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Abstract

Arctic treelines are facing a strong temperature increase as a result of recent global warming, causing possible changes in forest
extent, which will alter vegetation-climate feedbacks. However, the mode and strength of the response is rather unclear, as
potential changes are happening in areas that are very remote and difficult to access, and empirical data are still largely lacking.
Here, we assessed the current population structure and genetic differentiation of Larix Mill. tree stands within the northernmost
latitudinal treeline reaching ~ 72° N in the southern lowlands of the Taymyr Peninsula (~ 100° E). We sampled 743 individuals
belonging to different height classes (seedlings, saplings, trees) at 11 locations along a gradient from ‘single tree’ tundra over
“forest line’ to ‘dense forest’ stands and conducted investigations applying eight highly polymorphic nuclear microsatellites.
Results suggest a high diversity within sub-populations (Hg = 0.826-0.893), coupled, however, with heterozygote deficits in all
sub-populations, but pronounced in ‘forest line’ stands. Overall, genetic differentiation of sub-populations is low (Fgr=0.005),
indicating a region-wide high gene flow, although ‘forest line’ stands harbour few rare and private alleles, likely indicating greater
local reproduction. ‘Single tree’ stands, located beyond the northern forest line, are currently not involved in treeline expansion,
but show signs of a long-term refuge, namely asexual reproduction and change of growth-form from erect to creeping growth,
possibly having persisted for thousands of years. The lack of differentiation between the sub-populations points to a sufficiently
high dispersal potential, and thus a rapid northward migration of the Siberian arctic treeline under recent global warming seems
potentially unconstrained, but observations show it to be unexpectedly slow.
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expanded during the late glacial and the first half of the
Holocene (MacDonald et al. 2000a) from many small glacial
refugia (Polezhaeva et al. 2010, 2013; Semerikov et al. 2013),
a pattern that was also recently observed for Picea in western
Eurasia (Tsuda et al. 2016). Palacobotanical evidence indi-
cates that the treeline on the Taymyr Peninsula was located
about 250 km to the north of its present position during the
mid-Holocene (Bigelow et al. 2003). In response to late-
Holocene cooling, the treeline retreated until reaching an over-
all minimum about 2000 years ago (MacDonald et al. 2000a,
2008; Klemm et al. 2016). Vegetation plot analyses on the
southern Taymyr Peninsula revealed that tree stands at the
forest line have recently densified, probably in response to
warming starting about AD 1900 (Wieczorek et al. 2017). In
contrast, recruitment is largely absent in the northernmost ‘sin-
gle tree’ stands, which are mostly krummholz growth-form,
and are dispersed up to several tens of kilometres ahead of the
current forest line. It is currently unknown whether these
krummbholz trees represent recent colonisation events, which
would indicate a high speed of migration, or, conversely, they
represent relict forest stands of past warm phases (Corlett and
Westcott 2013).

The investigation of the genetic structure of populations
has the potential to unveil the spatial pattern of forest expan-
sion (Arenas et al. 2012), but to date, only a few case studies
have made use of this tool to analyse currently expanding
forests (e.g. Piotti et al. 2009; Pluess 2011). If the foremost
tree stands originated from newly founded populations, they
should bear genetic similarities with those expected at the
moving front of the forest line. In such a situation, recruitment
would mostly be from a few individuals, thus probably caus-
ing an inbred population (Davis et al. 2015). Through founder
effects, marginal populations, initiated from a limited number
of reproductive individuals, should be characterised by a de-
crease in genetic diversity and differentiation between differ-
ent populations (Hartl and Clark 2007). This has been dem-
onstrated in a range-wide genetic structure analysis of Picea
Jjezoensis with nuclear microsatellite markers (Aizawa et al.
2009). Alternatively, if the foremost tree stands represent relict
stands of an earlier continuous distribution range, the genetic
pattern depends on the mode of reproduction. If sexual repro-
duction among the relatively small sub-population of the relict
tree stands is predominant, genetic diversity should have di-
minished and differences among separate ‘single tree’ stand
sub-populations should have accumulated over time (Hartl
and Clark 2007), but if reproduction is clonal, the past high
diversity state of the population should have been conserved.
Empirical evidence from treeline habitats for such processes is
currently lacking. Generally, a reduction in genetic diversity
and genetic differentiation of populations is counterbalanced
by processes that retain gene flow such as pollen dispersal
(Burczyk et al. 2004; Nishimura and Setoguchi 2011). The
extreme case of this ‘rescue effect’ is panmictic gene flow,
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i.e. genetic exchange over broad areas is higher than processes
that lead to a fixation of differentiation (namely genetic drift
and inbreeding) so that no differentiation can accumulate at
the most distant sub-populations (Ray and Excoffier 2010).

Microsatellites are well suited for small-scale population
studies as they allow for the identification of high-resolution
relatedness patterns (Selkoe and Toonen 2006; Ashley 2010).
Several microsatellite primers are available for the investiga-
tion of Larix decidua (Wagner et al. 2012) and Larix
kaempferi populations (Isoda and Watanabe 2006). The latter
primers were recently applied in population studies of closely
related larch species. Using these markers, Oreshkova et al.
(2015), for example, find highly inbred populations of
L. cajanderi on the Kamchatka Peninsula, which are further-
more characterised by high genetic differentiation from stands
located on mainland Asia. High-resolution population studies
of Larix in Asia have, to date, only been performed in the
Russian Far East (Oreshkova et al. 2015) and the southern
boreal areas (Nishimura and Setoguchi 2011), while from
northern boreal areas, only studies that focus on large-scale
post-glacial dynamics of Larix and speciation using mostly
cytoplasmic markers or allozyme loci are available
(Semerikov et al. 1999, 2013; Semerikov and Lascoux 2003;
Semerikov and Polezhaeva 2007; Polezhaeva et al. 2010,
2013, Oreshkova et al. 2013, 2014, 2015). Recent genetic
studies of boreal forest taxa revealed the past population de-
mography using nuclear microsatellite marker (Picea and
Betula, Tsuda et al. 2016; Tsuda et al. 2017). However, a
fine-scale reconstruction of the migration pattern at the latitu-
dinal treeline is currently lacking, but is possible when using
microsatellite markers.

