantly distinct from each other. (PERMANOVA: F = 4.28, R2 = 0.11, P = 0.001). 

 

Discussion 

 

Local habitat parameters and phenotypic tree traits influence the needle 

mycobiome 

Based on the present data we confirm our hypothesis of a clear influence of local abiotic 

conditions on the needle mycobiome, but we cannot pinpoint a single major driver that is 

decisive for the observed fungal diversity signals. Similar interplay of a multitude of biotic and 

abiotic factors has been shown in recent studies of plant mycobiomes from different 
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environments (Peay et al., 2010;  Bálint  et al.,  2015;  Matulich  et al.,  2015).  In  contrast  to 

studies which were conducted at the scale of entire landscapes (see also Edman et al., 2004; 

Blaalid et al., 2014), samples analysed in this study were taken in close proximity to each other, 

with a maximum distance among the trees of 118 m E–W and 177 m N–S and over an 

elevational range of 75 m (875–950 m asl; gradient running N–S). On the one hand, we 

observed during several visits to this area that wind speed, desiccation rates and other small-

scale climatic parameters (temperature, humidity, dew point, light intensity, soil melting) differ 

between and within both habitats, thus likely influencing fungal colonization and establishment 

(Nord´en & Larsson, 2000; Hallenberg & Küffer, 2001). On the other hand, spore dispersal 

barriers are hardly plausible within this small investigation site (Geml et al., 2012; Blaalid et al., 

2014). In addition, elevation (equalling a gradient in climatic harshness) and slope (possibly a 

proxy for water availability due to different runoff rates during snow melt) was significantly 

correlated with mycobiome diversity and composition. 

In addition to the importance of local site parameters in shaping needle mycobiomes, various 

studies have confirmed a strong interplay of phyllosphere fungi with their host plants and 

significant correlations with phenotypic and physiological plant traits (Kembel & Mueller, 2014; 

Rajala et al., 2014; Tian et al., 2014). Similarly, our analyses revealed a significant correlation of 

fungal communities with the combined phenotypic differences of the trees and with tree age and 

height as strong single determinants. Treeline trees were, on average, younger and smaller than 

those in the forest, and appeared more healthy as they contained lower amounts of dead and 

broken branches in their tree crowns (pers. obs.). In an earlier study, Vitasse et al. (2009) 

identified a significant sensitivity of leaf phenology to temperature, whereas a few years earlier 

Niinemets (2002) observed clear effects of tree age and height on photosynthesis rates in Picea 

abies and Pinus sylvestris. The latter study also revealed correlations between needle functions 

and both tree size and age, which are generally attributed to greater water limitations and 

different conductivity in taller and older trees. The effect of needle age and seasonality on 

photosynthesis rates of mature black spruce trees (Picea mariana) was confirmed in a recent 

study (Jensen et al., 2015). Our own ongoing isotope analyses suggest a general strong influence 

of water limitations on tree responses at the Brooks Range treeline ecotone (unpublished data; 

but see Gutschick & BassiriRad, 2003). 

It should be mentioned briefly that preparation of amplicon libraries, bioinformatic sequence 

processing and biodiversity statistics are not always free of biases (Gihring et al., 2012; Warton 
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et al., 2012; Salter et al., 2014). The current workflow therefore consisted of several quality 

filtering steps (Siddique & Unterseher, 2016) and negative controls, the analysis of a mock 

community, and a stringent removal of unassigned and rare OTUs in order to prepare a dataset 

of maximal reliability for subsequent biodiversity analyses. Recent manual inspection of another 

dataset stemming from the same Illumina run indicated a large number of artificial OTUs among 

the rare and unidentified ones (69.2% with erratic BLAST results), whereas all other OTUs were 

trustworthily identified as existing fungi (only 3.8% with erratic BLAST results, data not shown). 

 

Habitat specialists 

The most abundant OTU of the entire dataset (OTU1, Table 1) was also one of those OTUs 

that was a significant indicator of habitat type. It was detected predominantly in treeline trees 

and showed high sequence similarities to endophytes from other conifers in Northern America 

(Sokolski et al., 2007; Larkin et al., 2012) with uncertain position within the order Dothideales. 

Two additional abundant OTUs belonged to the same family (Mycosphaerellaceae). Leaf-

inhabiting endophytes assigned to Mycosphaerella were also identified during a study of leaf 

mycobiomes  of  Populus  balsamifera  from  Alaska,  USA  (Bálint et al., 2015). In their study, this 

genus was the most abundant in southern populations and decreased after relocation of the 

plants to higher latitudes. Bálint et al. (2015) interpreted their results as an indication of 

pathogen release after host relocation, but also issued the problems of assigning functionality 

based on sequence data alone in this diverse genus (Videira et al., 2015). Furthermore, the 

observed changes in mycobiome composition were caused  by  human-assisted  rapid  

relocation  (Bálint  et al.,  2015) and probably cannot be compared easily with mycobiome 

dynamics caused by natural slow range shifts of plants as a response of climate warming (Chen 

et al., 2011). 

 

Tree genotype had no measurable effect on the needle mycobiome 

There is a growing body of literature suggesting a marked influence of genotypic identity of the 

host plant on phyllosphere microand mycobiomes. In their review, Whipps et al. (2008) 

suggested ‘that within plant species, genotype has a key role in determining colonization and 

establishment of microbial communities in the phyllosphere’. However, studies cited in Whipps 

et al. (2008) were partly contradictory. More recently, this view was picked up again to explain 

observed differences in fungal phyllosphere communities of conspecific hosts (e.g. for needle/ 
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leaf endophytes: Cordier et al., 2012b; Rajala et al., 2013; Bálint et al., 2013, 2015; for 

mycorrhizal fungi: Velmala et al., 2013). Cordier et al. (2012b) found a significant correlation 

between the genetic distance of beech trees (Fagus sylvatica, based on eight microsatellite loci 

from nine trees) and the corresponding leaf mycobiomes.   Bálint   et al.   (2015)   found   that   

leaf   mycobiomes still correlated with population structure 2 yr after relocation of genetically 

distinct subpopulations of balsam poplar  (P. balsamifera) in a common garden experiment. 

However, no effect was found on the core community. Only rare OTUs showed a genotype 

specific response (Bálint et al., 2013). 

In contrast to earlier studies, we used the same DNA extracts for both microsatellite analysis of 

white spruce and fungal high-throughput sequencing. On the one hand, we found a division of 

the two habitat types for both tree genotypes and needle mycobiomes. There was a weak but 

significant genotypic separation of forest and treeline spruce populations as well as distinct 

forest and treeline mycobiomes. On the other hand, direct comparison of mycobiome 

composition and genetic distance between trees as performed by Cordier et al. (2012b) clearly 

failed in identifying significant correlations. Insufficient statistical support was also observed for 

correlation of individual heterozygosity of the trees and mycobiome composition. 

Critical inquiry is certainly advisable before signals in mycobiome community ecology can be 

explained convincingly via host plant genotypes. Additionally, fingerprinting data cannot be used 

alone to explain leaf physiology and production of secondary metabolites (Bailey et al., 2005). 

