S1 Genetic analyses

Table S1. Summary table of the eight loci applied for the 11 subpopulations from the Taymyr Peninsula, sorted
by decreasing population genetic differentiation value Fsr. Observed and expected heterozygosity are given by
HO and HE, respectively.

No. Locus? Multiplex 2 TAG 3 Observed fragment length (bp) Number of alleles
1 bclK253 1 Q3 211-247 16.99+0.39
2 Ldi0o1 1 Q4 196-236 15.74+0.79
3 bclK228 2 Q4 133-269 18.70+0.66
4 bclLK189 3 Q2 152-242 33.39+1.50
5 bclk211 1 Q2 194-250 22.97+1.09
6 Ld42 3 Q4 187-201 7.8610.35
7 bclLK056 2 Q1 154-256 31.79+1.05
8 bclK263 2 Q2 198-280 39.7740.96

1 Locus — marker names beginning ‘bcLK’ are developed by Isoda and Watanabe (2006) and those with ‘Ld’ by Wagner et al., (2012); 2
Multiplex — number indicates the three primer mixes applied in a simultaneous PCR; 3 TAG - TAG — tailing sequence at forward primer: Q1
=TGTAAAACGACGGCCAGT (Schuelke, 2000); Q2 = TAGGAGTGCAGCAAGCAT; Q3 = CACTGCTTAGAGCGATGC; Q4 = CTAGTTATTGCTCAGCGGT
(Q2—-Q4, after Culley et al. (2008))).
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Figure S1. Fraction of missing alleles for each of three height classes — tree, sapling (Sapl), and seedling (Seed)
(y-axis) and locus (x-axis) within each height class and the average value.
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Figure S2. Genotype accumulation curve showing convergence at 5-7 loci from which nearly all 601 tested
20 individuals can be differentiated.
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S1.1 Allele diversity

$1.1.1 Introduction

The number of alleles per loci was analysed separately in three height classes: ‘seedling’ <0.4 m, ‘sapling’ — taller
than seedlings but <2 m, and ‘tree’ >2 m. For the analyses, we resampled the dataset to avoid errors introduced
by sample size. This was achieved by constructing 100 datasets from 30 randomly selected individuals of each
height class. To check whether the loci were under the null expectation of the Hardy-Weinberg equilibrium, y?-
tests were performed on the observed allele frequencies (‘hw.test’-function in ‘pegas’-library version 0.9 (Paradis,
2010)).

To exclude errors introduced by clonal reproduction we used clone-censored datasets for the analyses. By using
all eight loci we could distinguish between all genotyped individuals. We identified 601 separate individuals and
11 clones (Fig. 3a). The members of one genetically identical group were up to 30 m distant from each other;
similar distances were found for black spruce stunted forms (Gamache et al., 2003; Laberge et al., 2000).

$1.1.2 Results

The number of alleles per locus was nearly equal among all height classes with two exceptions at locus bcLK189
and bcLK263, at which the allele number was slightly smaller for seedlings. Individuals of all height classes showed
significant heterozygote deficits with an observed mean of ~0.69 and an expected heterozygosity of ~0.86
(p<0.001, Table S2, Figure S4). At two loci (bcLK253 and bcLK263) observed values were close to the expected
ratio and thus did not differ significantly from the Hardy-Weinberg equilibrium (Table S2).

