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1 Methods
1.1  Study area

The so called “Doberitzer Heide” is a former military training ground in Northeastern Germany (N°
52.511528, E° 12.977092). Its geological substratum is gravelly-sandy and sandy-loam and derived
from the Weichsel glacial. The climate is subcontinental with an annual mean temperature of 9.4°C
and mean precipitation rate of 582 mm. From the Northwest to the Southeast there is a broad area of
coarse substrate with very low field capacity (<6 Vol. % up to 1 meter depth). This area, where there is
also the large open landscape of the so called ,,GrofRe Wiiste” (large desert) with bare soil and habitats
for pioneer species, corresponds to the dry area in the model landscape (for the edaphic zones of the
model landscape refer to Figure 1).

Bodenwasserhaushaltsstufen Edaphische Zonen

D Untersuchungsgebiet

wird nicht betrachtet feucht glinstig wird nicht betrachtet
2y | ‘ 5 :

trocken frisch bis nass ungiinstig
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frisch HERS

Quellen: Google Maps, DigitalGlobe, GeoBasis-DE/BKG, GeoContent, Landsat / Copernicus 2017; LFUB; LGBR

Figure 1 Ranks of soil water content in the “Doberitzer Heide”. Ranks are classified according to the available
field capacity at one meter below ground surface in volume (%) fclm: <6 = dry; 6 - <14 = dry to fresh; 14 - <22 =
fresh; 22 - <30 = moist; >30 moist to wet. The zonation corresponds to the edaphic conditions in the artificial
model landscapes (main document, Figure 16). References: Nutzungsdifferenzierte Bodentibersichtskarte
1:1000000 (Bundesanstalt fir Geowissenschaften und Rohstoffe (BGR)); Luftbild: (NES/Airbus, DigitalGlobe,
GEODIS Brno, Geobasis DE/BKG, GeoContent, Landsat/Copernicus).

The study site was set out to military practices from 1713 to 1990 AD. Since 2004, it belongs to the
Heinz Sielmann Stiftung. The total nature conservation area comprises 3.600 ha of which 1.800 ha are
declared as wilderness core area. In the dynamic landscape mosaic, valuable open habitats are
threatened by progressive succession like woody plant encroachment by Cytisus scoparius, Pinus
sylvestris and Betula pendula. Pioneer vegetation on bare ground is threatened by the colonization of
grasses (Deschampsia flexuosa, Calamagrostis epigejos) (Anders et al. 2004).
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In 2010 AD, a mixed herd of large herbivores was released into the core area. Today it is comprised of
90 individuals of European bison (Bison bonasus), 29 Przewalski horse (Equus ferus przewalskii) and 90
red deer (Cervus elaphus). Moreover, wild boar, roe and fallow deer forage in the wilderness core area.

1.2 Delineation of habitat types in the model landscape and quantification of their spatial
distribution

Tree cover determines essential habitat qualities in semi-open landscapes. Phytosociological analysis
by Gallandat et al. (1995) delivered thresholds for tree cover that define five habitat types ranging
from unwooded to forest (Table 1). In addition to previous work, we split the class range of 20% to
70% tree cover into two classes (medium and densely wooded). The enhanced resolution improved
the demonstration of both forest thinning processes and progressive succession and of patterns of
forest-grassland ecotones in our simulation results.

Table 1 Structural definition of habitat types based on tree cover classes for the analysis of simulation results.
The keywords for citation in the text are in bold. Thresholds were defined after phytosociological analysis by
Gallandat et al. (1995).

Habitat Structural definition

1 Unwooded habitat with tree cover ranging from 0 to 2%.

Sparsely wooded habitat with tree cover ranging between

2
2% and 20%, trees or bushes being mostly scattered.
Semi-open habitat with tree cover ranging between 20%

3 and 50%, trees or bushes being scattered or clustered in
thickets.

4 Densely wooded habitat with tree cover ranging between

50% and 70%, with trees mostly clustered in thickets.

Forest with tree cover higher than 70%, appearing as forest
with a closed canopy.

The identification of distinct habitat types was the pre-requisite for the assessment of the landscape
structural diversity. Here we used the landscape aggregation index (He et al. 2000) that quantifies
aggregated (clumped) and disperse habitat distributions.

1.3  Modelling work, calibration and plausibility checks
The processes that were modified or newly implemented for the purpose of this study are:

e the herbivore browsing behavior, which was formulated in the same way as the grazer-
vegetation feedback,

e the ignition, extent and impact of wildfire on tree, shrub and herb,

e the stochastic long-distance dispersal of tree and shrub,

e the ecology of previously not modelled birch and poplar,

e the estimate of drought stress based on a previous calibration to observed data of potential
and actual evapotranspiration.



Accordingly, the tree species properties were estimated in terms of the quantity and digestibility of
browse, of the resistance to fire and regarding the rooting depth. On coarse substrate, deep rooting
species are more robust to drought than shallow rooting species are. The model modifications are
described in chapter 1.3.

1.3.1 Calibration to local climate and reproduction of the current forest community

Previous studies with the WoodPaM-model performed in calcareous subalpine pasture-woodlands
with sub-oceanic climate. For the adaptation of WoodPaM to the study site, we had to implement new
tree species and to consider the tree species-specific rooting depth, because it determines their
response to drought on loose substrate. Moreover, we had to calibrate the monthly estimates of
potential and actual evapotranspiration to observed data, which both are fundamental in the
computation of the drought stress index for tree growth and establishment. In subcontinental climate,
drought is a critical factor for tree species composition.

New tree species

We newly implemented the tree species Betula pendula (birch) and Populus tremula (poplar) into
the tree submodel. Their growth parameters (growth rates, light demand of seedlings and saplings)
were adapted from the forest landscape model LandClim (Schumacher and Bugmann 2006). Seed
dispersal distances were estimated from sink velocity of seeds (Hintze et al. 2013, for details refer to
Peringer et al. 2015).