Plant biochemistry is founded on the organism’s genetic potential, but its implementation is to a 

large extent related to phenotypic plasticity as a response to changing environmental situations 

(Kramer, 1995; Trewavas, 2005; Valladares et al., 2014) or microbial colonization (Tian et al., 

2014). The genotypic and age differences between forest and treeline trees observed in this 

study and in ongoing parentage analyses within these sites (P. Eusemann & M. Schnittler, 

unpublished) are in accordance with the scenario of a comparatively young treeline moving 

uphill. The differences observed here (lower number of effective alleles, lower values for 

expected and observed heterozygosity) can be explained by preferential uphill seed migration 

from lower seed sources, thereby realising the concept of a sink population, with an even 

further reduced gene pool caused by the skewed proportion of potentially reproducing adult 

trees to actually reproducing ones (ongoing analysis, unpublished data). Given the small 

geographical distance and the only marginal genetic differentiation between the two sites, it 

seems plausible to interpret this observation as a result of the reproduction dynamics of an 
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actively advancing treeline rather than a sign of restrictions in gene flow between the two sites. 

Based on the available data, we postulate that tree phenology and habitat/microhabitat 

conditions (structural, physiological and biochemical differences) have profound consequences 

for the needle mycobiome of P. glauca in such extreme environments. Conversely, the 

importance of tree genotype as a defining driver of this particular phytobiome has to be 

questioned. 

 

Conclusions 

 

Montane habitats such as that in our study area are usually controlled by two primary factors: 

cold winter temperatures and water balance (Neilson, 1993). Because many plant species are 

already at the extreme margin of their environmental tolerance in such habitats (Gosz & Sharpe, 

1989; Risser, 1995), they are expected to react strongest to the anticipated global climate 

change resulting from global warming (Holtmeier & Broll, 2005; Tinner & Kaltenrieder, 2005). 

The effect of changing climate on plant-associated mycobiomes and entire phytobiomes has 

been debated intensively (reviewed in Vandenkoornhuyse et al., 2015), with partly contradicting 

results and predictions, depending on the targeted variables (CO2, Hagedorn et al., 2013; 

temperature, Streit et al., 2014; snow, Barbeito et al., 2013), organisms (microbes, Deslippe et 

al., 2012; plant, Elmendorf et al., 2012; protist, Geisen et al., 2014) and micro-environments 

(soil, Deslippe et al., 2012; leaf and roots, Fujimura et al., 2008). This underlines the complexity 

of interactions and responses, as well as the difficulties of an appropriate choice of variables, 

technologies and analytical methods. 
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Abstract 

 Fungi play a crucial role in terrestrial Arctic ecosystems as symbionts of vascular 

plants and nutrient recyclers in soil, with many species persistently or temporarily 

inhabiting the phyllosphere of the vegetation. 

 In this study we apply high-throughput sequencing to investigate the mycobiome of 

192 samples of fresh (current year) and aged (3 year old) needles of Picea glauca 

(Moench) Voss from three treeline sites across a 500 km transect in Alaska (USA). 

                                      
1
 https://www.dropbox.com/sh/n4ibh9ipdkztz1j/AAA6RGU9f95jB2XyZcrL2SYRa?dl=0 

https://www.dropbox.com/sh/n4ibh9ipdkztz1j/AAA6RGU9f95jB2XyZcrL2SYRa?dl=0
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We analysed Illumina-generated ITS2 sequences to relate mycobiome data with 

phenotypic tree traits, measures of genetic variation and climate variables obtained 

from long-term monitoring of the sites.  

 Alpha-diversity was found to decline with increasing environmental stress/climate 

harshness. Fungal communities differ in richness and taxonomic composition 

between sites, with a pronounced difference in the relative abundance of OTUs 

assigned to species of the rust genus Chrysomyxa, plant pathogens which seem to 

have been in an outbreak at two sites at the time of sampling. 

 Beside climate parameters, needle age was found to be the second strongest 

explanatory variable of the mycobiome composition, whereas we found no effect of 

tree genetic variation, indicating environmental and tree trait specific variables to 

mainly determine individual white spruce mycobiomes at Alaskas treelines. 

 

Introduction 

Fungi are among the most species-rich groups of eukaryotes in the Arctic (Timling et al., 

2014) and several taxonomic and functional groups (e.g. ectomycorrhizal fungi) display 

highest diversities in cold-temperate or boreal ecosystems (Tedersoo et al., 2014). In these 

ecosystems fungi play a crucial role in the terrestrial food-webs as mycorrhizal partners of 

vascular plants, main nutrient recyclers (Yergeau et al., 2006) and primary producers in the 

form of lichens (Dahlberg et al. 2013). Furthermore, an increasing number of studies show 

that variability of fungal communities may control patterns of plant community assembly 

(Terwilliger & Pastor, 1999; Packer & Clay, 2000; Weber et al., 2005) and ecosystem 

function (Fukami et al., 2010), underpinning the importance of understanding the dynamics 

of the fungal community to predict the impact of future climate changes. 

Many fungi can persist in the phyllosphere (i.e. live in and/or on plant leaves and branches), 

as either commensal colonizers or acting as plant pathogens causing leaf damage, senescence 

and/or death (Peay et al., 2008). The study of the phyllosphere mycobiome was long limited 

by an inability to identify species in their vegetative states (Peay et al., 2008), and previous 

studies of fungal richness and taxonomic composition had to rely on cultivation-based 

methods and Sanger sequencing of representative strains (Unterseher & Schnittler, 2009, 

2010; Unterseher et al., 2013; Gazis & Chaverri, 2015). Several studies targeted plant 

endophytic fungi (Petrini, 1991; Kowalski, 1996; Camacho et al., 1997; Higgins et al., 2007; 
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Sieber, 2007; Wang & Guo, 2007) but only a few recent studies considered entire 

phyllosphere communities (Cordier et al., 2012a,b; Lebeis, 2015). With advanced molecular 

methods such as high through-put sequencing (HTS) it is possible to gain deeper insights 

into the structure and richness of microbial communities, and HTS is nowadays routinely 

applied in studies of fungal ecology (Unterseher et al., 2011; Bálint et al., 2015, 2016; 

Tedersoo et al., 2018). Previous sequencing studies showed that fungal phyllosphere 

communities are influenced by regional climate, soil chemistry and plant communities 

(Wallenstein et al., 2007; Fujimura & Egger, 2012; Cordier et al., 2012b). In addition, some 

studies found genetic differences between local populations to have a selective effect on leaf 

mycobiomes (Cordier et al., 2012a; Bálint et al., 2015). However, this does not always seem 

to be the case, since a number of studies on clonal cultivars of crop plant species, e.g. coffee 

and apples, have found no effect of host genetics on phyllosphere mycobiomes (Becker & 

Manning, 1983; ten Hoopen et al., 2003). White spruce (Picea glauca (Moench) Voss) is 

among the economically most important conifer species in Alaska, occurring throughout 

Alaska from northern British Colombia all the way up to the northern tree line (Burns & 

Honkala, 1990). Within the framework of a project studying the effects of climate change on 

white spruce, 300–800 trees at each of three sites, spanning a transect over 500 km, have 

been mapped and genotyped. A first study of the phyllosphere mycobiome of white spruce 

in one of these sites found no effect of host genotype on the mycobiome composition 

(Eusemann et al., 2016). That study included 48 trees from a single tree stand in Brooks 

Range, Alaska (also investigated in this present study), which had an overall low genetic 

diversity. Here we expand considerably upon this preliminary study to identify the drivers 

for the structure of phyllosphere communities across diverse treeline locations in Alaska. 

We analysed needles from 96 white spruce trees at three sites representing the northern 

(Brooks Range), elevational (Alaska Range) and drought controlled (Interior basin) treeline. 