Here, we aim to reconstruct the population dynamics on the
southern Taymyr Peninsula (north-central Siberia, Russia)—
an area that is characterised by particularly strong warming
rates (IPCC 2013). We applied microsatellites to detect popu-
lation dynamics within a single region and pursue the follow-
ing questions: does genetic diversity within and genetic dis-
tance among sub-populations located across the treeline eco-
tone reveal a distinctive structure or rather panmictic gene
flow? If a structure can be observed, is the northernmost forest
characterised by a northward moving forest-front established
by recent recruitment from long-distance dispersal, or by the
persistence of remnants of a formerly widespread forest, or a
combination of both?

Materials and methods
Study area
The study area comprises the lowlands on the southern

Taymyr Peninsula and in the north of the Putorana Plateau.
During the last glacial maximum, the area was not overlain by
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glaciers but was covered by arctic tundra (Svendsen 2004;
Wetterich et al. 2011). The area is underlain by continuous
permafrost and characterised by organic-rich cryosols with a
shallow active-layer depth of up to 0.6 m (Park et al. 2016). Its
topography is flat with gentle hills that seldom reach more
than 200 m a.s.l. (Fig. 1). Thermokarst lakes and polygonal
wetlands have developed in the depressions, particularly
along the rivers.

Climate is continental sub-arctic. Temperatures reach a
maximum of ~12.5 °C in July, which is the only frost-free
month throughout the year (1960-1990, Khatanga weather
station at 71.983° N, 102.466° E). Coldest temperatures are
measured in January, regularly falling below — 30 °C. Annual

‘Lena

°North

Stand type:
< Single trees |+

8 Forest line
Dei rest

Fig. 1 Overview of the study area located in the vicinity of the city of
Khatanga (red square) on the Taymyr Peninsula. Pictures are given for
typical larch stands of the three distinguished categories. The green line
marks the modern maximum position of the treeline (Walker et al. 2005).

precipitation sums up to 270 mm, of which 38% falls between
June and August.

The vegetation is characterised by an extensive moss and
lichen cover (5—10 cm thick) mainly Sphagnum, Hylocomium,
and Aulacomnium. The herbaceous and dwarf-shrub layer of
up to around 50 cm height is formed by sedges (e.g.
Eriophorum, Carex) and shrubs (Betula nana, Salix pulchra,
Ledum palustre, Vaccinium spp., Alnus viridis ssp. fruticosa)
(Zyryanova et al. 2010; Zibulski et al. 2016). In sheltered
places, open forest-tundra stands grow at varying densities
which turn into open woodland and northern taiga forests
towards the south (Kharuk et al. 2006, 2013; Zyryanova
et al. 2010). Larix can endure unfavourable conditions as a

'Single tree' stand TY02

'Forest line' stand TY04

Elevation ranges between 1 and 2521 m (WorldClim1.4, Hijmans et al.
2005). Rivers and lakes are given in blue colours (GSSHS updated

version 2.2.2 01.01.2s013 first published by Wessel and Smith 1996)
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creeping growth-form (‘krummholz’) at favourable microsites
in the tundra (own observation and MacDonald et al. 2008).

Sampling

Samples of Larix gmelinii (Rupr.) Rupr. were collected in
the summers of 2011 and 2013 from 11 sites located in
the forest-tundra transition area on the southern Taymyr
Peninsula in north-central Siberia (~70° N, ~100° E).
Sampling sites were remote with respect to riverine and
human impact and were reached by helicopter. The sites
span an area that extends approximately 220 km from
south to north (70.7° to 72.4° N) and 300 km from west
to east (97.7° to 105.4° E). They were selected to repre-
sent even vegetation stands. Differences in the number of
sampled individuals were due to timetable restrictions, i.e.
some sites close to the campsites, which were set up for
multiple days, were intensively sampled, while others
were reached during short helicopter stops (Table 1,
further details in the Electronic supplementary
information S2.2). At intensively sampled sites, trees were
sampled within a c. 100 X 100 m square, focusing mainly
on the central 20 x 20 m within a homogeneous forest
where other vegetation analyses were also performed
(Wieczorek et al. 2017). This sampling scheme was
adapted in the low tree densities at the krummbholz sites,
namely CH12 and TY02, where larger areas were sampled
(all individuals sampled within c. 150 X 150 m and 80 x
50 m). At each site, we sampled from three different
height classes selecting a minimum of ten individuals
each where available (Table 1) to evaluate responses be-
tween current and past recruitments. For evaluating the
strength of differentiation on a local to regional scale,
ten L. gmelinii individuals were collected from the
Lower Lena area (~70° N, ~120° E) in 2014 and ten
L. cajanderi individuals were collected from two loca-
tions in the Kolyma river basin (~60° N, ~161° E).
These species are genetically close and were only recently
differentiated (e.g. Abaimov 2010). All needle samples
were dried and stored on silica gel in the field and stored
at 8 °C in the Alfred Wegener Institute in Potsdam,
Germany until processing. In total, 763 individuals were
sampled for which the identifier, geographic position and
height were recorded. Sampling locations, morphological
data and microsatellite genotype data are available at
https://doi.pangaea.de/10.1594/PANGAEA.870947.

DNA extraction
Approximately 100 mg of dried needles were shock frozen in
liquid nitrogen and ground with a FastPrep®-24 instrument

(MP BIOMEDICALS). DNA extractions were carried out
using the Invisorb® Spin Plant Mini Kit (STRATEC
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MOLECULAR) or DNeasy Plant Mini Kit (QIAGEN), fol-
lowing the supplier’s protocol, with modifications.