Modification of tree species’ drought tolerance based on root system

We modified the tree species-specific response to drought stress in recognition of the tree species-
specific rooting depth and root system (e.g. taproot, cordate roots). In the sandy soils, deep-rooting
species have a higher drought tolerance. We therefore modified the drought stress tolerance values
of tree species (ranging among 0 an1 with low values indicating poor drought stress resistance), which
were previously set following LandClim, with three factors:

e Multiplication with 1.3 for tree species with taproot (e.g. Pinus sylvestris, Quercus spec.,
Populus tremula),

e Multiplication with 1.15 for tree species with cordate roots (e.g. Carpinus betulus, Betula
pendula),

e Multiplication with 1.0 (no change) for shallow rooted species (e.g. Picea abies, though not
present in the landscape, and Fagus sylvatica for its shorter rooting depth of less than one
meter when compared to Carpinus and for its low drought tolerance after Ellenberg 1996, p.
119, Tab. 12).

The factor values themselves (1.15, 1.3) were calibrated in order to reproduce the current forest
community in the spin-up simulations. Table 2 summarizes the values and factors according to each
tree species.



Table 2 Deviation and categorization of tree species-specific rooting depths based on type and depth of rooting
system. References, Sinn (1982)1 and Sinn2 (1988). Abbreviations of the tree species are defined in Table 4.

Rooting Rooting depth Rootdepth

SP

Rootdepth class!2

System?12 EESE index
1 Pa Flat rooting 1
2 Ap Heart 1.1-14 Heart-net rooting 1.15
3 Fs Heart 0.8-0.9 Flat rooting 1
4 Aa 1
5 Ld Heart-net rooting 1
6 Av 1
7 Ps Tap 5-7 Tap rooting 1.3
8 Qp Tap 1': __92/ Tap rooting 1.3
9 Qr Tap rooting 1.3
10 Qh Tap rooting 1.3
11 Cb Heart 1.2-14 Heart-net rooting 1.15
12 Fe Tap 0.2 13
13 Tp 1
14 Ac 1
15 Sa 1.15
16 Pc 13
17 Bp Heart 1.2-2.0 Heart-net rooting 1.15
18 Pt Heart 1.2-14 Heart-net rooting 1.3

Estimates of evapotranspiration

For the adaptation of WoodPaM to the study site, we had to calibrate the monthly estimates of
potential and actual evapotranspiration to observed data, which both are fundamental in the
computation of the drought stress index for tree growth and establishment. In subcontinental climate,
drought is a critical factor for tree species composition. In the subcontinental climate, drought is a
critical factor for tree establishment and tree species composition (e.g. Ellenberg 1996, p. 119).
Drought stress for tree species is represented as an index value. The established drought stress values
in the model LandClim (Schumacher and Bugmann 2006) base on the relation between the potential
evapotranspiration (PET) and the actual evapotranspiration (AET). According to this relation, if the
actual evapotranspiration is smaller than the potential, the stress index values receive high values. In
simulations, high drought stress values cause the failure of tree regeneration and slow down tree
growth in the given year. Due to drought induced seedling mortality (e.g. Hopf 2017) or closed stomata
and decreased gas exchange (compare process formualtions in the forest model LandClim).

Until now, the established formulae for the PET based on Turc (1961) and for the AET based on Zhang
et al (2001). The estimations on drought stress in the montane region (Swiss Jura Mountains) were
sufficient. However, in relations to drought stress in the subcontinental climate the estimated values
needed more accuracy. Therefore, we developed calibration factors that modified the PET and AET
values in such manner that they referred to the observed data of the DWD in the time period from
1991 to 2014. This method is common in the hydrology (Xu and Singh 2000). Calibration of the values
of the PET and AET for grasslands communities was according to the mean values for the study site
(PET 640 mm per year and AET 414 mm per year, Figure 2).



real (Uber Gras) Jahrliche Evapotranspiration potenziell

D Untersuchungsgebiet

Figure 2 Maps of potential evapotranspiration in the “Doberitzer Heide” (to the right) and the real
evapotranspiration for grassland (to the left) according to the data of the German Meterological Service
(Deutscher Wetterdienst). Aerial photograph: (DigitalGlobe, GeoBasis DE/BKG, GeoContent and Landsat/
Copernicus).

1.3.2 Calibration of herb layer vegetation types, succession and forage production

In order to simulate a realistic carrying capacity of the herb layer in the “Doberitzer Heide”, we adapted
the pastoral values (indicate the quality of forage) of the four grassland communities (meadow, lawn,
fallow, understorey) of the herb layer to the study site “Doberitzer Heide” (Table 9). The original values
in WoodPaM based on estimations of low-intensity cattle-grazed pastures in the suboceanic climate
of the Swiss Jura Mountains at an elevation of 1300 m a.s.l. . However, in the “Doberitzer Heide” with
gravelly-sandy substratum and subcontinental climate with annual mean temperature is 9.4°Cand only
mean annual precipitation is 582 mm, the forage production of the herb layers is lower in the
“Doberitzer Heide” than in the Swiss Jura Mountains. Hence, the carrying capacity is low, so that even
at a low herbivore density, large herbivore habitat use should have a strong effect on landscape
openness. According to the common plant species and communities at the study site, we newly
defined the four grassland communities and defined new pastoral values. Our estimations derived
from productivity values used in the common agriculture and were related to decitonne / ha and year
(e.g. Klapp 1965).
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Table 3 Plant communities and key species of simulated herb layer vegetation types and their forage
production for grazing. Productivity in reference to, for example Klapp, 1965.