We used Illumina HTS to characterize the phyllosphere mycobiome of the white spruce 

needles. The genetic structure of the host trees was determined using microsatellite 

markers (Ellegren, 2004). In addition we used long-term monitoring data of climate 

parameters that were available for each site.  
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Methods 

Sampling 

In August 2016 white spruce trees were sampled at three sites, each including a forest 

(core) and a treeline (edge) plot (see Würth et al., 2018 for detailed description of sampling 

sites and tree plots). The three sites were (Fig. S1): Nutirwik Creek in the Brooks Range 

representing a northern treeline (67°56′N, 149°44′W, sampled end of August), Alaska 

Range in Denali National Park and Preserve (DNPP) (63°43’N, 149°00’W, sampled 

beginning of August), representing an elevational treeline, and the Interior basin in central 

Alaska (core: 64°42’N, 148°18’W, edge: 64°46’N, 148°16’W, sampled mid-August), 

representing a drought controlled treeline located on a river bluff. At each site all trees 

within roughly one ha were sampled and position determined using Trimble R3 (Trimble) 

and SunNav S100 (SunNav) differential GPS devices (precision 0.5 m). Larger trees 

(diameter at breast height (dbh) > 5 cm) were cored; for these trees dbh, height and age 

(for information on dendrochronological analysis of the tree rings see Eusemann et al., 2016) 

are known. Needle samples were taken from all trees for genotyping. In total 3,627 trees 

were sampled, of which 3,444 were genotyped with 11 microsatellite markers (see 

Eusemann et al., 2015). For metabarcoding of phyllosphere communities, at each plot 

(core/edge) of the three sites (Brooks Range, Alaska Range, Interior basin) 4 x 4 trees were 

sampled in the plot following the sampling scheme shown in Fig. S2, selecting the tree 

closest to the mesh of a grid with 30 m cells (resulting in 90 x 90 m sampled for each plot). 

From all trees fresh needles (from outermost twigs grown in the year of sampling) and aged 

(three year old) needles (by counting inwards three twig segments each delimited by a set of 

terminal bud scars produced in previous years (Carroll & Carroll, 1978)) were collected 

separately. Each tree was sampled at four orientations (North, South, East and West) and 

needles of the same age were pooled to avoid any potential biases. In total 192 samples (3 

sites, 2 plots per site, 16 trees per plot, and 2 needle ages per tree) were collected for the 

mycobiome analysis reported in this study. Monthly climate data for the years 1901 – 2009 

were obtained from the Scenarios Network for Alaska + Arctic planning (SNAP; 

www.snap.uaf.edu) as gridded data for each of the three sites. 

 

Laboratory analysis - DNA extraction, tree profiling and mycobiome library 

From each tree approximately 50 mg of dried needle tissue was homogenized using a Retsch 

ball mill MM301 (Retsch) and DNA was extracted using the Mag-Bind plant DNA DS Kit 
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(Omega) and KingFisher™ Flex 96-well plate robot system (KingFisher), following the 

manufacturer’s protocols. Trees were genotyped by eleven microsatellite loci developed by 

Hodgetts et al. (2001) and Rajora et al. (2001). For the Alaska Range and the Brooks Range 

these were combined into three multiplex assays developed by Eusemann et al. (2015), for 

the Interior basin samples these three multiplex systems were re-combined and reduced to 

two multiplex systems for optimization reasons (see Würth et al., 2018, submitted). 

Fragment analysis was carried out on a 3130xl Genetic Analyzer (Life Technologies).  

From the 192 needle samples for the mycobiome analysis a sub-set of the DNA extract was 

sent to Section of Microbiology at University of Copenhagen for preparation of a fungal 

Illumina library. The library was constructed using the primers gITS7 (Ihrmark et al., 2012) 

and ITS4ngs (White et al., 1990; Tedersoo et al., 2014) targeting the ITS2 section of the 

ribosomal DNA operon in fungi. A two-step PCR amplification (30 and 15 cycles 

respectively) was carried out using High Fidelity (HiFi) Taq DNA polymerase (in the 2nd step 

primers had been modified to include Illumina adaptors and indexing barcodes). Samples 

were purified (HighPrep™ PCR, MAGBIO, USA) and normalized (SequalPrep normalization 

plate, Thermo Fisher Scientific) to obtain equimolar DNA concentrations in the samples. 

The library was paired-end sequenced (2x250 bp), using Illumina MiSeq with Miseq reagent 

kit v2 (Illumina). Illumina raw-files are available from NCBI (BioProject ID: PRJNA481229). 

 

Bioinformatic processing of the mycobiome 

Sequences were trimmed of primer regions and barcodes and assembled using the fungal 

specific PIPITS pipeline (Gweon et al., 2015). Following default settings the following 

procedures were applied: all sequences which could not be assembled, singletons and/or 

chimeras were discarded, sequences were clustered at 97% similarity to generate OTUs 

(Operational taxonomic unit). Hereafter all raw reads were mapped back using centroids as 

OTU representatives to generate abundance tables. Only samples with a calculated sample 

coverage > 95% (Chao and Jost, 2012) were included in the analysis. In addition, both DNA 

read-based (individual) and sample-based OTU accumulation curves were constructed 

following Chao and Jost (2012) to insure sampling saturation was reached (see Fig. S3). Prior 

to analysis samples were rarified to 8,000 reads per sample. Sequences were classified using 

the RDP classifier (Wang et al., 2007) against the UNITE database (Kõljalg et al., 2005). The 

online application FUNGuild (Nguyen et al., 2016) was used for functional classification of 

the fungal community, distinguishing between plant pathogenic (all pathotrophic species 



Würth et al. The needle mycobiome of Picea glauca (Submission-ready version) 

 

 

81 

minus all animal pathogens) and saprotrophic fungi. The OTU table is available from suppl. 

S4. 

 

Data analysis and statistics 

Tree relatedness was estimated using ML-RELATE (Kalinowski et al., 2006). In addition, the 

standardized heterozygosity based on the mean observed heterozygosity was determined 

for each tree using the R function ‘genhet’ (Coulon, 2010). 

For the 192 mycobiomes recovered, the genetic distance matrix of the host trees as well as 

their geographical distance (spatial distribution) was correlated with the dissimilarity 

matrixes of the mycobiome (Bray-Curtis), using a Mantel test (Kendall's rank correlation 

tau). In addition, genetic clusters of the trees were identified from hierarchical clustering 

using Ward's minimum variance method which aims at finding compact spherical cluster 

(Murtagh & Legendre, 2014). The identified clusters (5, 3 or 2) were included in a 

PERMANOVA (permutational multivariate analysis of variance, Anderson, 2001) analysis, 

using the ‘adonis2’ function with settings ‘by = margin’, from the R package ‘vegan’ (Oksanen 

et al., 2017). The analysis was carried out using Bray-Curtis (BC) dissimilarity matrix of the 

mycobiome with 1,000 permutations to identify the explanatory power of the 

environmental and tree genetic parameters on the mycobiome. Parameters were (see Table 

4): Site (Brooks Range, Alaska Range, Interior basin), plot (edge, core), needle age (fresh, 

aged), genetic clusters (2, 3 or 5) and heterozygosity (0-1) of each tree. The total explained 

variance of the mycobiome was obtained with the settings ‘by = null’. Constrained 

ordination (RDA, redundancy analysis) was made for graphical presentation, for this the 

community mycobiome data was Hellinger transformed as recommended by Legendre and 

Gallagher (2001). Taxonomic profiling was done using STAMP 2.1.3 (Parks & Beiko, 2010) in 

which a two-sided Welch’s t-test was carried out for pairwise analysis (multiple groups 

were analysed by ANOVAs).Significance p-values were corrected for false discovery rate 

using the ‘Storey FDR’ setting available in STAMP (Benjamini & Hochberg, 1995; Storey et 

al., 2004). Basic statistical analyses were performed in R v. 3.3.3 (R Core Team, 2017) using 

mainly the packages ‘vegan’ (Oksanen et al., 2017) and ‘iNEXT’ (Chao & Colwell, 2014). 