Selection of microsatellite primers and design
of multiplexes

After literature searches (Larix lyallii and L. occidentalis,
Khasa et al. 2000; L. kaempferi, Isoda and Watanabe 2006;
L. occidentalis, Chen et al. 2009; L. decidua, Wagner et al.
2012), 34 primers designed for Larix (Table 2) were tested in
single-primer pair PCR on a test set of eight individuals at four
locations. These primers were reported to show cross-species
amplification. Specificity for the microsatellite region was
checked for the most promising primers by cloning and se-
quencing the resulting PCR products (results not shown).

Of the primers tested, 16 primer pairs were optimised for
the full analysis, following multiplex reactions. Optimal com-
binations of primer pairs, with their expected sizes (Table 2) as
published, were made with the aid of Multiplex Manager
(Holleley and Geerts 2009). Four different fluorescent
dyes—6-FAM™ _ VIC®, NED™ and PET™ (LIFE
TECHNOLOGIES)—were used to label primers and ampli-
fied using a nested (multiplex) PCR approach with Q-tails to
reduce costs (Schuelke 2000; Micheneau et al. 2011). The
three final multiplexes were designed after empirically testing
duplexes for amplification strength and specificity of the re-
action (Table 2).

PCR reactions and fragment length estimation

PCR reactions of 10 pl were set up using the Multiplex
PCR Master Kit (QIAGEN), containing ~ 1-5 ng template
DNA, primer (0.7 uM forward, 1.0 uM reverse and
1.0 uM fluorescent-labelled reverse primer for Q1-Q4
tags; Table 2) and MasterMix (containing 25 units
HotStarTag® DNA polymerase, Multiplex PCR Buffer
(pH 8.7) with a final 3 mM MgCl, and dNTP Mix).
PCRs were performed using the following reaction pro-
file: 15 min activation of polymerase and initial DNA
melting at 94 °C, followed by 20 cycles of 30 s 94 °C,
90 s 60 °C and 15 s 72 °C, a further 10 repeats for 30 s
94 °C, 45 s 53 °C and 15 s 72 °C and a final elongation
step at 60 °C for 45 min to minimise stutter of bands
introduced by incomplete A-tailing of products
(QTAGEN manual for Multiplex PCR Master Kit).
Fragment length estimation was performed by
SourceBiosciences (Oxford, UK), with 1 ul of each PCR
product added to 9 ul HiDi formamide/size standard mix-
ture LIZ 600®, dye set DS-33 and run on an ABI 3730xl
DNA Analyser. The resulting raw data were processed in
Geneious (version 7.1.5, Biomatters Ltd.) using the
Microsatellite plugin (version 1.4.0, Biomatters Ltd.),
and the first automatically scored peaks were checked
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Table 1 Sampled sub-populations in northern Siberia
Region Sub-populationname LAT  LON Basalarea  Tree stand Total number Samples  Samples <2  Samples <
(°E) (°N) (mz/ha) type of samples >2m and>04m 04m
Taymyr Peninsula ~ TY02 72.55 105.74 0.02 ‘Single trees’ 49 5 33 11
(Larix gmelinii) — CH12 7240 10229 020 ‘Single trees’ 22 8 12 2
TY04 72.37 10531 230 ‘Forest line’ 131 78 27 26
CH17 7224 10225 6.70 ‘Forest line’ 62 19 22 21
TY09 72.14 102.06 8.50 ‘Forest line’ 189 99 22 68
TYO08* 71.89 10121 - ‘Forest line’ 30 24 6 -
TYOS5* 72.18 10449 - ‘Dense forest” 31 25 5 -
CHO02 71.84 102.88 9.00 ‘Dense forest” 30 11 9 10
TY06* 7140 10228 - ‘Dense forest” 44 38 6 -
TYO7 71.10 100.81 10.80 ‘Dense forest” 131 67 19 45
CHO6 70.66  97.71 12.00 ‘Dense forest” 24 14 - 10
Lower Lena LLL 71.62 12723 - ‘Single trees’ 5 5 - -
(Larix gmelinii) 1R 7201 12713 - ‘Single trees’ 5 5 - -
Lower Kolyma KO022 68.39 16145 - ‘Dense forest’ 5 5 - -
(Larix cajanderi) ¥ 005 69.11 161.01 - ‘Single trees’ 5 5 - -

Sampling dates of sites beginning with ‘CH’ were in summer 2011, ‘KO’ in 2012 and ‘TY” and ‘LL’ in 2013 (Wieczorek et al. 2017)

*Locations with individuals sampled during a short helicopter stop

manually. Subsequent length estimation of scored alleles
was calculated in R using a locally weighted method. Bins
were constructed on the basis of the observed alleles and a
model built for each locus manually to optimise binning
(not shown).

Data processing and analyses
Sample preselection

Allelic data were imported into R (version 3.2.2) (R Core
Team 2015) using the package ‘adegenet’ (version 1.4-2)
(Jombart 2008; Jombart and Ahmed 2011). Prior to analyses
we excluded samples which originated from clonal growth or
were closely related to each other. To do this, we calculated the
absolute allele differences between all 16 loci (‘diss.dist’ func-
tion) to compare the alleles of each pair of individuals and
each locus, and if the sum is 32, individuals are different at
all 16 loci. We kept the largest individual of each pair that was
only differentiated by five or less alleles. Of the 865 samples,
we retained 763 individuals and excluded 102 samples of
clones or very closely related individuals (not shown).

We sub-sampled the populations, producing 100 datasets,
to minimise the effect of unequal sample sizes on F statistics
and derivatives. Regarding the three different height classes
(seedling < 0.4 m, sapling 0.4-2 m, tree >2 m), we sampled
nine individuals according to the minimum number of nine
samples taken at intensively sampled sites, although this was
not possible at site CHO6 where this size class was completely
missing (Table 1). For each set, we calculated descriptive

statistics and report their mean values and standard deviations
throughout the manuscript unless otherwise stated.
Furthermore, we checked the influence of the distance of sam-
ples in each sub-population on the number of alleles
(Electronic supplementary information S2.2) and found no
significant systematic effect within each sub-population, but
could not completely rule out any influences that the different
distances might have had on the results.