Herb layer Plant communities and common plant species in the “Doberitzer Heide” Productivity
Productive Tanecetuo-Artemisietum vulgaris, including: u.a. Artemisia vulgaris, Dactylis 10-15 dc/ha
grassland glomerata, Arrhenatum elatius, Achillea millefolium, Holcus lanatus, Plantago

lanceolata, Agrostis capillaris
Poor Corynephorion canescentis, including: Corynepherus canescens, Spergula morisonii, 5-10 dc/ha
grassland Teesdalia nudicaulis, Carex hirta, Achillea millefolium, Agrostis capillaris, Carex hirta,

Euphorbia cyparissias, Festuca brevipila, Cearstium semidecandrum

Genisto-Callunetum vulgaris, including: Rumex acetosella, Cladonia-Sippen, Festuca
filiformes, Anthoxanthum odroatum, Agrsotis capillaris, Nardus stricta, Calluna
vulgaris, Genista pilosa

Fallow Early-successional stages with Rubo-Calamagrostietum epigeji, including: 5dc/ha
grassland Calamagrostis epigejos, Hieracium pilosella, Hypochaeris radicata, Melilotus albus Cytisus scoparius :

Late fallow-successional stages of Calamagrostis epigejos dominated by Cytisus 10 (0-20) dc/ha
scoparius. Cytisus scoparius replaces productive and poor grasslands. Early fallow-

successional stages of Corynephorion canascentis and Genisto-Callunetum vulgaris lead

by invasion of D. flexuosa. Late successional stages with tree encroachment of pioneer

tree species like successional stages with tree encroachment of pioneer species like

Quercus robur, Betula pendula, Pinus sylvestris, Populus tremula, Robinia

pseudoacacia.

Understory Luzulo-Quercetum, Quercion roboris, Quercetalia roboris, including: Hieracium 10 dc/ha
umbellatum, H. pilosella, Pleuroium schreberi, Calluna vulgaris, Deschampsia flexuosa,
Agrostis capillaris, Carex pilulifera, Veronica officinalis, Festuca ovina). On poor
grassland sites, understorey vegetation includes mosses, fungi and lichens.

1.3.3 Modelling of browse spatial availability and digestibility

The biomass of woody browse results from edible and accessible biomass of tree seedlings, saplings,
young trees and shrubs. Hudjetz et al. (2014) inspired our modelling of woody browse. For seedlings,
saplings and young trees of the tree species, we estimated the biomass of accessible browse in
kilograms dry matter in a two-step procedure (combined on data of Annighofer et al. 2016 and Kalen
and Bergquist 2004). We estimated the total biomass without leaves or needles of entire tree
individuals of all tree species for the same height. In Table 4, the resulting values are shown.

An accurate modelling of the quantitative food chain is necessary in order to simulate effects on
landscape openness in all year round herbivore systems. Landscape openness bases on the relation
between forage demand and supply, if as in wilderness systems there is no additional winter forage.
The model does not simulate seasonal variability, but forage supply at a one-year time step. Therefore,
regressive succession in the tree and shrub layer results from the sum of yearly production of woody
forage and the fixed forage demand of 33% for woody species.
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Table 4 Gross biomass of tree saplings Annighofer et al. (2016) and estimated amount of edible
browse based on the ratio of edible browse to sapling gross biomass for pine Kalén and Bergquist
(2004) (bold letters). Values for pine are bold for defining this ratio (32%). Edible browse for Betula
pendula directly follows Kalén and Bergquist (2004).

abzl::\t;z?on Species name bi(irrzzsss Edible browse

[ke] [ke]
Pa Picea abies 1.648 0.526
Ap Acer pseudoplatanus 0.436 0.139
Fs Fagus sylvatica 0.485 0.155
Aa Abies alba 1.571 0.502
Av Alnus viridis 0.468 0.150
Ps Pinus sylvestris 1.190 0.380
Qp Quercus petraea 0.509 0.163
Qr Quercus robur 0.784 0.250
Cb Carpinus betulus 0.260 0.083
Fe Fraxinus excelsior 0.473 0.151
Tp Tilia 1.185 0.379
Sa Sorbus aucuparia 0.177 0.057
Bp Betula pendula no data 0.200

In the modelling, we regarded selective habitat use of browsing. We estimate the attractiveness of
tree species based on the observations of browsing damage in the Biatowieza Primeval Forest by
(Kuijper et al., 2009, 2010a). We use their Jacob’s selectivity index in order to weigh the preference of
wild herbivores for tree species and compute the weigh as the metric distance to the most preferred
Carpinus betulus (Table 5). We use the attractiveness of tree species for browsing in order to modify
the spatial browsing behavior of large herbivores, which more intensively browse in areas with
preferred tree species. Consequently, dispersed birch and poplar in the open landscape are browsed
more heavily than oak seedlings in the forest understorey, though higher (biomass) woody forage.

Unfortunaltely, there was no data for beech (BNP data set, Kuijper et al 2009, 2010a). We set beech
digestibility at a moerate value between oak, maple and avoided spruce (acording to obeservations of
Molder et al 2009). In subcontinetal climate, in the presence of oak, beech is therefore less browsed.
In the presence of maple in montane forests, beech is also less browsed, however in presence of spruce
beech is preferred (Tillmann et al. 2013).
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Table 5 Attractiveness of tree species for browsing Br_dig based on the browsing observations of and data from
Kuijper et al. 2010 in the Biatowieza Primeval Forest.