Analysis scripts are provided in supplementary file S5.  
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Results 

Table 1 summarizes OTU yield during all steps of bioinformatics processing. Of the 192 

samples processed, 172 were considered of high quality (estimated sampling coverage >95%, 

as recommended by Chao and Jost (2012), see species saturation curves Fig. S3a,b). The 

sample-based OTU accumulation curves indicated that a total of 85.8% of the expected total 

diversity was recovered by our samples (see suppl. Fig. S3c). The 172 samples considered 

for further analysis had on average 355 ± 143 OTUs per sample after rarefaction.  

 

Table 1 Overview on bioinformatics processing steps and taxonomic assignment.  

Assembled reads 10.200,000  

OTUs (97% similarity) 10,570  

Unique taxon annotations 1,575  

OTUs annotated to accumulated Not accumulated  

  Species 943 (8.9%) 943 (8.9%) 

    Genus 1,975 (18.7%) 1032 (9.8%) 

      Family 2,683 (25.4%) 708 (6.7%) 

        Order 3,620 (34.2%) 937 (8.9%) 

          Class 4,377 (41.4%) 757 (7.2%) 

            Phylum 7,135 (67.5%) 2758 (26.1%) 

              Domain 10,517 (99.5%) 3382 (32.0%) 

                  Unclassified 10,570 (100%) 53 (0.5%) 

 

The three sites significantly differed in observed alpha-diversity, with most OTUs obtained 

from the warm and dry Interior basin, followed by the relatively warm but wetter Alaska 

Range, and the cool and moist Brooks Range (Kruskal-Wallis rank test, p < 0.001, Table 2).
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Table 2 Summary of descriptive parameters from the three sites (Brooks Range, Alaska Range and 

Interior basin) monthly averages over the period from 1901 to 2009. Values are given as mean ± 

S.D. Significant (p < 0.05) differences between sites are indicated with a, b, c.  

 

Brooks Range Alaska Range Interior basin 

Directional 

change for 

significant 

differences 

Investigated samples 

(fresh / aged needles) 
61 (30 / 31) 59 (30 / 29) 52 (28 / 24)  

Ave. No. OTUs per 

sample 1 
250 ± 107 a  346 ± 126 b  488 ± 78 c  

↓ Brooks Range 

↑ Interior basin 

Total observed /  

Expected No. of OTUs / 

Coverage 1, 2 

2,476 /  4,788 / 

79.5% 

3,365 /  6,516 / 

78.0% 

4,174 /  7,342 / 

80.9% 
 

Temperature [°C] –7.8 ± 12.5 a –3.1 ± 9.8 b –2.8 ± 14.5 b ↓ Brooks Range 

Potential 

evapotranspiration (PET) 

[mm/m²] 

27.6 ± 32.3 a 28.1 ± 26.3 b 39.1 ± 40.3 b ↓ Brooks Range 

Precipitation [ mm/m²] 36.4 ± 28.3 a 38.9 ± 31.4 a 25.0 ± 19.8 b ↓ Interior basin 

Vapour pressure [Pa] 3.1 ± 2.8  a 3.9 ± 2.8  b 4.8 ± 3.8  c 
↓ Brooks Range 

↑ Interior basin 

Shortwave radiation 

[W/m²] 
5.6 ± 3.7 a 5.7 ± 2.3 a 5.7 ± 2.3 a Non-significant 

 

1Data normalized to 8,000 reads per sample.
 

2 
Estimated species richness calculated as asymptotic diversity estimates (Chao richness estimator, (Chao & 

Colwell, 2014)) and estimated sampling coverage (Chao & Jost, 2012). 

 

Tree parameters and fungal communities 

The sampled tree plots were genetically diverse but genotypes did not differ with respect to 

geographic distance, thus the plots in the Interior basin and the Brooks Range (separated by 

ca. 500 km) did not have FST values larger than 0.026 and likewise the highest Dest value was 

0.093 (Table 3). A Mantel test between the similarity of the mycobiome and the genetic 

similarity between the trees showed no relationship (Correlation coefficient of –0.02, p = 

0.94).
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Table 3 FST values (lower left) and Dest values (upper right) between the trees investigated for 

fungal microbiome across the three different sites.  

Site Interior Basin Alaska Range Brooks Range 

Interior basin - 0.048 0.093 

Alaska Range 0.015 - 0.069 

Brooks Range 0.026 0.019 - 

 

Explanatory power of environmental factors  

The assessed parameters (site, plot, needle age, genetic cluster and tree heterozygosity) 

explained a total of 23.4% of the community variance (p < 0.001, Fig. 1 and Table 4). Among 

the tested parameters the specific site was found to explain the largest proportion (15.8%, p 

< 0.001) of the community variance between samples. Second was needle age (fresh vs. 

aged), accounting for 8.2% (p < 0.001) of the observed variance between samples. The beta 

diversity dispersion observed in the mycobiome dissimilarity (Bray-Curtis) in the fresh 

needles was slightly larger than in the aged needles (Turkey HSD, p < 0.001) which might 

contribute to the observed effect. Likewise, the mycobiomes from the Interior basin had a 

significant smaller spread in dissimilarity then the two other sites (p < 0.01, File S5). The 

plot was the third strongest parameter explaining 3.6% (p < 0.001) of the community 

variance within a specific sample site. Clusters determined by similarity between trees 

multilocus genotypes were not found to explain any variance in the mycobiome (Table 4, 

File S5). For the 51 trees which had been cored, an additional analysis was carried out 

including the parameters tree height, age and dbh; each was found to explain a minor (< 2%) 

proportion of the mycobiome variation (Table 4, File S5).   
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Table 4 The proportion of variance in the community composition of the 172 needle mycobiome 

explained by the environmental parameters and tree features. Values correspond to % R2 value from 

Permanova on Bray-Curtis dissimilarity matrix with 1,000 permutations. Significance is indicated with 

* p<0.05, *** p < 0.001, ns: non significant. 

Parameter % explained 

Site (Brooks Range, Alaska Range, Interior 

basin) 

15.8*** 

Needle age (fresh and aged) 8.2*** 

Plot (edge or core) 3.6*** 

Genetic cluster 1 1.4ns 

Heterozygosity 0.0ns 

Parameters only available for 51 trees2  

Tree height 1.9** 

Tree dbh 1.7* 

Tree age 1.4ns 

Total explained variance for all / 51 trees 23.4 / 29.7 

Residual 76.6 / 70.3 

 

1 Identified from hierarchical clustering using Ward's minimum variance method (Murtagh and Legendre, 2014), 

tested with a total 5, 3 or 2 clusters.  

2 Only trees large enough to be cored (dbh > 5 cm, see methods). 
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Fig. 1. Redundancy analysis (RDA) of the mycobiome from the three sites Brooks Range (green), 

Alaska Range (blue) and the Interior basin (yellow). Circles denoting the position of a sample are 

plotted in size relative to their number of OTUs (from 70 to 661 OTUs). Needle age is indicated 

with light (fresh needles) and dark color (aged needles). 