Evaluation of the microsatellite loci

Of the 16 markers analysed, those that departed from the
Hardy-Weinberg equilibrium (HWE) in all populations and
showed significant linkage disequilibrium (‘LD2’ function
from pegas-library in R; p <0.05) were excluded from the
analyses (Table 2; Fig. 2S in the Electronic supplementary
information; following Semerikov et al. 1999). Furthermore,
high inbreeding coefficient values (F}g) may indicate primer-
site mutation or possibly large allele drop-out or slippage
when PCR reactions are carried out (e.g. Chapuis and
Estoup 2007). The frequency of null alleles is associated with
allelic dropout (Wattier et al. 1998; Miller and Waits 2003),
mutations in primer binding site (Shaw et al. 1999), and scor-
ing errors due to stutter or low DNA concentrations (Shinde
etal. 2003; Wandeler et al. 2003). In consequence, we exclud-
ed loci with high frequencies of null alleles, and, with signif-
icant inbreeding coefficients, inferred by INEST2 to account
for the presence of null alleles (Chybicki and Burczyk 2008).

The frequency of null alleles was calculated as the mean
value in all populations from the Taymyr Peninsula directly

@ Springer



19 Page 6 of 14 Tree Genetics & Genomes (2018) 14: 19

Table 2  Summary table for all 16 tested loci for the 11 sub-populations from the Taymyr Peninsula
Locus®  Multiplex” Taymyr Peninsula Taymyr-

No. (expected  TAG® Kolyma-Lena
fragment Observed  Number of alleles Hp Hg Significant  Fig Fgr Fsr (region)
length fragment HWE
(bp)) length (bp) deviations

1 bcLK253 1(219-242) Q3 211-247 16.99 + 0.39 0.827 0854 1.6=+0.9 0.006 0.010 £ 0.003 0.022 + 0.011

2 Ld101 1(203-335) Q4 196-236 15.74 £ 0.79 0.545 0.766 6.6 + 1.3* 0.024 0.009 + 0.004 0.072 + 0.017

3 bcLK228 2 (183-215) Q4 133-269 18.70 + 0.66 0.697 0905 4.3 =*1.1% 0.010 0.005 + 0.003 0.077 £ 0.012

4 bcLK189 3 (152-188) Q2 152242 33.39 £ 1.50 0.743 0910 3.0 £ 1.3* 0.023 0.004 £ 0.002 0.009 £ 0.010

5 bcLK211 1(197-220) Q2 194-250 22.97 £ 1.09 0.835 0917 1.6 +1.2% 0.020 0.004 + 0.002 0.032 + 0.009

6 Ld42 3 (186-196) Q4 187-201 7.86 £ 0.35 0520 0.783 7.1+ 1.2% 0.023 0.003 + 0.003 0.102 £ 0.035

7 bcLK056 2 (166-212) Ql 154-256 31.79 £+ 1.05 0.648 0940 9.4 = 1.0* 0.010 0.002 + 0.002 0.018 + 0.009

8 bcLK263 2 (208-264) Q2 198-280 39.77 £ 0.96 0.868 0953 24+0.9 0.017 0.001 + 0.002 0.006 = 0.006

9 bcLK224 2 (139-151) Q3 140-158 8.55+0.58 0.261 0.650 10.4+0.7% —0.008 0.011 £ 0.008 —0.002 + 0.024

10 Lds6 3(252-269) Q2 227-277 16.74 £ 0.87 0373 0.836 9.8 +£0.4* 0.011 0.011 + 0.005 0.023 £0.016

11 bcLK225 3 (176-200) Ql 171225 2337 £0.93 0.307 0.895 11.0+0.1* —0.027 0.006 + 0.003 0.136 £ 0.019

12 bcLK235 3(179-225) Q3 133-269 32.14 £ 1.04 0.755 0920 4.7+ 1.1% 0.012 0.005 + 0.002 0.021 =+ 0.009

13 bcLK260 2 (119-131) Ql 101-155 14.25 £ 0.80 0.382 0.848 109 +04* —0.020 0.002 £ 0.003 0.051 £ 0.019

14 bcLK241 1(158-196) Ql 194-250 22,10+ 1.13 0.407 0.890 10.2 +0.6* 0.010 0.001 + 0.004 0.041 £0.016

15 Ld45 2(221-237) Q3 214-260 12.07 + 0.87 0.327 0.758 10.6 +£0.6* —0.007 —0.004 +0.004 0.051 + 0.020

16  bcLKO066 1 (153-168) Q3 154-182 10.70 £+ 0.46 0431 0.707 6.2+ 1.2% 0.068%  —0.007 + 0.003 0.006 + 0.017

The final retained set of eight loci is in bold and sorted by decreasing population genetic differentiation value Fst. Observed and expected heterozygosity
is given by Ho and Hg. Fig values were estimated with INEST2 and account for the presence of null alleles. Weir and Cockerham’s Fgy for the three
regions—Taymyr Peninsula, lower Lena and lower Kolyma—is also given

*p>0.001, significant deviations from the Hardy-Weinberg equilibrium (HWE); see ‘Materials and methods’ section for details
# Locus—marker names beginning ‘bcLK’ are developed by Isoda and Watanabe (2006) and those with ‘Ld’ by Wagner et al. (2012)
° Multiplex—number indicates the three primer mixes applied in a simultaneous PCR

¢ TAG, tailing sequence at forward primer: Q1, TGTAAAACGACGGCCAGT (Schuelke 2000); Q2, TAGGAGTGCAGCAAGCAT; Q3, CACTGCTT
AGAGCGATGC; Q4, CTAGTTATTGCTCAGCGGT (Q2-Q4, after Culley et al. 2008); fluorescent-labelled reverse primers for each tag were Q1, 6-

FAM™; Q2, NED™; Q3, VIC®; and Q4, PET™

9Values exceeding the 97.5% confidence interval

from the allele data with the ‘info_table’ function from the
poppr-library in R. Further methods to estimate the null allele
frequency were carried out in CERVUS (Marshall et al. 2009),
ML-NULL (Kalinowski and Taper 2006), GENEPOP
(Rousset 2008) and MICRO-CHECKER (Van Oosterhout
etal. 2004). The methods showed similar frequencies for three
randomised datasets and ranged from close to zero up to 38%
(Fig. 1S in the Electronic supplementary information). We
used the mean value as the frequency of null alleles for our
evaluation of microsatellite loci.