Miscicki (1996) Zielski (1998)

S % of all % of all % of all % of all

trees  browsedtrees | trees browsed
Carpinus betulus 413 44.4 47.1 61.8 0.18 1.00
Ulmus glabra 1.9 2.2 5.7 6.8 0.08 0.90
Tilia cordata 8.5 9 6.1 5.7 0.00 0.82
Fraxinus excelsior 17.3 18.2 225 20.8 -0.01 0.81
Betula sp. 4.4 3.5 0.4 0.4 -0.02 0.80
Sorbus aucuparia 7.3 6.6 - - -0.06 0.76
Populus tremula 8.3 8.6 0.2 0.1 -0.08 0.74
Acer platanoides 2.7 2.5 8.1 2.3 -0.31 0.51
Quercus robur 1.2 11 1 0.2 -0.32 0.50
Pinus sylvestris - - 0.1 0 -0.34 0.48
Alnus glutinosa 2.1 1.6 0.7 0.4 -0.40 0.42
Picea abies 4.7 23 8.1 1.6 -0.52 0.30
Pyrus communis 0.1 0 - - - -
Sample size 3158 7204

134 Grazing and browsing patterns

In 2010, common wild large herbivores (red deer Cervus elaphus, roe deer Capreolus capreolus, fallow
deer Dama dama) were complemented with European bison (Bison bonasus) and wild horse (Equus
ferus przewalski) in the fenced wilderness core area.

We modelled browsing as a second way of foraging and did so based on the modelling strategy for
grazing. We estimated the amount of woody browse and its attractiveness at grid cell and landscape
level and parameterized the daily consumption of browse for various large herbivore species. The
complemented herbivore community summed up to a density of 0.1 individuals / hectare with an
intermediate forage demand comprising 67% herbaceous (forbs, grasses, fruits) and 33% woody
(twigs, seedlings, saplings) forage matter (ca 14.8 daily forage consumption kg / individual), for details
see Table 3. We estimated the spatial distribution of browse consumption, i.e. browsing pressure, at
landscape level based on the distribution of browse biomass and its digestibility. We modelled the
browsing impact on tree seedlings’ and saplings’ growth and mortality based on the established
relationships for browsing damage.

The aggregation of herbivore species to one herd simplifies interspecific population dynamics, for
example, avoidance of sites with cattle by red deer at Oostvaardersplassen (pers. comm. Vera, FM).
Therefore, we expect that the simulations overestimate the spatial distribution of herbivore effects
(foraging, trampling, dunging). Especially, regarding that habitat use of grazing and browsing at
unattractive site (in the artificial model landscape the northern part) is probably higher.

Habitat use of grazing and browsing at spatial scales was modelled independent of another, because
forage demand also shifts with season (increased browsing pressure on woody species). As for habitat
use of grazing, habitat use depends on the availability of forage. However, browsing activity depends
on woody forage from the tree and shrub layer and therefore, tree cover does not function as a repellor
in selective habitat use. Tree cover is not a repellor for browsers, because forest understorey in thin
canopy cover forests can be highly attractive (e.g. blueberry) and provides shelter (“thermal cover”).
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Generally speaking, the modelling of browsing profits from the already established process
formulations for cattle regarding habitat use and grazer effects on tree seedlings in wooded pastures
(Gillet 2008; Peringer et al. 2013; Peringer et al. 2016).

It was difficult to estimate browsing damage on saplings. We therefore strongly simplified, we
determined that 32% of browsing pressure (browsed woody forage) in a grid cell affected sapling
growth. The “damage” pressure variable derived from the relation between digestible woody forage
(digestible sapling cover) and overall sapling cover in a grid cell (Table 4). In contrast to the established
pressure variable for grazing activity, simulated grazing on seedlings caused a collateral damage and
the pressure variable was only related to herbaceous forage. We regarded each tree species-specific
regeneration potential (e.g. browsing tolerant birch, poplar, browsing intolerant pine) as a further
factor in relation to browsing impact and tree growth (compare to Gillett 2008).

The depreciation of browsing impact on only one third of the tree growth, the model responds
conservative to this uncertain browsing effect. Therefore, it can be expected that in simulations the
model underestimates the browsing effect on landscape openness.

Browsing plausibility check

The simulated effects of grazing and browsing on the vegetation builds on our bottom-up approach
that balances foraging demand and available herbaceous and browse forage in terms of biomass
(kilogram dry matter) at landscape scale based on observed data. The general framework of large
herbivore behavior at landscape scale was tested many times in previous studies in pasture-woodlands
(Peringer et al., 2013, 2015, 2016). In this general framework, tree cover has a repellent effect on
habitat use by grazers, because grazers select open habitats with high forage quality. To simulate
mutualistic habitat use by large herbivores with intermediate foraging behavior, tree cover has no
repellent effect on the habitat use by browsers, but browsing in wooded habitats is selective according
to the attractiveness of browse forage (tree species-specific digestibility).

We analyzed the plausibility of our modelling of the completed herbivore community in the forest edge
landscape scenario, because it provided spatial forage availability in as well forest and open habitats
simultaneously. According to the vegetation patterns in 2015 AD (Figure 3), our parametrization of
intermediate foraging behavior (starting in 2010 AD) was successful in regards to mutualistic habitat
use and distinctive consumed herbaceous and browse forage. In Figure 3, the distribution of
herbaceous and digestible woody forage at landscape scale are shown and how these affect the habitat
use of grazing and browsing. Further, the grazing and browsing pressure in relation to forage
availability at landscape scale are shown (,,utilization rates”, Figure 3). Grazing and browsing pressure
are the drivers of succession dynamics in the vegetation. Browsing pressure on tree species is relative
to their species-specific digestibility (attractiveness) (Kuijper et al. 2010).