$1.1.3 Discussion

The analysed tree stand is characterised by a high gene diversity (number of alleles and expected heterozygosity
of ~86%) compared to other studies which used the same or parts of the same markers (Babushkina et al., 2016;
Oreshkova et al., 2013; Pluess, 2011). Nevertheless, we observe a heterozygote deficit, which results in significant
deviations from Hardy-Weinberg equilibrium, even though the analysed trees grew in a large area (one hectare).
This was observed in the treeline area, spanning from dense forest to single-tree stands on the southern Taymyr
Peninsula and which seems to be unaffected by the sampling area (Kruse et al., 2018). In general, this can be
indicative of a higher degree of inbreeding among individuals and thus local recruitment outweighs immigration
(Arenas et al., 2012; Hartl and Clark, 2007), although no straightforward pattern arises from the comparison of
heterozygosity values (mean over all loci) among the three height classes (trees, saplings, seedlings).
Nevertheless, in detail, the amount of alleles in seedlings is lower at two loci, for which also the observed
heterozygosity is lower than for the other two height classes. This trend was expected for seedlings at all loci,
because younger cohorts typically show depressed heterozygosity, caused by the higher probability of local
reproduction (Addisalem et al., 2016; Moran and Clark, 2012). Subsequently, due to self-thinning, selection takes
place, generally preferring fitter individuals — assuming heterozygotes are generally fitter (heterosis effect, for
example Babushkina et al., 2016) one expects the older an individual is, the fitter it is compared to other
competitors.



Table S2. Heterozygosity values for each locus by height class. The analyses are based on 100 resampled
datasets, rarefied to 30 individuals.

Locus Trees Saplings Seedlings
HO [%] HE [%] HO [%] HE [%] HO [%] HE [%]
Ld101 55.948.5 77.4+4.8 53.848 79.7+3.8 60.8+8.2 78.8+3.6
bclLK056 62.5+8.9 91+1.4 55.2+8.2 90.1+1.6 64.2+7.4 91+1.1
bclLK189 79.1+6.8 88.8+2 70.2+7 89.311.6 72.816.5 88.311.5
bclk211 68.617.2 88.5+2.5 63.716.7 89.4+1.9 66.416.7 89.2+1.8
bclK228 70.8+7.8 87.9+1.6 68.5+7.5 88.411.3 65.4+7.5 89+1.4
bclK253 80.1+8 83.8+2.5 80.316.1 83.812.6 81.216.4 83.3+2.7
bclK263 90.1+4.8 93.8+0.8 89.6+4.5 93.8+0.7 86.3+5.3 92.6+0.9
Ld42 54.3+8.6 76%3.2 64.318.1 74.9+2.9 53+7.8 77.5%2.7
All 70.217.6 85.9+2.3 68.217 86.212.1 68.717 86.2+2
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Figure S4. Left: Number of alleles, Right: Observed (Ho) and expected (He) heterozygosity. Based on a rarefied
dataset of 30 individuals.
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Figure S5. Number of offspring assigned to a single parent in three size classes. Filled circles: mean values.
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S2 Model adaptation

$2.1 Program code adaptation

$2.1.1 Seed dispersal function improvements

For each dispersed seed the wind direction is randomly drawn from vegetation period wind data of the year of
its dispersal. The ballistic maximal flight distance E;, (Equation 1) is estimated by species-specific size parameters
following the approach of Matlack (1987), where V}, is defined as the horizontal wind speed and is chosen
correspondingly to the wind direction in the model. The release height H; is roughly estimated at 75% of the
individual’s height. V; is the descent rate for seeds and is estimated for Larix gmelinii by a linear regression using
species data of Matlack (1987) for species having wing-scales attached to the seeds: V; = 0.0032 = +/w + 0.4807
and is 0.86 m s, with the wing loading w (Matlack 1987) for L. gmelinii, calculated by dividing the average seed
weight (in microdyne) of 3.5 mg (Heit and Eliason, 1940; Lukkarinen et al., 2009) by the propagule area of 0.2 cm?
(Fu et al., 1999).