Population genetic structure

For each locus and sub-population we calculated the observed
and expected heterozygosity, tested for Hardy-Weinberg equi-
librium and made exact tests based on 1000 Monte Carlo
permutations of alleles (‘hw.test” function from pegas-library
in R). Allele set diversity in groups was assessed by allelic
richness, rare alleles (frequency < 1% in total dataset) and pri-
vate alleles. F statistics (Fsp, Fs, F11) of Weir and Cockerham
(1984) were calculated for groups.

@ Springer

To calculate the average inbreeding coefficient of a sub-
population relative to all individuals, we generated pairwise
population differentiation measures, as well as general metrics
for all sub-populations: Weir and Cockerham’s Fgt (Weir and
Cockerham 1984), Nei’s Ggr (Nei 1973, 1977), Hedrick’s G
'st (Hedrick 2005), and Jost’s D (Jost 2008). Additionally, the
inbreeding measure Fig was calculated from the number of
inbred individuals in the local sub-population. The degree of
differentiation of sub-populations was further analysed by
constrained ordination analysis, namely distance-based redun-
dancy analysis (dbRDA) using the ‘capscale’ function in the
vegan library (Oksanen et al. 2016), on the entire subset of 11
sub-populations on the Taymyr Peninsula. The significance of
the dbRDA was tested with a permutation test of 999 iterations
(‘anova.cca’ function in the vegan library). We used Bruvo’s
genetic distance as a pairwise distance measure between indi-
viduals, which calculates the mean of stepwise distances be-
tween alleles for each individual locus (Bruvo et al. 2004;
‘bruvo.dist’ function in the poppr library: Kamvar et al.
2014, 2015). Groups of values were compared using the
pairwise Wilcoxon rank sum test with a Bonferroni correction
for multiple testing.
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Finally, we assigned the group members to the sub-
populations and analysed the assignment probability of each
individual to these clusters with a discriminant analysis of
principal components (DAPC) (Jombart et al. 2010). This
was also done for the different height classes (seedling, sap-
ling, tree).

Furthermore, cluster and spatial or temporal inference
methods (PCA, DAPC, k-means-clustering, STRUCTURE,
Geneland, EEMS, DIYABC) were applied but produced no
significant or conclusive pattern in general, due to the very
high variation (detailed information on implementation and
results can be found in the Electronic supplementary
information S5, S6 and S7).

Results

Evaluation of the microsatellite loci for the Taymyr
dataset

All investigated 16 loci are highly polymorphic, and the
Taymyr dataset, after resampling to create a dataset with equal
sizes (see above), has average values across sub-populations
of 7.9 to 39.8 different alleles per locus (Table 2). Observed
heterozygote frequencies range between 0.261 and 0.868 and
are generally lower than the expected heterozygosity of be-
tween 0.650 and 0.953. The highest difference between ob-
served and expected heterozygosity was found at locus
bcLK225 (0.588). Observed frequencies deviated significant-
ly from the Hardy-Weinberg equilibrium for all but two loci
(bcLK253 and bcLK263, exact test based on 1000
permutations; Table 2; Table 2S in the Electronic
supplementary information).

Missing alleles total, on average, to 3.1% (Table 1S in the
Electronic supplementary information). The highest amounts
were found for loci bcLK241 (13%), Ld56 (13%), bcLK225
(9%), bcLK224 (5%) and Ld45 (5%): all others have values <
2% (Fig. 1S in the Electronic supplementary information).
The amount of missing alleles is evenly distributed among
populations, but for three loci, these are above 20% at a single
site (bcLK241 in CHO06, Ld56 in CH12 and Ld56 in CHO2;
Table 1S in the Electronic supplementary information).
Significant (p <0.05) linkage was revealed for four pairs of
loci (bcLK066 and bcLK260, bcLK066 and bcLK263,
bcLK253 and bcLK235, bcLK263 and bcLK225) and for a
further three pairs at a significance level of p < 0.1 (bcLK253
and bcLK263, Ld101 and bcLK 189, bcLK235 and bcLK263)
(Fig. 2S in the Electronic supplementary information).

We excluded the loci bcLK241, Ld56, bcLK225,
bcLK224, bcLK260 and Ld45 because they have high Fig
(all >0.550; Table 2), as well as many significant deviations
from the Hardy-Weinberg equilibrium (Table 2S), and all ap-
peared to have a high null allele frequency (all >25%,

maximum c. 35%; Fig. 1S in the Electronic supplementary
information). Furthermore, bcLK235 and bcLK066 were ex-
cluded due to their linkages with bcLK263 and relatively high
Fis, null allele frequencies and Hardy-Weinberg equilibrium
deviations in some populations compared with bcLK263.
Finally, we retained eight loci for further analyses
(bcLK253, bcLK211, Ld101, bcLK056, bcLK263,
bcLK228, bcLK189 and 1.d42; Table 2).

Population differentiation

Differentiation among populations throughout northern
Siberia

The regional differentiation among the populations from the
Taymyr Peninsula, the lower Lena and the lower Kolyma is
highly significant (Fst=0.042 for 8 loci, p < 0.001; Table 2;
Fig. 2). The locus Ld42 contributes most strongly to the sep-
aration of the regions with Fg=0.102. The separation be-
tween the Kolyma region, in which the forests are composed
of L. cajanderi, and the other two regions, which are in the
L. gmelinii range, is strongest. Pairs of Kolyma-Taymyr
(Fst=0.098) and Kolyma-Lena (Fst = 0.065) show a separa-
tion that is about three to ten times stronger than between
Taymyr-Lena (Fst=0.010) as indicated by the pairwise ge-
netic difference analyses (Table 3S in the Electronic supple-
mentary information). This is supported by the dbRDA result,
which indicates that a significant proportion of the genetic
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Fig. 2 Ordination based on allelic frequencies at eight microsatellite loci for
individuals analysed from three regions. The inset gives the cumulative
variance retained by the principal components analysis (PCA) axes for the
discriminant analysis of principal components (DAPC)
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variation (18.2%, p < 0.001) in the dataset is related to region-
al differences (Electronic supplementary information S4).