In regards to the simulated habitat use, both grazing and browsing behavior evoke plausible patterns
of habitat use. Grazing activity is limited to the open landscape area and forest gaps due to their
preferred habitat use behavior. In these open habitats, the utilization rates and therefore pressure on
the herbaceous vegetation are intensive (dark tone). Although, as shown in the distribution pattern of
herbaceous forage (Figure 3), the forage quality of understorey vegetation in the forest area is higher
(darker tone), than the overall quality of herbaceous forage in the open landscape. Which is due to the
dominance of low qualitative fallow vegetation in the open landscape, but high qualitative understorey
vegetation in the mixed oak forest (see Chapter 1.3.2 for productivity of herb layers). Hence, the
simulated processes of grazing behavior are plausible, because selected habitat use and forage quality
correspond with observed data (Kohler et al 2005).
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In regards to browsing, the habitat use is, except for the central drought stressed shallow soils, nearly
evenly distributed among the complete landscape. Whereas browsing activity indicated by the
utilization rate, is higher in the open landscape area (darker tone) than in the forest area. According to
the distribution pattern of overall browse forage availability, browse is higher in the forest area (cover
of tree saplings) than in the open landscape (cover of shrubs).

However, in regards to the digestibility of this browse forage, available attractive browse is more
coarse and reduced to numerous small patches in the forest and open landscape area. Although the
cover of saplings is high on drought stressed shallow soil, the attractiveness of browse forage triggers
the simulated habitat use of browsing. According to the digestibility of pioneer tree species (e.g. birch,
poplar) and shrub (heath) in the open landscape, the utilization rates for browsing intensity are higher
(darker tone) than in the forest area (e.g. beech, oak, see tree species-specific digestibility values) and
on drought stressed shallow soils. The simulated processes of browsing behavior are plausible, because
they correspond to observations that browsers select forest patches with attractive woody species.

Edaphic heterogeneity played a role for browsing and grazing. In terms of grazing, on shallow soils
there was a scarcity of qualitative herbaceous forage. In terms of browsing cover of attractive
hornbeam was low and of unattractive pine high on shallow soils. Although there was plenty of woody
forage in thin canopy cover forest on shallow soils, the digestibility (attractiveness) determined habitat
use of browsing.

Simulation of the completed herbivore community resulted in a plausible reproduction of grazing and
browsing processes. Plausible patterns generated from databased process formulations and
parametrizations: grazing pressure was habitat selective according to vegetation structure (open
habitats), and browsing pressure according to digestibility of woody species. According to the
complete landscape, consumption rates of herbaceous and woody forage remained beneath 42%,
which is less than in extensive grazing grassland systems (60%). Simulated utilization rates correspond
to observation at the study site in in autumn 2015 ,there was plenty of forage left and though
herbivore effects were obvious in the vegetation” (P. Nitschke, pers. comm.).

Productive Poor Fallow Herbaceous Habitat use  Utilization
grassland grassland grassland forage rate

. n .
L -

Shrub Tree saplings Browse Digestible Habitat use Utilization
browse rate

Habitats

Grazing

kY

Browsing

Figure 3 Availability of herbaceous and woody forage in the forest-edge landscape in simulation year 2015 and
its utilization for grazing and browsing by herbivores. Herbaceous forage is expressed in kilograms dry matter
per year and estimated from the herb layer vegetation types productive, poor and fallow grassland (refer to
Table 3). Browse and digestible browse are expressed in kilograms dry matter per year and estimated from shrub
and sapling cover (refer to chapter 1.3.3). Darker tones indicate higher cover, more biomass or longer residence
time per habitat. Note that herbaceous forage is more in forest, because fallow vegetation in the open landscape
is poor in quality (Luzulo-Quercetum vs. Rubo-Calamagrostietum epigeji, Table 3).
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1.3.5 Initial clear cutting of forest

Initial clear cutting was modelled according to the established submodel of forest management (Gillet
and Peringer 2012). Initial clear cutting causes the removal of 100% cover of old trees, 80% of young
trees, and marginal disturbs shrub cover. Therefore, the stand structure is opened top-down. Thus,
clear cutting evokes increased light-availability for grassland communities and established saplings and
seedlings. Clear cutting is simulated in 50% random grid cells in the simulation year 2020 AD. This
disturbance extent leads to combined effects: clear cutting in neighboring grid cells is realistic in terms
of efficiency; enough undisturbed forest patches remain in order to guarantee habitat continuity for
forest species. Thus, enough large open patches are generated to facilitate pioneer tree species, which
are attractive for browsers.

Clear cutting plausibility check

Figure 4 shows the effects of clear cutting on the forest structure (habitat mosaic) and the cover of
tree species after 10 years of regeneration succession.

The decrease of 80% tree cover to 46% tree cover induced to the development of 50% semi-open
habitats while 47% of dense forest cover remained (habitat continuity). Early successional tree species
like pine, birch and poplar already after ten years reached their former cover and cover of beech,
hornbeam and oak remained low.

Altogether, we successfully simulated a realistic disturbance impact and a realistic regeneration
succession. From a reviewer of the current publication about herbivore-disturbance-interactions in
wooded pastures (Peringer et al. 2017) it was additional stated that these simulated disturbance
patterns seem realistic. The effect of forest opening on habitat use of grazing and browsing also are
plausible. In Figure 14 in Scenarios 3.2 and 3.4 at time step 2030 AD, habitat use is higher in forest
gaps as it is common for wild large herbivores.