H
Ey = VhV_; (1)

This variable E controls the standard deviation of the Gaussian term in the dispersal function of the model which
is named originally ‘width’ in Equation 5 in Kruse et al. (2016)), consisting of the two dispersal function terms

DLgayssian(rn) = JZ * Eg? * —1 % log(rn) and DLrqr—rqijeq(rn) = rn(=1*1+9) with rn — random number

uniformely distributed between 0 and 1, sdist — distance parameter for fitting and « - scaling parameter for the
fat tail of the function:

DLgaussian,fat—tail(rn) = sdist x 0.5 * ((0-5 * DLgaussian(rn)) + (2 * DLfat—tailed(Tn))) (2)

$2.1.2 Growth function

The tree growth now depends only on July temperature, because climate-tree ring-width comparisons showed
no significant influence of precipitation (data not shown). With the species-specific linear regression coefficients

0.078 ) +0.108, which was

1+e14825—julytemperature
julindex—minimalgrowth

we estimate the simulated tree growth in a year by julindex = (

further processed to the scale factor weatherfactor = - — .
maximalgrowth—minimalgrowth

$2.1.3 Active layer thickness influences mortality

The influence of the active layer thaw depth on the diameter growth of larch trees is estimated based on the
results of Nakai et al. (2008). It describes a linear relationship allowing 100% diameter growth at 100 cm thaw
depth and only 10% when reaching 10 cm, which is the minimum value for L. gmelinii. The active layer thickness
ALT (Equation 3) is estimated in metres for each year with the Stefan Formula, following simplifications by Hinkel
and Nicholas (1995). It is determined by soil properties fe=0.050 (Global Land Cover Characterization, Zhang et
al., 2005) and the cumulative sum of daily temperatures exceeding the freezing points DDT:

ALT(year) = 1.0 — fe * \/DDT (year) (3)



100 Table S4. Overview of model parameters and processes for L. gmelinii individuals that differ from the original version (Kruse et

al. 2016).

Parameter

Value and dimension

References

Growth

Quadratic term of the equation for diameter growth rate

-0.003 In(cm) cm2

data-based estimate similar to Fyllas et al. (2010)

Linear term of the growth function

0.030 In(cm) cm™!

Constant term of the growth function -1.98 In(cm)
Seed production, dispersal and establishment

Factor of seed productivity 8 literature-based estimate (Kruklis & Milyutin, 1977,

cited in Abaimov, 2010)

Background germination rate 0.01 estimated

Horizontal seed dispersal distance at wind speed of 10 km/h 60.1 m estimated after Matlack (1987)

Seed descent rate 0.86 m st estimated descent rate based on Matlack (1987)
Mortality

Background mortality rate 0.0001 yrt data-based estimate

Current tree growth influence factor on tree mortality 0.0 estimated

Weather influence factor on tree mortality 0.1 estimated

Density influence factor on tree mortality 2.0 estimated

Seed fertility 2 yrs Ban et al. (1998)

Mean temperature of the coldest month (January) at the border  -45 °C Shugart et al. (1992)

of the species’ geographical range

Exponent scaling the height influence 0.2 estimated
Weather processing

Exponent scaling the influence of surrounding density for atree 0.1 estimated

Exponent scaling the density value 0.5 estimated
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S2.2 Simulation results

To explore potential settings (I) to decrease the amount of recruitment close to the mother trees, (ll) to shift the
effective dispersal peak by 2-3 m and (lll) to increase the effective recruitment at medium distances (~30-40 m),
we tuned two kinds of processes: parameters that determine the seed dispersal (model code:
bcdopwxyzDEFGHIJK, Table S5) and tree density and parameters that set the impact of the tree’s mortality
(efghijklmnAC), or both (grstuv) (details on individual adaptations in Table S5).