Differentiation among Taymyr Peninsula sub-populations

Pairwise genetic differences between Taymyr sub-populations
show low mean values of Fgr=0.005 (0.000-0.019; Table 3).
Similar results are obtained for other differentiation measures
(Nei’s Gst, Hedrik’s Ggr, Jost’s D; Electronic supplementary
information S3). We find that 45 ofthe 55 (80%) pairwise Fgt
comparisons have significant differences (above zero at
p<0.05).

Cluster methods failed to clearly differentiate individuals
(Electronic supplementary information S5). However, some
structure among the 743 individuals can be found, as
dbRDA revealed that a significant proportion of the genetic
variation (2.55%, p <0.001) can be attributed to differentia-
tion among sub-populations (Electronic supplementary
information S4). In particular, the ‘forest line’ stands (TY04,
CH17, TYO09) are separated from the others and the explained
variance is highest (0.11-0.54%), while it is low for ‘single
tree’ stands and ‘dense forest’ stands (Fig. 3a).

The DAPC revealed the same pattern of more genetically
distinct ‘forest line’ stands, as the individuals from these sites
are placed on the edges of the ordination graph (Fig. 4). The
group centroids of ‘single tree’ stands (TY02, CH12) and
‘dense forest’ stands (CH02, CH06) are mostly located around
the origin of the plot of the first two DAPC axes, indicating
that they lack strong separation from each other. In contrast,
the group centres of two ‘forest line’ stands (TY09, CH17)
have high axes values, indicating that each of them has a rather
unique composition. Similar results are obtained when the
structure is investigated on all three significant DAPC axes
(not shown). To track either local recruitment or immigration
of genotypes, we compared the position of group centres of
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Fig. 3 a Percent variation explained of individual sub-populations
compared with all other individuals in a distance-based redundancy
analysis (dbRDA) and b inter-sub-population distance between group
centres of trees (height >2 m) and recruits (height <2 m) for first and
second discriminant functions (similar to axes in Fig. 4). Asterisks
indicate significant values at p <0.001. Includes both dbRDA and
DAPC for all 743 individuals

recruits (individuals < 2 m tall) with the position of the respec-
tive mature trees (height >2 m). In “forest line’ stands recruits
are, in general, closer to the mature trees, while for ‘dense
forests’ at the southernmost locations the strongest separation
between these height classes is seen (Fig. 3b).

Genetic diversity of sub-populations on the Taymyr peninsula
Out of the 743 tested individuals 75 are from 24 clonal groups

of two to six individuals per group. These 24 clones are pres-
ent only in ‘single tree’ stands, CH12 and TYO02, which

Table 3 Pairwise Weir and Cockerham’s Fgr values for sub-populations on the Taymyr Peninsula
TY02 CHI2 TY04 CH17 TY09 TY08 TYO5 CHO02 TY06 TYO07 CHO6
TY02
CHI12 0.005*
TY04 0.001 0.007%*
CH17 0.007* 0.013* 0.012%
TY09 0.005* 0.000 0.003* 0.012*
TY08 —0.003 —0.002 0.003* 0.009* 0.003*
TYO05 0.004* 0.005* 0.002* 0.017%* 0.003* —0.002
CHO2 0.006* —0.002 0.007* 0.013* 0.006* —0.001 0.004*
TY06 0.004* 0.002* 0.003* 0.018%* 0.004* 0.003* —0.001 0.002*
TYO07 0.001* 0.007* 0.002* 0.014%* 0.004* 0.001 0.002* 0.006* 0.003*
CHO6 0.005* 0.011* 0.004* 0.019% 0.005* 0.003* —0.004 0.003* 0.003* 0.003*

*Significant values
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Fig. 4 Discriminant analysis of principle components (DAPC) on sub-
population membership based on a principal components analysis (PCA)
with Bruvo’s genetic distances between pairwise individuals. The labels
indicate the centres of individuals for a sub-population and the symbols
refer to the stand type as in Fig. 1; first and second discriminant analysis
(DA) functions together explain 35.5% of the variation

contain 11 (~39%) and 64 (~ 69%) clonal individuals, respec-
tively. These samples were excluded from further analyses.
Sub-populations on the Taymyr Peninsula markedly differ
in several allele-based diversity measures. We found 12-14
alleles for each of the 11 sub-populations, with lowest allele
richness occurring in the ‘forest line’ stands TY04 and CH17
(Table 4). Each sub-population has 7—11 rare alleles and 1-4
private alleles, with low values mostly found in the ‘forest

line’ stands. All sub-populations have a high expected hetero-
zygosity (Hg =0.826-0.893) and show signs of homozygote
excess with varying deviation from the Hardy-Weinberg equi-
librium of between 20 and 60% for all 8 loci. These differ-
ences from the Hardy-Weinberg equilibrium form a roughly
unimodal shape with a maximum at ‘forest line’ stands.