Habitats Tree cover Beech Hornbeam Pine Birch Poplar
0/0/3/2/95 80% 11% 12% 5% 6% 3%
9% 8% 6% 5% 2%

Figure 4 Clear cutting impact on closed forest. Top: Simulated forest composition and habitat distribution in 1990
AD after the model spin-up. Bottom: Simulated forest composition and habitat distribution in 2030 AD, ten years
after the 50% clear cutting in 2020 AD. Refer to Table 1 for definition of habitat types and to Figure 13 for a color
legend.
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1.3.6 Wildfire spread and impact on herb, shrub and tree layer

According to the climate time row, climate conditions will change in terms of a rapid acceleration of
temperature and a shift of the precipitation period to the winter half-year. Precipitation during winter
will rather be of rain than snow due to the temperature increase (Main document, Figure 11).
Decreased precipitation during the vegetation period will enhance drought stress and decrease plant
tissue moisture especially for deciduous tree species (leaf-shedding before winter). Generally, the
overall temperature increase and drought stress during the vegetation period, increase the potential
for wildfire occurrence. In the last years, a number of small-scale wildfires occurred at the study site
“Doberitzer Heide” (pers. comm. J. Firstenow, 2016). Due to the lack of precise documentation of the
last wildfire-events at the study site, we base our calibration of wildfire ignition to observations at a
study site in Northeastern Germany (pine forest, “KaarBer Sandberge” in 2009) where reference data
was available (Naturwalder Niedersachsens (Meyer 2006)).

Wildfire modelling

In simulations, the occurrence and intensity of a wildfire event are determined by the monthly aridity,
and the distribution of quantitative plant fuel loads from the tree, shrub and herb layer. Although in
terms of wildfire intensity and spread, the vegetation structure plays an important role, because shrub
or saplings facilitate soil fires to reach tree crowns by the so-called laddering effect (Hobbs, 2006), we
only simulate soil surface wildfires due to the lack of available observation data for calibration.
General, there was a lack of observation data in relation to northeast German site conditions. For the
calibration of wildfire processes and interactions of large herbivore-wildfire dynamics we refer to
observations in disturbance driven ecosystems in the Mediterranean, savanna systems and in the USA
(Moreira et al., 2011, Seidl et al. 2011). From all of these reference data, we modelled the threshold
for wildfire ignition, the minimum of quantity of fuel loads and the potential wildfire impact on
vegetation succession in the tree, shrub (e.g. mortality) and herb (e.g. transformation rates) layer in
order to simulate soil surface wildfires.

We used the monthly aridity index as a threshold for wildfire ignition. We assumed that relative air
humidity (fire index of the DWD, <40% air humidity) or the aridity index were potential indicators for
wildfire ignition, and compared these climate values for the ignition months in 2009 between the study
sites “Doberitzer Heide” and “KaarRer Sandberge” (Meyer 2006, main document Chapter 7.5.3). In
months of aridity, the evapotranspiration is higher than the precipitation. We therefore set a threshold
for maximum aridity at the value 30 of the driest month to allow wildfire ignition during simulation
runs. If this threshold is reached then in 15% of all grid cells wildfire ignition is simulated. These local
wildfires can spread to the neighboring grid cells, if these provide enough plant fuel loads.

As the occurrence of wildfire in simulations is determined by the combined conditions of aridity and
minimum quantity of plant fuel loads, we set a threshold for minimum fuel cover to start wildfire.
Furthermore, this threshold is relevant to simulate large herbivore-wildfire interactions, because large
herbivore grazing activity reduces plant biomass and hereby evokes fuel breaks in the herb layer. We
consider a threshold of 70% minimum fuel load (plant biomass) to be a quite high value, but by this
we enhance that grazed and browsed patches function as fuel breaks for wildfire spread, because
they contain less herbaceous (e.g. fallow) and woody (e.g. seedlings, shrubs) fuel loads. By this the
herbivore-fire-feedback (Hobbs, 2006) is simulated, which describes that grazed patches can inhibit
wildfire spread. Further, we simulate a higher flammability for the vegetation and undecomposed litter
on drought stressed shallow soils.

According to observations from Hobbs (1996), grazing activity of large herbivores is high in burned
patches, because there is a temporal increase in forage production. We simulate this large herbivore-
wildfire feedback in that there is an increase in transformation shift of 50% from burned fallow or poor
grassland to productive grassland, which represents the increase in forage quality and nutritional input
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released by the wildfire. This estimation of plant biomass increase bases on observations in burnt
patches (Schreiber et al., 2013, pers. comm. N. Stanik, 2016).

Simulated wildfire impact causes total (100%) destruction of tree seedlings and shrubs in burned
patches. In the case of young and adult trees, the response to wildfire intensity depends on tree
species-specific fire tolerance. We parametrized fire tolerance values according to LandClim
(Schumacher and Bugmann, 2006), but we additionally regarded tree species-specific traits (Moreira
et al 2011, Seidl et al. 2011). For example, we distinguished species-specific susceptibility for wildfire
based on species traits, e.g. oak and pine are more robust to fire than beech, because of thick bark, or
post-fire recover ability of oak and poplar of stem- or root-resprouting. Therefore, simulated wildfire
selectively disturbs tree species in the stand structure, because it does not randomly destroy all
individuals. In contrast to single tree-cutting wildfire impact is selective and has a bottom-up-effect
on the forest stand structure. Thus, in simulations wildfires evoke attractive grazing sites in burned
patches (Vinton et al. 1993), but for browsing burned patches are unattractive due to the destruction
of the shrub layer.

Wildfire plausibility check

In Figure 5, we show the results from the spin-up scenarios at the time steps 2009 and 2010 AD,
because in 2009 the wildfire ignition occurred at the reference data site “KaarRBer Sandberge”. We
simulated the spin-up scenario with a complete large herbivore community from 1900 AD on, to
receive a semi-open landscape pattern in order to investigate, if under recent climate conditions
simulated wildfire dynamics and large herbivore-wildfire interactions seem plausible in landscape
mosaics with dry heath habitats in Northeastern Germany. The forest community reproduced in the
spin up simulation is shown in detail in Chapter 1.3.1, and in the main document 7.5.4.