Of all 36 different simulations, some parameters decreased the amount of near mother effective seed dispersal
() (cdo-zD-1) of which only (0-z) decreased the distance of up to 2 m based on the shifted dispersal function, while
an increase in the distance parameter of the Gaussian-function peak improves the simulated function strongly
(D-1) (Figure S8). Of these a shift towards farther distances and an increase in medium distances (lI+lll) was
achieved with adaptations of the dispersal function only (0g-sx-zD-l1), whereas the others only shifted the peak to
~5 m with a decrease for medium distances (pt-w). Nevertheless, the sum of squares of deviations from the
observed pattern was improved in these candidates by a few sets (yzD-I) to within 66% to 82% of the reference
run. The model performed best with parameter set “I” which is a combination of an adjusted dispersal function
and increased seed production rate (Figure S7, Figure S8, Table S5). These sets increase the distance of dispersed
seeds from the mother tree and the probability of a recruit growing at medium distances from its source was
increased as well. Still the ratio of on-site recruitment was lower than observed (between 45.70 and 46.70
compared to observed 56.77%). This was improved by other simulations (qt-wJ) but their general performance
was weaker than the reference simulation.

$2.3 Discussion of the simulation improvement

In parts we achieved a good fit when increasing the peak of the dispersal function in the model to longer distances.
The models where the distance from the centre of the distribution was shifted to 4 m improved the simulated
effective seed dispersal distances best (“I”). However, the ratio between on-site recruitment and introductions
from the exterior is around 10% lower than observed. This was not improved by the best-performing parameter
set, but could be improved when changing the density competition, especially for small life stages (“t”).
Combinations of both were tested but results were strongly deviated from observed situations (“C”). This smaller
ratio points to an unrealistically high long-distance dispersed seed fraction. Here, we focus on the effective seed
dispersal distance at short distances. Nevertheless, long-distance dispersal should be improved too, especially if
one aims to conduct simulation studies over larger extents. It could be improved by decreasing the fat tail
probability of the exponential part in the dispersal function, or by manipulating the implementation of the wind
speed influence to a nonlinear process, decreasing the distances for strong winds. We analysed only one area at
the treeline, which improved our understanding of the processes incorporated in the simulation model, but this
may overemphasise the effective seed dispersal of one subpopulation. Therefore further validation by more plot-
based analyses is needed for the general function parameters.



Frequence

Figure S7. Deviations of simulated versus observed effective seed dispersal. SS — sum of squares, R — square of
correlation between the mean simulated series and the observed value, p - significance of correlation
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coefficient. Letters (a-zA-K) refer to a special simulation run s. Table S5 for details.
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Figure S8. Deviations of effective seed dispersal distances of all runs from the reference simulation "a". Grey
areas are the standard deviation of all runs. Red and blue dots indicate values outside (above and below

145 respectively) the standard deviation of the base run. Letters (a-zA-K) refer to a special simulation run s. Table
S5 for details.
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Table S5. Results of effective seed dispersal in adapted simulations. Changes identifier: 1-dispersal function manipulation, 2-
density calculation manipulation, 3-combinations of 1 and 2.

Dispersal function

On-site recruitment ratio

Model parameters

SS

0.0096
0.0099
0.0092
0.0132
0.0125
0.0392
0.0131
0.0110
0.0104
0.0094
0.0098
0.0099
0.0098
0.0098
0.0136
0.0394
0.0115
0.0150
0.0110
0.0699
0.0706
0.0788
0.0838
0.0113
0.0073
0.0079
0.0115
0.0293

0.0081
0.0066
0.0068
0.0084
0.0079
0.0063
0.1623
0.0176

r

0.8519
0.8478
0.8629
0.7924
0.8048
0.5754
0.7942
0.8297
0.8391
0.8562
0.8511
0.8467
0.8484
0.8491
0.8390
0.7039
0.8584
0.8139
0.8560
0.5795
0.5957
0.5627
0.5512
0.8718
0.9122
0.9070
0.8213
0.5315

0.8997
0.9023
0.9226
0.9048
0.9103
0.9267
0.2624
0.7268

r2

0.7258
0.7187
0.7445
0.6279
0.6477
0.3310
0.6307
0.6884
0.7041
0.7331
0.7244
0.7170
0.7198
0.7210
0.7039
0.4955
0.7368
0.6624
0.7327
0.3358
0.3548
0.3166
0.3038
0.7601
0.8321
0.8226
0.6745
0.2825