 

Functional characteristic of the mycobiome 

The average number of fungal OTUs per sample showed strong significant correlations with 

temperature (positive) and precipitation (negative). The correlations with potential 

evapotranspiration (PET) and short wave radiation appeared to be non significant (Fig. 2). Of 

the 1,575 unique taxon annotations 629 could be classified according to their trophic 

categories as either being saprotroph (522) or plant pathogens (158) including 51 OTUs 

being classified as both saprotroph and plant pathogen (File S6). The proportion of 

saprotrophs in the six plots was positively correlated with temperature and PET but 

strongly decreased with increasing precipitation. In contrast, the proportion of plant 

pathogens was positively correlated to increasing average annual precipitation, negatively 

correlated to potential evapotranspiration, showed only a weak correlation to temperature 

and was not significantly correlated to short wave radiation (Fig. 2).  
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Fig 2 Correlations between OTUs and climatic parameters of the six plots from three study sites. 

First row: average number of OTUs per sample, second and third row: proportions of OTUs 

classified as plant pathogens or saprotrophs. Green = Brooks Range; orange = Interior basin; blue = 

Alaska Range.  Precip. = precipitation; PET = Potential evapotranspiration; SW radiation = short 

wave radiation. Pearson’s correlation coefficient (r) is given in the upper left corner of each plot and 

significance is indicated with ** p<0.01, *** p < 0.001, ns: non significant. 

 

Community composition 

The mycobiome was dominated by the phylum Ascomycota which accounted for 51.4% of 

all rarefied DNA reads, of these the majority was unclassified (47.6% of all Ascomycota 

DNA reads), or assigned to mainly the orders Dothideomycetes (22.4%), Taphrinomycetes 

(16.0%) or Eurotiomycetes (4.6%). Basidiomycota was the second largest phylum (20.0% of 

all reads); with OTUs assigned to mainly Pucciniomycetes (58.2% of all Basidiomycota 

reads), Agaricomycetes (12.3%) or Exobasidiomycetes (12.1%). 
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Geographical site 

Fig 3 shows the fungal taxa (classes) which had a significant difference (larger than 2%-point) 

in relative abundance between the three sites (displayed in pairwise combinations). Among 

the dominant taxa were members of the class Pucciniomycetes (Basidiomycota) which were 

highly abundant at Brooks Range (18.9 ± 30.4%) and Alaska Range (16.7 ± 23.7%), but not 

abundant at the Interior basin sites (1.6 ± 6.3%, p < 0.001). Also the class Dothideomycetes 

(Ascomycota) differed between the three sites, with 21.5 ±13.1% relative abundance at the 

Brooks Range which were on average 7.4 ± 1.0% higher than for the other two sites (p < 

0.001, ANOVA, corrected for false discovery rates Fig. 3a).  

A reverse relationship was seen for the classes Agaricomycetes, Exobasidiomycetes and 

Taphrinomycetes whose members were significantly more abundant at the Interior site (4.5 

± 3.1%, 7.3 ± 9.0% and 6.5 ± 4.8% respectively) and Alaska Range (5.0 ± 7.1%, 3.6 ± 3.7% 

and 8.3 ± 9% respectively) compared to the Brooks Range (0.9 ±1.4%, 0.1 ± 0.2% and 2.4 ± 

3.2% respectively, p < 0.001, ANOVA, corrected for false discovery rates, Fig. 3b). 
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Figure 3a. Mean proportion of DNA reads for fungal classes which significantly differ between 

Brooks Range (61 samples, green), Alaska Range (59 samples, blue) and the Interior basin (52 

samples, orange) sites. Only taxa with a significant (p < 0.05, Welch’s t-test, corrected for false 

discovery rates) difference that exceeds 2% are shown. b) Proportion of DNA reads for sequences 

assigned to fungal classes for the three sites. 
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Table 5 Taxonomic groups with a large (> 2.0%) and significant (p < 0.05, ANOVA corrected for false discovery rates) difference in relative 

abundance between the three sites (Brooks Rage, Alaska Range and the Interior basin). Differences between sites are indicated with a, b, c.  

Phylum Class Order Family Genus Brooks Range  

(% abundance  

± S.D.) 

Alaska Range  

(%abundance 

± S.D.) 

Interior basin 

(% abundance 

± S.D.) 

Ascomycota Dothideomycetes Botryosphaeriales Botryosphaeriaceae  1.4 ± 2.6ab 3.1 ± 3.6a 0.6 ± 0.6b 

Ascomycota Dothideomycetes Pleosporales   0.4 ± 1.6a 0.7 ± 2.4a 3.2 ± 6.7b 

Ascomycota Dothideomycetes Uncl.Dothideomycetes Uncl.Dothideomycetes Perusta 3.8 ± 4.7a 2.1 ± 2.8ab 0.5 ± 0.9b 

Ascomycota Taphrinomycetes Taphrinales Taphrinaceae Taphrina 2.8 ± 3.4a 8.3 ± 9b 6.5 ± 4.8b 

Ascomycota Uncl.Ascomycota    33.2 ± 21.2a 31.4 ± 17.3a 42.8 ± 19.8b 

Basidiomycota Exobasidiomycetes Exobasidiales Exobasidiaceae Exobasidium 0 ± 0.1a 1.3 ± 2a 6.6 ± 8.7b 

Basidiomycota Exobasidiomycetes Exobasidiales   0 ± 0.1a 2.2 ± 2.2b 0.6 ± 0.7a 

Basidiomycota Pucciniomycetes Pucciniales Coleosporiaceae Chrysomyxa 20.6 ± 31.7a 15.4 ± 24.1a 1.2 ± 6.3b 

Total (% of total community) 64.9 65.1 63.1 
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Needle age 

Relative abundances in fresh and aged needles differed most for unclassified Ascomycetes (25.1 

± 16.9% vs. 48.4 ± 15.6% relative abundance in fresh and aged needles, respectively) and 

members of the fungal class Pucciniomycetes, which were much more abundant in fresh needles 

(23.8 ± 31% vs. 2.6 ± 6.7%, Fig. 4). Sequences for the latter were almost exclusively assigned to 

the genus Chrysomyxa of the family Coleosporiaceae (Fig. 4A). Also the class Taphrinomycetes 

with its single family Taphrinaceae were found significantly more abundant in fresh needles (13.1 

± 12.0% vs. 9.5 ± 8.2%). On the contrary, members of the order Eurotiomycetes were more 

abundant in the aged needles (2.0 ± 2.5% vs. 5.3 ± 4.4% of the total mycobiome in fresh and 

aged needles respectively, Fig. 4), with the genus Sarcinomyces (2.0 ± 2.0% vs. 0.6 ± 1.2 in aged 

and fresh needles respectively, suppl. S4) being dominant.  