In the spin-sup scenario with wildfire regime and without a completed large herbivore community, the
landscape pattern in 2009 AD is represented by a dense forest. The wildfire event in 2009 AD evokes
the emergence of a scattered landscape pattern. Wildfire ignition in 15% random patches (cells) of the
forest landscape leads as well to the development of large compact burned areas and smaller burned
patches among the complete landscape (fire extent in Figure 5). Although the fuel loads are denser
on the drought stressed shallow soils, fuel loads are distributed evenly among the complete landscape.
However, fire extent is not only limited to the prescribed drought stressed shallow soils in which
flammability of fuel loads is higher. Heterogeneous site conditions (soil, moisture) which develop
during vegetation development evoke the scattered pattern of fire extent. According to post-fire
succession (2010 AD), the wildfire event opens densely forest resulting in an overall medium wooded
forest (< 50 % tree cover) and densely wooded islands of adult trees with high fire tolerance (compare
cover of pine in Figure 11 und low Sapling Cover in Figure 15). However, post to the wildfire event
there is no increase in open habitats of e.g. sparsely or treeless habitat types (Table 1).
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Figure 5 Simulated fire extent in 2009 AD (KaarRer Sandberge fire event) and impact on herb and shrub layer and
on landscape structure in year 2010 AD in a closed forest without herbivores and in a semi-open landscape that
emerged under herbivore presence since 1900. The maps demonstrate the successful modelling and calibration
of herbivore-fire-vegetation feedbacks. Darker tones indicate higher cover, for habitats refer to Table 1 and to
Figure 13 for a color legend.

In semi-open landscape generated in the spin-up scenario with wildfire and a complete large
herbivore community, the wildfire ignition (15% random cells) in 2009 AD evokes a scattered pattern
of burned patches that only occur on the drought stressed shallow soils (Figure 5). According to the
distribution of fuel loads in 2009 AD, landscape pattern is segregated into low cover of fuel loads and
productive grassland attractive for grazers on deep soils, and dense cover of fuel loads and no cover
of productive grassland on therefore unattractive drought stressed shallow soils. Therefore, the large
herbivore-wildfire feedback of grazing activity was realistically reproduced, because grazing activity
on deep soils decreased fuel loads locally and created fuel breaks for wildfire spread (“Productive
grassland”, “Sapling cover”, Figure 5). According to post-fire succession in 2010 AD, wildfire opens
dense sapling and fallow cover, and productive grassland increases in burned patches. Thus, former
unattractive shallow soils develop into attractive foraging sites, due to the successfully reproduced
large herbivore-wildfire feedback that grazers are attracted to burned patches due to an increase of
herbaceous biomass production. Post-fire succession slowed down by grazing and browsing activities
(attractive shrub forage). The combined effect of wildfire and large herbivore habitat use on landscape
openness on dry shallow soils, as simulated in the open landscape scenario (Scenario 1.6, 2200 AD,
Figure 13). Without wildfire, habitat use of large herbivores remained on the deep soils and facilitated
the emergence of a segregated landscape pattern in which dry shallow soils rapidly encroached
(Scenario 1.2, 2200 AD, Figure 13).

1.3.7 Stochastic woody plant establishment from long-distance dispersal

During the colonization of open land by woody species, outpost-tree colonization is the
complementary process to neighborhood encroachment. The long-distance dispersal pathways that
underlie outpost-tree colonization are anemochory and zoochory. Both generally lead to scattered
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deposition of low seed numbers, from which isolated shrubs and trees emerge with low establishment
probability in a single year (long-term observations of Peringer and Rosenthal on Alnus glutinosa
establishment on extensively grazed fens). These isolated shrubs and trees appear to emerge
stochastically and play an important role for the course of ongoing succession. They form nurse
structures for tree sapling establishment (Smit et al. 2007), attract the seed deposition by zoochory
beforehand (Bakker et al., 2016) and form the nucleus of patches of woodland in a predictable way,
because of high seed densities in the crown shadow of mother trees and from vegetative reproduction.
In cases where outpost-tree colonization fails, grasslands can remain treeless for many decades (long-
term observations of Rosenthal in fen grassland).

Modeling of outpost-tree colonization

In the context of the model, outpost-tree colonization was dealt as a stochastic process that mimicked
the individual life history of tree seedlings. Establishment probabilities were derived from the average
numbers of established seedlings per year based on the calibration of seed dispersal on sink velocity
of seeds in previous studies (Peringer et al. 2015). The formulation of the establishment process was
modified following the individual life-history approach in Peringer and Rosenthal (2011). This approach
was successfully validated after parameterization with exclusively field data (no calibration of a black-
box process) and comparison against observed landscape patterns.

The establishment probabilities for tree and shrub seedlings beyond the neighborhood of mother
trees, i.e. after long-distance dispersal into grid cells that are not adjacent to the cell of the mother
tree, were derived from a dispersal function following the power law with a negative exponent (Bonn
and Poschlod 1998, Figure 6).

recruitment

Figure 6 Dispersal of seeds of mature trees among grid cells following Peringer et al. 2015. On site recruitment
Rt is about 3 tree seedlings of 3 years age per year for most tree species. The reducer R is calibrated on sink
velocity of seeds and ranges in between 10 (for widely dispersing birch) and 100 (for heavy fruited beech and
oak). Consequently, long distance recruitment has high a probability for pioneer tree species and a low
probability for late successional beech and oak.

Woody plant establishment plausibility check

The resulting establishment patterns for shrubs, pioneer and late successional tree species were
demonstrated in the open landscape scenario without herbivores (Sce. 1.1) that showed woody plant
colonization on grassland from exclusively long-distance dispersal (no tree seedlings were present in
the landscape at simulation start).

