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Supplementary Material and Methods

Model initialization: DEM, climate, and soil

We report here the distribution of the elevation gradient within the study area. The areas available for
the expansion of the forest (i.e., grasslands and pastures) are located soon after the current forest edges,

up to an elevation of 2500 m a.s.1. (see Fig. 1 in the main manuscript).
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Fig. S1 Elevation of the study area.



Climate data such as daily temperature (minimum and maximum), precipitation, solar radiation and
vapour pressure deficit were processed to suit the newly enlarged landscape. We followed the approach
described in Seidl et al. (2019), using the same set of climate change projections (Table S1) to ensure
comparability. Temporal development of the climatic variables for the four chosen scenarios are shown

in Fig. S2.

Table S1. The climate change scenarios chosen in the study, with indication of their Representative Concentration
Pathway (RCP), Global Circulation Model (GCM) and Regional Climate Model (RCP). These future scenarios
were selected from an initial screening of 26 future trajectories (see details in Seidl et al. 2019).

Climate scenario RCP GCM RCM

Moderate 4.5 EC-EARTH KNMI-RACMO22E

Warm 8.5 EC-EARTH KNMI-RACMO22E

Warm and wet 8.5 IPSLCM5A-MR IPSL-INERIS-WRF331F

Hot and dry 8.5 HadGEM2-ES CLMcomCCLM4-8-17
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Fig. S2 Trends of the climate variables until 2100 related to the climate changes scenario used for the
simulation.



A harmonized dataset of soil depth for the entire landscape was not available. As reported in the main
manuscript (Materials and Methods), to cover the newly enlarged landscape we merged soil data that
were derived for forest areas (Seidl et al. 2019) with estimates derived from plot-level measurements in
pasture and grassland areas following the method described in Schirpke et al. (2020) for an analogous
Alpine landscape. To our knowledge, this was the only data available that allowed to parameterize soil
conditions for the enlarged landscape (E. Tasser, G. Leitinger, personal communication). Due to
methodological differences between the two datasets, soil depth values show a noticeable decrease after
a certain elevational limit (Fig. S3), often corresponding with the maximum area occupied by the

vegetation at the end of the simulations. We acknowledge limitations related to soil data in the

Discussion of the main manuscript (see Section 4.3).
111°4' 11]°6' 11;‘8‘ 11710‘ 11°|12' 11°|14' 11"116' 11"'18' 11"|20' 11"|22' 11°|24'

5 o
N . %
“| soil depth

cm

. 83
R O ¥
2 B
§
¥ s %
? g

e
5 ¢
,ﬁfﬁ 2
& = B -2
‘ §

T

11°4' 11°6' 11°8' 11°10' 11912 11°14' 11°16' 11°18' 11°20' 11022 11024’

Fig. S3 Soil depth distribution in the study area.



Model initialization: tree vegetation

The initial conditions of the forest stands were derived by using same data and processes described in
Seidl et al. (2019) and Albrich et al. (2020). The initialization and evaluation of iLand for the Stubai
landscape is explained in detail in the Supplementary Material of Seidl et al. (2019). To (re)initialize
the landscape on the enlarged study area, we ran the legacy spin-up routine described in Thom et al.
(2018). This consisted in iteratively run the model including past management interventions under
historical climate, until species composition reached an equilibrium state. We ran the legacy spinup for
a period of 600 years. To let the forest expand, accordingly to the LULC map of the valley, we selected
the most suitable type of land use for the establishment of the vegetation, mainly focusing on those
presenting human activities and undergoing abandonment trends (see Fig. 1 in the main manuscript).
These areas were inserted in the stockable area and during the spin up, a clear-cut management (i.e.,

complete high vegetation removal) was applied to keep them free from trees establishment.

We initialized mountain pine (Pinus mugo) stands in relation to the approach used in Berchtesgaden
National Park — a landscape also located in the north of the Alps — presented by Thom & Seidl (2022).
Differently from other common tree species currently parameterized in iLand (e.g., Norway spruce,
European larch), data for this species was hardly available from the literature. Therefore, we relied on
information about the spatial distribution of the species in the Stubai landscape and initialized it using
quantitative values obtained by Thom & Seidl (2022). The latter showed a good compromise among all
available sources, being reproduced using iLand as well and performing well within the Berchtesgaden
National Park landscape. Overall, after the spin-up, the model generated a vegetation composition that
matched well the observed data from the forest inventory (Fig. S4a). As we did not have quantitative
reference data on mountain pine but only information about the land covering these communities, this
species was not included in the numerical comparison of species share. Despite this, the distribution of
mountain pine communities at the end of the iterative spinup routine (Fig. S4b) matched well the

observed one.

Along with the simulations, mountain pine share showed a decline within the first 100 years of
simulation at the expense of larch, especially on N-facing slopes (see Results in the main manuscript).
We did not deeply analyse these changes and it is possible that these dynamics are due to the
parameterization of mountain pine in the model, where this species gets mostly outcompeted by other
species like European larch. We acknowledge that further studies should specifically address this
species and improve the parameterization of its life history traits in the model, since mountain pine is
an important species driving forest succession dynamics at the subalpine and alpine level (Dullinger et

al., 2005).
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Fig. S4 Left panel (a) shows the comparison between observation (i.e., target) and simulated mean
species share via spin-up for the initialization of current vegetation composition. Right panel (b) shows
the comparison between observed land cover map and iLand initial vegetation conditions after the
model spin-up. Colours indicate the tree species with the highest share of basal area within the 1-ha
cells (green: Norway spruce; pink: mountain pine).



Supplementary Results

In the main manuscript, output results were presented as means among the 10 model runs for every
scenario. To assess uncertainties related to stochastic processes within the model, we calculated the
between-replicates coefficient of variation of basal area outputs every 30 years along the simulation
time and for the different scenarios. Variability across model replicates were minimal, as shown in Table

S2 here below.

Table S2. Coefficient of variation (CV) for the replicates of simulation outputs of every scenario
expressed as percentage and calculated from basal area. Values were aggregated at the landscape level
and for every 30 years outputs.

Historic Moderate Warm Warm-and-wet Hot-and-dry

2050 0.33 0.40 0.25 0.31 0.41
2080 0.29 0.64 0.37 0.44 0.75
2110 0.20 0.66 0.49 0.40 0.44
2140 0.38 0.35 1.49 0.28 0.73
2170 0.38 0.31 1.20 0.50 0.65
2200 0.31 0.48 0.65 0.54 0.43
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Fig. S5 Tree species shift within the forested area and the forest-grassland ecotone for the two additional
climate scenarios (warm and, warm-and-wet). Trends are showed in relation to aspect, colours represent
the species while line types define the climate scenario
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Fig. S6 Quantification of the elevational shifts of the five tree species composing the forested area and
the forest-grassland ecotone by aspect under every climate scenario (historic, moderate, hot-and-dry).
The shifts were calculated as difference of elevation between 2100 and 2020 (2100), and between 2200
and 2100 (2200)
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Fig. S7 Elevation distribution of the tree species in the forested area and the forest-grassland ecotone
for the different climate scenarios, at the beginning and at the end of the simulation interval. Box ranges
between 25" and 75" percentile, whiskers represent minimum and maximum values, and dots the
outliers.
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Fig. S8 Basal area trends for the forested area and the forest-grassland ecotone under the two additional
climate scenarios (warm, and warm-and-wet) in relation to the aspect.
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Fig. S9 Distribution of the tree species under the two additional climate scenarios (warm, and warm-

and-wet) at different time steps. Cells are filled with the colour of the species showing the highest
share within them
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