 

 

 

Figure 4a) Mean proportion of DNA reads for fungal classes (top), families (middle) and genera 

(bottom) which significantly differ between fresh (88 samples, light purple) and aged needles (84 samples, 

dark purple); unclassified Ascomycota are not shown. Only taxa with a significant (p < 0.05, Welch’s t-

test, corrected for false discovery rates) difference > 2% are shown. b) Proportion of sequences 

assigned to fungal classes in the fresh and aged needles. 
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Discussion 

Phyllosphere community composition 

In accordance with previously reported phyllosphere community composition in cold and arctic 

regions, we found Ascomycota to be dominant (Kirk et al., 2008; Schoch et al., 2009; Tedersoo 

et al., 2018) possibly explained by the high diversity of lichens which are dominant in these 

ecosystems (21% of all annotated Ascomycota were lichenized or lichen parasites; File S6). On 

the contrary Basidiomycetes which were only found to make up 20% of the mycobiome, are 

dominant soil inhabiting fungi counting major linages of ectomycorrhizal fungi (Peay and Bruns, 

2014, Orgiazzi et al., 2013). In this study the variation in community composition of the 

phyllosphere mycobiome, was best explained by sampling sites. These differences between sites 

reflect a gradient in climatic conditions such as annual temperature and precipitation. The 

general trend observed is one of increasing OTU richness with increasing mean annual 

temperature, seen as an increase from the Brooks Range to the Interior basin. This decline in 

OTU richness in the phyllosphere with increasing latitude differs from patterns reported from 

arctic soils (Timling et al., 2014), a likely explanation could be a relatively higher exposure to 

environmental fluctuations (harsh conditions) in the phyllosphere compared to in the soil. One 

indication of this was the higher abundance of members of the class Dothideomycetes at the 

Brooks Range, including the genera Aureobasidium and Hormonema, both so-called black yeasts, 

which are known to endure oligotrophic harsh environments reported to grow on stone 

surfaces exposed to high UV radiation and fluctuation in temperature (Sterflinger et al., 1997; 

Sterflinger, 2006; Magan, 2007). This lifestyle suggests that these species persist at the needle 

surfaces (epiphytic); most likely not acting as a parasite on the plant. However the genus 

Hormonema includes pathogens of conifers (e.g. Hormonema dematioides, de Hoog and Yurlova, 

1994) and was previously found on needles of white spruce and other Pinaceae (Camacho et al., 

1997). The prevalence of these black-yeast taxa at the Brooks Range points to harsh 

environmental conditions, and subsequently such environments may cause trees to be more 

susceptible to pathogen colonisation (Wargo, 1996; Bonello et al., 2006; Allen et al., 2010). At 

the Interior basin conditions might be more benign, where we observe a much larger species 

richness. The higher temperature observed at these sites, might result in an increased plant 

transpiration which potentially increases the availability of water and dissolved compounds in 

the phyllosphere beneficial for the mycobiome, as demonstrated for bacteria (Schreiber et al., 
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2005). Forest and treeline plots could also explain a minor proportion of the mycobiome 

variance.  The same result was observed in the previous study by Eusemann et al. (2016) for the 

Brooks Range site. A likely explanation is differences in wind speed, desiccation rates and other 

small- scale climatic parameters (temperature, humidity, dew point, light intensity, soil melting; 

pers. obs.) between the two plots of the three sample sites. Finally, the phenological tree traits 

height and dbh were not found to have a dominant effect on the mycobiome (explained < 2% of 

the mycobiome variance). Tree height have been shown to correlate with photosynthesis rates 

of mature black spruce trees (Picea mariana), which was subsequently related to an increased 

abundance of endophytic fungi Niinemets (2002), which are known to be harboured in the 

photosynthetic tissue of plants (Arnold & Lutzoni, 2007). A part of the variation in community 

composition between the sites could also be induced by the difference in the surrounding flora 

as e.g. several species of the genus Taphrina growing on certain Betula species (Spanos & 

Woodward, 1994), or Alnus (Tanaka, 1988), with this genera being omnipresent in the Alaska 

Range and in the Interior basin (pers. obs.). The same counts for many Exobasidium species 

growing parasitic on Ericaceae (Ga ̈umann, 1964), which for their part show high occurrence at 

all our plots (pers. obs.). 

 

The outbreak of Chrysomyxa spp. is limited to fresh needles and harsh 

environments 

A pronounced difference between sites was the large proportion of OTUs assigned to the 

genus Chrysomyxa (two or more species, supp. S4) present at the Brooks Range and Alaska 

Range compared to the Interior basin. Most of the 25 described species of Chrysomyxa are rusts 

(Cummins & Hiratsuka, 2003; Feau et al., 2011; Cao et al., 2017), which show host-alternating 

between Ericaceae and Picea sp..Thirteen species are known from North America 12 of which 

are host-alternating ones (Farr et al. 1989). This association is common in Arctic ecosystems 

where these plants predominantly persist; Ericaceae dwarf shrub were commonly found in all 

our plots at all sites (with Ledum decumbens and L. groenlandicum being most common at the 

Brooks Range; Vaccinum uliginosum and V. vitis-idaea being most common at the other sites). We 

identify OTUs assignable to both C. rhododendri and C. ledicola, though the majority could not be 

assigned with confidence to a species (OTU table, suppl. S4). Interestingly, the genus Chrysomyxa 

(and the entire class of Pucciniomycetes) were nearly absent in the study of Eusemann et al., 
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(2016) from 2012 (only 0.1% relative abundance of Pucciniomycetes), although the overall 

mycobiome was comparable between the two studies (Eusemann et al., (2016) and Fig. S7). This 

suggests that sampling in the present study took place during spore sori production and spore 

release of Chrysomyxa spp..  

OTUs assignable to Chrysomyxa sp. were almost exclusively found in young needles. This 

suggests a rapid colonisation within the annual growth of fresh needles. Heavily infected needles 

are likely to be shed as known for C. rhododendri infections in Europe (Gäumann 1959), thus the 

absence of Chrysomyxa in aged needles points to an effective protection against infection in older 

needles. The mechanisms of such a defence might be realized either by reinforcing the cuticle 

(including the wax layer) or via interspecific competition with the existing mycobiome on aged 

needles. Aged needles displayed a higher OTU richness than fresh needles what is in accordance 

with reports showing endophytic load to generally increase with needle age (Bernstein & 

Carroll, 1977; Todd, 1988; Guo et al., 2008), but the core community seems to be stable over 

time, as seen by comparison with the mycobiome obtained in 2012 (Eusemann et al., (2016) and 

Fig. S7).  

 

Genetic or environmental influence 

In this study we find environmental conditions between the three sites and needle age to have 

the largest explanatory power for differences in the observed phyllosphere mycobiomes. These 

findings are comparable to many other studies, where differences in fungal communities are 

mainly elicited by environmental factors (Naresh & Smith, 1996; Fujimura & Egger, 2012; Timling 

et al., 2014; Peršoh, 2015; Gomes et al., 2018) and needle age (Bernstein & Carroll, 1977; 

Carroll & Carroll, 1978; Todd, 1988; Johnson & Whitney, 1992). However, both Whipps et al., 

(2008) and Bálint et al., (2015) have shown that in addition to environmental conditions, the 

individual tree genotype plays a role in determining colonization and establishment of microbial 

communities. In a previously reported study, we found no effects of the tree genotype on the 

mycobiome variation in white spruce needles from the site in Brooks Range (Eusemann et al., 

2016); possibly explained  by the low total genetic variation among those trees  (Dest = 0.032, 

FST = 0.008). In the current study we investigated three sites separated by more than 500 km. 

However, despite this large geographical distance the observed genetic variation between trees 

remained low (Dest <= 0.093, FST <= 0.026) referring to the large natural dispersal range of 
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white spruce  (Burns & Honkala, 1990). Although neither the FST/Dest values nor the level of 

heterozygosity had an effect on the mycobiome of the needles, it cannot be ruled out that the 

lack of genetic effects on the observed mycobiome variance is explained by the low total 

variance among the tree genotypes. However as the white spruce is genetically homogenized 

across sites with various environmental conditions, the latter seem to be a more prominent 

driver for phyllosphere mycobiome variance.  

Conclusion 

Our data shows that the phyllosphere mycobiome of white spruce across Alaskas treelines 

differs in species composition, richness and abundance within a transect throughout Alaska.  