Discussion

Larix population dynamics across the arctic treeline
in Siberia

Strong genetic exchange across the treeline ecotone
in Siberia

The sub-populations on the Taymyr Peninsula covering a 300-
km-long transect show low genetic differentiation (Fst=
0.005) in comparison with the observed interregional differ-
ences (Taymyr, Lena, Kolyma, Fsr=0.042). However, the
estimation of the Fgt values depends on the heterozygosity
and the allele diversity and can thus lead to misinterpretations
of small values (Jost 2008; Heller and Siegismund 2009;
Meirmans and Hedrick 2011). We based our interpretation
on the observed pairwise Fgy values, using dbRDA to test
the sub-population differences, which explained only ~2.5%
of the total variation. Our conclusion that the sub-populations
have weak genetic differentiation is further supported from
alternative measures (Hedrick’s G'st, Jost’S D), which supply
more robust estimates. We found similar patterns of pairwise
genetic differences with values reaching ~ 6%. The Fsr values
are low in comparison with other Larix studies that sampled a
larger area (L. gmelinii=0.017, L. sibirica=0.071,
L. cajanderi=0.038; Oreshkova et al. 2013) and in

Table 4 Summary statistics for genetic diversity of the 11 sub-populations from the Taymyr Peninsula

Sub-population name Stand type Alleles Rare alleles Private alleles Hg HWE deviances (%)
TYO02 ‘Single trees’ 13.5+43 ad 9.6 £2.4 bd 2.8+1.6bc 0.872 £0.061 d 30.75+15.22 be
CHI2 ‘Single trees’ 139+5.0b 102+14d 29+1.0bc 0.863 £0.094 a 37.50 +0.00 a
TY04 ‘Forest line’ 13.1+44¢ 74+23a 2.7+0.8 be 0.877 £ 0.062 ef 33.25 +15.20 ab
CH17 ‘Forest line’ 124+39¢ 74+2.1a 1.6+1.2de 0.826+0.110 ¢ 49.50£14.96d
TY09 ‘Forest line’ 133 +4.2 ae 82+2.7ac 22+1.3bd 0.872 £0.081 d 50.13+13.24d
TY08* ‘Forest line’ 13.7+5.1f 8.6+ 1.8 bc 1.0£09e 0.876 £0.070 44.88 £ 12.70 de
TYO05* ‘Dense forest’ 13.6+4.7d 100+1.9d 1.7+1.2d 0.893 £0.058 g 38.75 + 13.47 abe
CHO2 ‘Dense forest’ 133+46a 68+1.7a 38+1.0a 0.862 +0.106 a 37.63 +£10.13 ab
TYO06* ‘Dense forest’ 13.9+45b 109+224d 23+1.1b 0.893 +£0.056 g 59.25+13.49 f
TYO07 ‘Dense forest’ 13.3+4.0 ae 8.6 23 bc 31+12¢ 0.881 £+ 0.060 be 39.63 + 14.66 ae
CHO6 ‘Dense forest’ 134+44a 9.0+ 1.7 bc 2.7+1.3bc 0.883 +0.069 b 26.50 +4.08 ¢

Number of rare alleles are alleles with < 1% overall frequency; HWE deviances are the percentage of counts significantly deviating from Hardy-
Weinberg equilibrium under av=0.05 for each locus individually. Letters a—g indicate sub-populations in which the mean values are not different at

a=0.01
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comparison with those that sampled a smaller area
(L. gmelinii=0.117, L. gmelinii in Kamchatka =0.039,
L. gmelinii in Magadan =0.026 with populations ~25 km
apart from each other; Oreshkova et al. 2015). The weak ge-
netic structure of sub-populations on the Taymyr Peninsula
led also to the failure of statistical approaches to consistently
cluster the data (similar to Nishimura and Setoguchi 2011).
Additionally no regions could be identified with relatively
more or less migration (cp. Petkova et al. 2016).
Furthermore, we observed a higher allele richness and
higher expected heterozygosity compared with results of the
nuclear SSR marker study from Oreshkova et al. (2013)
(L. gmelinii: Ny =8.1, H;=0.70).

Our results indicate that the sub-populations of Larix are
not well genetically differentiated and that high gene flow
occurs between tree stands on the southern Taymyr
Peninsula over at least ¢. 300 km. This contradicts previously
published assumptions that Larix pollen (Niemeyer et al.
2015) and seeds (Kharuk et al. 2006), both representing vehi-
cles for nuclear microsatellite genetic exchange, have poor
dispersal abilities. High gene flow is common in wind-
pollinated trees (Burczyk et al. 2004) such as Quercus robur
L., where pollination can occur over distances of 80 km
(Buschbom et al. 2011). It has also been demonstrated in a
currently expanding population of L. decidua in the Alps,
where no genetic erosion at the leading edge could be detected
(Pluess 2011). Therefore, Larix might indeed be characterised
by a high potential for long-distance dispersal, which enables
rapidly moving species to minimise founder effects.

Slow movement of the leading edge

Despite the inferred strong genetic mixing, we found some
significant but weak genetic structure among sub-
populations on the Taymyr Peninsula. The tree stands at the
‘forest line’ differ in their allele patterns between each other
and show the strongest deviance from all sub-populations
(dbRDA). Furthermore, they slightly differ from southern
‘dense forest’ stands with respect to their low allelic richness
(allele richness, private alleles, rare alleles). These sub-
populations showed increased deviances from HWE, which
might indicate inbreeding and is a suggestive of a currently
slow moving front. This finding is in conjunction with the
observed high recent recruitment at these locations
(Wieczorek et al. 2017). The highest proportion of trees was
recruited during the last decade at ‘forest line’ stands TY04
and TY09, and at CH17 a peak of recruits occurred ~ 25 years
(approximately one generation) earlier. It is likely that only a
few individuals colonised these sites causing a reduction of
diversity compared with their source populations farther
south. These stands have not yet been able to recover the state
of a ‘dense forest’ at mutation-drift equilibrium because of
restricted gene exchange over short distances as a result of a

@ Springer

high proportion of local pollination and effective seed recruit-
ment (Hartl and Clark 2007; Arenas et al. 2012). This scenario
is corroborated by the observation of relatively few rare and
private alleles at these ‘forest line’ stands and the strongest
heterozygosity deficit, which is also considered a sign of local
recruitment. In general, we find no evidence for any system-
atic influence on the inferences of the allele-based statistics
introduced by the sampling scheme with unequal pairwise
sample distances in each of the sub-populations. However,
the potential error introduced by the different sample distances
cannot be unequivocally ruled out of having any apparent
influence in our analyses. In summary, we observe a treeline
that is most probably expanding and showing typical signs of
a slow moving front.