0.8094
0.8141
0.8512
0.8186
0.8287
0.8588
0.0688
0.5282

Ratio

46.8%
45.4%
41.0%
38.1%
46.3%
45.6%
44.8%
45.9%
48.4%
46.2%
47.0%
51.5%
46.9%
47.7%
47.9%
49.9%
52.0%
49.3%
44.7%
52.4%
50.9%
51.0%
52.0%
47.7%
47.4%
46.7%
48.6%
50.2%

45.9%
45.7%
46.2%
46.6%
45.7%
46.4%
54.9%
44.8%

SD

1.3%
1.4%
1.2%
1.0%
1.7%
6.7%
2.3%
2.6%
2.1%
1.7%
1.2%
2.2%
0.7%
1.3%
2.2%
3.2%
2.0%
2.8%
1.2%
4.4%
2.1%
1.3%
2.0%
1.4%
1.3%
2.2%
2.9%
7.5%

0.9%
1.8%
1.2%
1.6%
1.2%
1.7%
4.0%
1.3%

N>10
center

in

10
10
10
10
10

3
10
10
10
10
10
10
10
10
10
10
10

9
10
10
10

5
10
10
10
10
10

7

10
10
10
10
10
10

9
10

p diff
from obs
0.0000
0.0000
0.0000
0.0000
0.0000
0.1023
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0001
0.0000
0.0000
0.0000
0.0113
0.0000
0.0006
0.0000
0.0000
0.0000
0.0000
0.0000
0.0613

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.2023
0.0000

Adaptation and expected outcome

- reference run -

longer dispersal distances

longer dispersal distances

longer dispersal distances

larger distance to mother trees

smaller distance to mother trees

larger distance to mother trees

less exclusion close to mother tree

higher exclusion close to mother tree

higher exclusion close to mother tree

less exclusion close to mother tree

higher exclusion close to mother tree

higher exclusion close to mother tree

higher exclusion close to mother tree

more distant from centre and more intense peak
shorter dispersal distances

higher exclusion close to mother tree

less exclusion close to mother tree

higher exclusion close to mother tree

increased tree density

increased tree density

weakened tree density

shortened dispersal distance

more distant from centre and more intense peak
more distant from centre and more intense peak
more distant from centre and more intense peak
higher exclusion close to mother tree

higher exclusion close to mother tree

increased seed production higher on-site reproduction

more distant shifted dispersal peak

increased seed production higher on-site reproduction
increased seed production higher on-site reproduction
increased seed production higher on-site reproduction
increased seed production higher on-site reproduction

higher on-site reproduction
higher on-site reproduction

Parameter*

Kruse et al. (2016)

Sdist=1

Sdist=5

Sdist=10

mdichte=3

frar=5

fuar=15

dichtewertmanipulatorexp=0.05
dichtewertmanipulatorexp=0.15
densitysmallweighing=1

densitytreetile=0

densitytreetile=1

densitytiletree=1

densitymaxreduction=1

Sdi5t=1 + TGaussExpDispzl-O + dGaussCentrezz-O
o+ dGaussDiStancezD *0.5

o + densitytreetile=1

o + dichtewertmanipulatorexp=0.15

o + densitytiletree=3

o + treedensity”0.9

o + treedensity”0.95

o + treedensity”1.1

o+ dGaussDistancezDo's

Sdist=1 + TGaussExpDispzl-O + dGuussCentre =3.0
Sdist=1 + TGaussExpDispzl-O + dGuussCentre =4.0
Sdist=1 + rGaussExpDispzl-O + dgausscentre =5-0
linear density 0-200 cm 1-0 extra mortality
negative quadratic density 0-200 cm 5-0 extra
mortality

y + f;=16 (twice standard)

0 + dgausspistance=D * 1.5

y +f;=12

y +£,=9

y + f,=10

y+f=11

a + no exponential dispersal

| + no exponential dispersal

1 — abbreviations following Kruse et al. (2016)
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