Differences were mainly driven by site specific environmental parameters and needle age, with 

the lowest species richness found at the Northern most site, Brooks Range, indicating a strong 

environmental filtering. Alpha-diversity declined with increasing mean annual precipitation and 

decreasing temperature from the Interior basin over the Alaska- to the Brooks Range. OTUs 

assignable to the rust fungal genus Chrysomyxa where highly abundant on fresh needles in the 

two wetter sites but were nearly absent in the Interior basin. Confirming previous results we 

found no effect of neither the trees genotype nor the level of heterozygosity on the needle 

mycobiome, though it cannot be ruled out that the low total genetic variation observed 

between the investigated trees are causing such null results.  
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Supporting Information 

 

Figure S1 Map of Alaska (USGS, 2016) showing location of the investigated sites (dots).  

 

 

Figure S2 Sampling design of the trees used in the metabarcoding study. The position of the 

crosses was determined using a differential GPS device (Trimble) and the closest tree to that 

GPS position was taken. 
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Figure S3 (a) Individual based OTU accumulation curves for all samples, these indicated by red 

codes were excluded from further analyses. (b) Sample based OTU accumulation curves for the 
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three sites, extrapolated beyond sampling (marked by site symbol) by Chao & Colwell, 2014, (c) 

sample based sample coverage. 

 

 

Figure S7 Mean proportion of sequences assigned to fungal classes in the white spruce site 

from Brooks Range sampled  in 2012 (left, n = 48, Eusemann et al., 2016), 2016 (middle, n = 61) 

and shown without the pathogen Chryomyxa, spp. (Pucciniomycetes, right). 
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4  CONCLUSIONS AND PERSPECTIVES 

4.1 MAIN FINDINGS 

 

This study focused on the adaption of P. glauca to current and ongoing climate change. To 

investigate the adaption of P. glauca to climate change we were interested in whether there are 

differences in (i) reproductive strategies and (ii) colonization by fungi (putative parasites) of the 

trees towards more extreme environmental conditions. To analyze these patterns, a massive 

genotyping / metabarcoding approach was chosen that included six plots at three different sites 

along a transect spanning 500 km throughout Alaska.  

The data gathered within the frame of this thesis work provide new insights into the ecology of 

boreal tree species coping with harsh environmental conditions and allow to draw conclusions 

of how P. glauca and related species can deal with the consequences of global change. In both 

investigated traits, reproductive strategies and fungal community diversity and composition, P. 

glauca shows a high plasticity, with clonal growth and mycobiome composition correlating much 

more with environmental parameters and different phenotypical tree traits than with genetic 

differences between trees.  The main findings can be summarized as following: 

 

 Clonal growth in P. glauca seems to be widespread throughout Alaska, is more prevalent 

in treeline populations and seems to be positively correlated to a cool and moist climate 

that favors layering.  

 Selection for clonal growth appears to be unlikely in the light of results on very low 

genetic differentiation of trees throughout Alaska and between clonal and singleton 

individuals.  

 The diversity and composition of the fungal community on needles of P. glauca is mainly 

determined by habitat conditions and phenological tree traits which by far overrule the 

influence of tree genotype. 

 Alpha diversity of the needle mycobiome decreased with increasing environmental stress 

generated by harsh climatic conditions. 

 Needle age was found to have a strong influence on the mycobiome diversity and 

composition, whereas phenotypical tree traits (dbh, height, age) only had minor 
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explanatory power and no significant effect of the genetic variation within trees was 

found.  

 Fungal species assigned to the rust fungus Chrysomyxa spp. were almost exclusively found 

in young needles what suggests a rapid colonization of the young needles and an effective 

protection against infection in older needles. 

 

Forest habitats are highly complex environments and science is far from understanding all 

functions and processes regarding the drivers of reproduction strategies and richness and 

composition of fungal communities. This project added new insights into the dimension of clonal 

growth, the diversity and composition of the needle mycobiome and the parameters 

determining the response of P. glauca to changing environmental conditions.  

 

4.2  CHALLENGES AND LIMITATIONS 

 

4.2.1  Neutral markers and relocation of individuals 

Microsatellite markers are known to be neutral and not underlying natural selection (Tachida 

and Iizuka 1992, Awadalla and Ritland 1997, Schlötterer and Wiehe 1999) which limits their 

suitability to investigate adaptive processes (Kirk and Freeland 2011). We would need markers 

that are known to be under selection and to test for differences between clonal and singleton 

trees and finally verify or disregard a selective advantage of clonal growth. 

Mainly due to National Park regulations we could not tag the sampled trees permanently in the 

first years of sampling. In 2015 we started tagging adult trees permanently in the Interior basin 

and Brooks Range. This caused the problem that we were not able to relocate many of the 

individuals we had genotyped and thus link genetic data to measurements and analyses done in 

the following years. 

 

4.2.2  Challenges in parentage analysis 

The original plan for my PhD thesis was to investigate the adaption of P. glauca to climate 

change by analysing the fitness (number of offspring) of trees in different plots through Alaska 

and correlate it to their relatedness to each other. Our theory was that the climate within the 

long lifespans of trees could change to such a high degree, that it would not allow the very same 
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individuals to establish again nowadays (Chevin et al. 2010). The individuals established today are 

not necessarily the best adapted ones to recent climatic conditions, because the selection 

happens mainly during seedling establishment when trees are the most vulnerable to climate but 

also to browsing by different animal species like snow shoe hare (Bergeron and Tardif 1988), 

different deer species (White 2012), more rarely moose (Peterson 1955). Assuming that the 

seed production of a tree is correlated to its size (dbh and height), the big old individuals should 

produce most of the offspring.  

The challenge with this plan of my PhD thesis was 1) to differentiate between parent-offspring 

relationships and siblings, as they can both show the same degree of relatedness. A 

differentiation between the two cases by analysing differences in age of the two trees in 

question turned out to be as complicated due to the high possible age of a tree (two trees may 

show a high age difference, with one being likely the offspring of the other, but there may be an 

even older individual exist that sired both). 2) We could not manage to calculate or find a 

reliable value for possible seed output and therewith possible number of offspring, to compare 

offspring numbers of trees of different age. Especially due to the irregular occurrence of mast 

years (Körner 2012) with exceptionally high seed production, the system is just very 

unpredictable. 

 

4.2.3 Costs of High throughput sequencing and relocation of trees 

High throughput sequencing is still quite costly compared to e.g. sanger sequencing (due to the 

large number of sequences being necessary to establish an OTU). This limits the number of 

samples that can be analysed. The idea to conduct an additional survey on differences in the 

mycobiome of clonally growing and singleton trees had therefore to be abandoned. Additionally, 

the relocation of trees in the field, especially of the less frequent clonal trees, turned out to be 

challenging, and this would have resulted in an unfeasible sampling efford.   

 

4.3 OUTLOOK 

 

As the trees in all sample sites of this study were permanently tagged this year (2018) it should 

now be possible to investigate whether there is an advantage of clonal growth using makers 

which underlie selection. Furthermore, the second generation of the RESPONSE graduate 
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school following up on the research project “Responses of forest trees to environmental 

change”, will investigate the stomata density as a promising trait related to the tree’s fitness 

using SNP (single nucleotide polymorphism) genotyping.  

 

4.4 LITERATURE 

  

Awadalla, P., and Ritland, K. 1997. Microsatellite variation and evolution in the Mimulus guttatus 

species complex with contrasting mating systems. Mol. Biol. Evol. 14(10): 1023–1034. 

Oxford University Press.  

Bergeron, J.-M., and Tardif, J. 1988. Winter browsing preferences of snowshoe hares for 

coniferous seedlings and its implication in large-scale reforestation programs. Can. J. For. 

Res. 18(2): 280–282.  