‘Single tree’ stands as relicts of a former forest extension

If, according to this ‘slow moving front’ scenario, ‘single
tree’ stands growing within arctic tundra originated from
far-distance dispersed seeds, they should show signs of foun-
der effects, i.e. weak gene diversity and strong genetic differ-
entiation. Our results do not support this scenario, but instead
show signs that these stands are relicts from a former dense
forest population. Evidence of high gene flow in the former
forest and conservation of high genetic diversity in the small
populations of the rapidly contracted forest area (Arenas et al.
2012) can be seen from the following deductions. If tree
groups were locally reproducing, they would accumulate lo-
cal differences (Hartl and Clark 2007), but we find them to
have the weakest separation from all of the other sub-popu-
lations, in terms of low pairwise Fgy, not significantly ex-
plained variation in dbRDA, and their central position in the
DAPC. Allele diversity was not lost despite the probable
switch from sexual to asexual reproduction through clonal
growth (ramets) in times of unfavourable growing conditions.
This inference is corroborated by the observed high percent-
age of clonal individuals (this study) and the apparent lack of
recruits at these sites (Wieczorek et al. 2017). Such an endur-
ing life-history strategy makes it possible for this species to
survive long periods under harsh environmental conditions
and to alter their growth-form back to upright stems if condi-
tions get better (personal observations; e.g. black spruce,
Laberge et al. 2000; Wieczorek et al. 2017). This supports
the hypothesis that larches may have survived in northerly
areas during the last glacial maximum in suitable microsites
(Polezhaeva et al. 2010). This is also a plausible explanation
for the weak population structure observed over 12 degrees of
latitude in Picea obovata along the Yenisei river (Chen et al.
2014). The alternative hypothesis, that individuals in ‘single
tree’ stands were recruited during modern times by long-
distance dispersal of seeds or pollen, seems rather unlikely
because we would then expect to find a closer relationship
with ‘forest line’ stands. Pluess (2011), for example, found
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very weak genetic separation among L. decidua populations
that had rapidly colonised a foreland following glacier retreat
in the Alps. Local recruitment from seeds in ‘single tree’
stands at the Taymyr Peninsula is limited, as indicated by
low seed quality and corroborated by a simulation study
(Wieczorek et al. 2017). However, to clearly distinguish be-
tween seed- and pollen-mediated gene flow, further studies
are necessary. In summary, the observed lack of recruitment
and the presence of potentially very old, persistent individuals
in the ‘single tree’ stands support the past connectivity of
these stands, which are currently enduring sub-optimal con-
ditions (cf. Louy et al. 2013). Hence, we infer that the ‘single
tree’ stands are imprints of past treeline dynamics. A simula-
tion study at this focal area might support this hypothesis.
However, the low level of difference between sub-
populations as probably caused by high gene flow either led
to classical methods producing non-conclusive results or
supporting only a few and/or weak separations (Fsy, PCA,
dbRDA or DIYABC support only the simplest scenario).
Additionally, the complex life-history of the studied larches
made realistic and easy to implement forward simulations
infeasible. To face these challenges, we are currently
implementing genetics into an individually based larch vege-
tation simulation model (LAVESI, Kruse et al. 2016).

Probable past and present treeline dynamics

Pollen and macrofossil records suggest a very fast range ex-
pansion of Larix in Siberia during the late glacial and early
Holocene (Kienel and Siegert 1999; MacDonald et al. 2000b;
Andreev et al. 2002) facilitated by long-distance seed dispers-
al and/or nearby glacial refugia (Polezhaeva et al. 2010). The
expansion maximum ~200 km north of the modern treeline
was reached roughly 8000 years ago and a retreat began c.
3800 years BP (MacDonald et al. 2000b). As a consequence, a
complex set of alleles formed in the distribution range of
larches on the southern Taymyr Peninsula over these thou-
sands of years.

Due to summer climate cooling since the mid-Holocene
as a result of lower insolation, larch retreated rapidly
southwards until c. 2000 years. ago in the vicinity of the
‘single tree’ stand CH12 and, since then, larch has been
present but only at a very low population density (Klemm
et al. 2016). Recent temperature increases in the Arctic
mean that Holocene optimum temperatures will possibly
be reached again during forthcoming decades (Arctic
Climate Impact Assessment 2004; IPCC 2013). Forests
on the Taymyr Peninsula are responding to this warming
by infilling, especially at the ‘forest line’ (Wieczorek et al.
2017; Kharuk et al. 2006), but the rate of densification
might lag by decades due to the long generation times of
this species, a hypothesis corroborated by simulations
(Kruse et al. 2016). The densification of forests will lead

to a lower albedo, thereby further increasing local temper-
atures with the danger of a global feedback (Bonan 2008).
This may be amplified by colonisation of tundra areas:
however, our data suggest that this is a rather slow process
and current forests are not immediately reacting in this
way. Accordingly, vegetation-climate feedback will proba-
bly only be realised with a marked delay.

Conclusions

Our data on larch populations in north-central Siberia, gener-
ated by adapting a set of microsatellite markers originally
designed for closely related species, reveal a high degree of
connectivity among sub-populations of the treeline ecotone,
spanning approximately 300 km in the lowlands of the south-
ern Taymyr Peninsula. While the lack of differentiation among
the populations suggests that dispersal is not limited within the
area, our detailed analyses revealed that stands at the forest
line are responding to current warming mainly by local
infilling. They are characterised by a higher genetic dis-
tinctiveness and an increased degree of homozygosity.
Equally, recruitment and reproduction of ‘single tree’
stands north of the current forest line is local. The
krummbholz larches growing in low numbers in the tundra
show a (primarily) vegetative mode of reproduction and,
thus, conserve their historical genetic composition. Due to
the absence of recruitment from seeds, these sites are cur-
rently not participating in forest advancement into tundra
areas. From these historical and contemporary population
dynamics, we conclude that the latitudinal treeline is
responding to recent climate warming with a distinct
time-lag. Further studies, combining data from genetics,
remote sensing, and simulations, and focusing on the for-
est line-tundra transgression zone should be conducted to
verify our findings and reveal more detailed knowledge
about probable future scenarios of treeline expansion.
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