Chevin, L.-M., Lande, R., and Mace, G.M. 2010. Adaptation, Plasticity, and Extinction in a 

Changing Environment: Towards a Predictive Theory. PLoS Biol. 8(4): e1000357.  

Kirk, H., and Freeland, J. 2011. Applications and implications of neutral versus non-neutral 

markers in molecular ecology. Int. J. Mol. Sci. 12(6): 3966–3988. 

Körner, C. 2012. High elevation treelines. In Alpine Treelines. Springer Basel, Basel. pp. 1–10. 

doi:10.1007/978-3-0348-0396-0_1. 

Peterson, R.L. 1955. North American moose. Univ. Toronto Press, Toronto. 

Schlötterer, C., and Wiehe, T. 1999. Microsatellites, a neutral marker to infer selective sweeps. 

In Microsatellites: Evolution and Applica- tions. Edited by D. Goldstein and C. Schlötterer. 

Oxford University Press, Oxford. pp. 238–247. 

Tachida, H., and Iizuka, M. 1992. Persistence of repeated sequences that evolve by replication 

slippage. Genetics 131(2). 

White, M.A. 2012. Long-term effects of deer browsing: Composition, structure and productivity 

in a northeastern Minnesota old-growth forest. For. Ecol. Manage. 269: 222–228. 



 
 

 111 

5 AFFIDAVITS 

5.1  SELBSTSTÄNDIGKEITSERKLÄRUNG / DECLARATION 

 

Hiermit erkläre ich, dass diese Arbeit bisher von mir weder an der Mathematisch- 

Naturwissenschaftlichen Fakultät der Ernst-Moritz-Arndt-Universität Greifswald noch einer 

anderen wissenschaftlichen Einrichtung zum Zwecke der Promotion eingereicht wurde. Ferner 

erkläre ich, dass ich diese Arbeit selbstständig verfasst und keine anderen als die darin 

angegebenen Hilfsmittel und Hilfen benutzt und keine Textabschnitte eines Dritten ohne 

Kennzeichnung übernommen habe.  

 

I hereby declare that I have submitted this work so far neither at the Faculty of Science and 

Mathematics at the Ernst-Moritz-Arndt-Universität Greifswald nor at any other university with the 

purpose to earn a PhD degree. Furthermore I declare that I have written this work as an independent 

effort and did not use any other sources and guides than those cited in the work. I did not copy any 

paragraphs of a third author without marking them as a citation. 

 

 

 

 

 

 

 

Greifswald 18th September 2018  David Würth 



 

112 

5.2 EIGENANTEIL BEI KUMULATIVEN DISSERTATIONEN 

 

Chapter 3.1 Environment drives spatio-temporal patterns of clonality in white 

spruce in Alaska.  

I conceptualized the analysis and methodologies that were employed in this manuscript. In addi-

tion I sampled 1261 samples of which I successfully genotyped 1169 samples, followed by 

clone/singleton analysis. Data analysis, and interpretation were done by me with the assistance 

from Prof. Dr. Martin Schnittler. I wrote the manuscript as the first and corresponding author 

aided by all co-authors. Martin Wilmking, Martin Schnittler contributed designing the study, 

Pascal Eusemann, Mario Trouillier, Allan Buras, Andreas Burger, Martin Wilmking and Martin 

Schnittler were involved in fieldwork. Pascal Eusemann performed a part of the microsatellite 

analyses and analyzed the data with the help of Martin Schnittler. Glen P. Juday supplied data for 

the Interior core plot, Martin Wilmking, Carl A. Roland and Glen P. Juday contributed critically 

to the drafts. All authors gave the final approval for publication. 

 

Chapter 3.2 Habitat conditions and phenological tree traits overrule the influence 

of tree genotype in the needle mycobiome–Picea glauca system at an  

arctic treeline ecotone  

I contributed the genetic and statistical analyses and cross-checked the microsatellite data. I 

took part in the writing and quality check of the manuscript prior to submission. Martin Un-

terseher designed and performed the mycological research. Pascal Eusemann and Martin Schnit-

tler designed and performed the genotyping analysis with contributions by me. Pascal Eusemann, 

Martin Schnittler, Allan Buras and Martin Wilmking were responsible for fieldwork and 

evaluation of environmental data, Henrik R. Nilsson, Ari Jumpponen and Mathilde B. Dahl 

analysed mycobiome data. All authors contributed to discussion of results and manuscript 

writing. 

 

Chapter 3.3 The needle mycobiome of Picea glauca – a dynamic system reflecting 

surrounding environment and tree phenological traits. 

I conceptualized the study design of this article with the assistance of M. Schnittler. I participated 

and overlooked all field work and did all laboratory work regarding DNA extraction, genotyping 



 
 

 113 

and fragment length analysis. Data analysis, and interpretation were done by me with the assis-

tance of Mathilde Borg Dahl and Martin Mortensen. I wrote the manuscript as the first and cor-

responding author, aided by all co-authors. Martin Wilmking and Martin Schnittler contributed 

in inventing the overall study design, Martin Unterseher contributed to the mycological re-

search. Martin Mortensen and Søren Sørensen performed the library preparation and Illumina 

sequencing. Mathilde B. Dahl analysed mycobiome data, Markus Scholler assisted with their in-

terpretation and Mario Trouillier  helped with fieldwork and evaluation of environmental data. 

All authors contributed to discussion of results and manuscript writing. 

 

 

 

 

Greifswald 18th September 2018       David Würth 

 

 

Die Unterschrift weiterer Autoren kann aus technischen Gründen nicht eingeholt werden. Da 

die betreffenden Kapitel jedoch in Zeitschriften veröffentlicht sind, haben alle Mitautoren in die 

Publikation eingewilligt  

 

 

 

Prof. Dr. Martin Schnittler (Wissenschaftlicher Betreuer). 

 

 



 

114 

6  ACKNOWLEDGEMENT 
 

 
The writing and completion of this Dissertation would not have been possible without the 

support, assistance and guiding of many people and I would like to use this section to thank 

them.    

First of all I would like to thank my supervisor Prof. Dr. Martin Schnittler for his optimistic and 

enthusiastic, but never forcing way of motivating me through this 3 ½ years.  

Second I would like to thank my officemate Mathilde Borg Dahl for the nice time, the coffee and 

the laughter we had together, I am still glad you moved up here from your cellar–office!  

Thanks to my family, especially to my mother Dagmar Würth for her never ending trust and 

support. Should I from now on earn crazy much money, I will take you on a very nice holiday 

e.g. on Elba every year! (You take Max with you than, so his mom and I can have holiday, too) 

 

I also want to take the opportunity to thank my girlfriend’s family for their support and for 

welcoming me so warmhearted as a new member of the pack. Especially her dad, for taking me 

out to nature and teaching me how to hunt, and her mom for the nice time, food and drinks 

whenever we are back.  

My biggest thanks go to my lovely girlfriend Franziska Günter and our little son Max who was 

born in the last year of my and her phd project. You two opened my eyes for the most 

important things in life and whatever it takes; I will always do my best to make you happy. 

Thank you for being so indulgent, self-sacrificing and supportive through all that time. Both of 

you were my biggest motivation. 

Furthermore I want to thank all my friends who have accompanied me on my way and hopefully 

will continue doing so. 

 

Not to forget, thanks to Annett Koslowski who will bind this thesis into a very nice book, (and 

will probably read only the acknowledgement section). 

 

 



 
 

 115 

This study was part of the Research Training Group 2010 RESPONSE funded by the Deutsche 

Forschungsgemeinschaft (DFG). 

           

 

 

          

 

          David Würth 