For the first decades since abandonment of military use in 1990 AD, woody plant succession was run
by shrub, poplar and birch, some pine and even some grid cells were colonized by oak (Figure 7). This
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development fitted to the observed patterns of broom-colonization in the “GroRe Wiiste” (Doberitzer
Heide) and to the spread of poplar and birch in the “Oranienbaumer Heide” (Hopf 2017). Stochastic
shrub establishment led to patchy colonization patterns that realistically mimicked patchy
distribution of heath and broom (personal observations in the Oranienbaumer and the Déberitzer
Heide).

Tree cover Beech Hornbeam Oak Pine Birch Poplar Shrub
B g e
] T o,
I'll‘ll'\-h. ':::r .
':k‘-rl‘
b
4% 0.00082 % 0.01% 0.08% 0.4% 0.9% 3% 18%

Figure 7 Spatial distribution of tree species and shrub in the open landscape scenario after 27 years of
abandonment succession in calendar year 2017 (following Sce. 1.1). Tree species maps show the cover times 10
(color range covers 0 - 10% instead of 0 -100% of the maps in the appendix, Figure 16). The maps for tree cover
and shrub show 1-100% cover.

In the long-run, the stochastic nature of outpost-tree colonization revealed the importance of the
initial floristic composition for successional pathways and patterns. Late successional oak formed part
of the colonization process from the early beginning, at least in low numbers. After centuries, the
scattered appearance of oak determined the distribution of oak stands in the pine-dominated forest.
For the early successional species, the same accounted. Altogether, a realistic patchy mixed forest
community emerged, determined where tree species established first in high density (Figure 16).

The interaction between outpost-tree colonization and herbivores was demonstrated in the open
landscape scenario with herbivores (Sce. 1.2 in Figure 16). The semi-open landscape development
driven by herbivore pressure led to clumped woodland-patches with a core of oak and fringes of
formed by light demanding species (birch, poplar and pine). This distribution fitted to the patterns of
scattered oak distribution in the Spanish dehesas (Plieninger et al. 2003) and to the woody plant
establishment dynamics driven by nursery effects described in Oostvaardersplassen (Smit et al. 2007,
Vera 2009).

1.3.8 Tree and shrub mortality from natural decay

The mortality of old trees is a key process during the adaptation of forest communities to climate
change (recent work of the Bugmann-group at ETHZ). Put into the context of regressive succession
driven by large herbivores, forest gaps are preferentially grazed and browsed and therefore the die-
off of old trees conditions the future structure of semi-open landscapes, when gaps are enlarged to
glades by herbivore pressure.

The decay of shrubs (heather and broom) provides windows of opportunity for the establishment of
light demanding pioneer species inside thickets of old branches. Here saplings are protected from
browsing and do not suffer from resource competition with the shrub itself.

The factors that drive the mortality of tree and shrub are hard to estimate from environmental

conditions such as drought. The resulting die-off is often delayed for years to the occurrence of

stressors and is often the consequence of the cumulative influence of several factors, e.g. insect attacks

on trees weakened by drought (Heurich 2001). We therefore modelled tree and shrub mortality as a

stochastic process related to the approximated maximum age of the dominant late successional tree

species (about 400 years for Quercus petrea) and of shrubs (about 50 years for heather and broom).
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Modelling of tree and shrub mortality

For trees, we simulated a yearly creation of gaps in the forest canopy in 0.25% of the landscape
(number of grid cells respectively). The gaps were stochastically distributed and had an average return
interval of 400 years. All big trees were removed and the topmost tree layer was cleared. Thereby, the
size of one grid cell (625 m2) was within a reasonable and typical range for gaps (Schliemann and
Bockheim 2011; Zeibig et al. 2005). We neglected the tree species-specific maximum age and a gradual
die-off and crown loss of overaged trees.

For shrubs, we simulated a yearly die-off in 2% of the landscape (number of cells respectively). The
mortality was also stochastically distributed and had an average return interval of 50 years. Following
a mortality event, only 50% shrub cover was removed in order to consider a partial vegetative
rejuvenation of large shrub individuals.

Tree and shrub mortality plausibility check

Stochastic tree mortality led to a realistic distribution of gaps in the forest canopy that were in different
stages of gap closure at the end of the spin-up simulation (various tones of green in the tree cover map
in Abschlussbericht: Abbildung 12). We use the spin-up simulation for plausibility check, because it
started with 10 seedlings of all tree species being present in the landscape. Therefore, stochastic
establishment played a minor role in pattern formation, which is dominated by light competition and
gap creation. These processes finally led to a realistic heterogeneous forest landscape consisting of
stands with different composition. Oak, beech, hornbeam and the more light demanding pine, birch
and poplar intermix in patches where their relative cover varies.

The heterogeneous distribution of gaps and tree species was important for patterns of regressive
succession driven by herbivores, because both conditioned their habitat use. Simulated grazing in
forest was mainly determined by gaps (refer to “Grazing” in Figure 3). To the contrary, browsing was
partly independent to gaps but also corresponded to the distribution of hornbeam, which is highly
preferred (compare the browsing pattern close to the watering point in Figure 3 to the distribution of
hornbeam in Figure 16, Sce. 2.2 at time step 2030 AD). Whereas gap creation is a stochastic process,
browsing was conditioned by tree species distribution. As a consequence, the emergence of glades
from herbivore pressure partially match for repeated simulations (compare scenarios 3.2 and 3.6 at
time step 2030 AD in Figure 13 when no fire occurred yet).

For shrub mortality, we had no reference pattern at hand. Moreover, shrub decay during the course
of succession was driven by light competition with pioneer trees and therefore followed their
establishment pattern (Sce. 1.1 in Figure 16).
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2 Results in detail
2.1 Arrangement of trajectories and maps

From the plenty of model output we elaborated maps of the state variables of vegetation and plotted
trajectories of these state variables after aggregation over the entire landscape. We complemented
the maps and trajectories with a set of derivative variables that are important to understand the
emergence of certain patterns, such as the spatial habitat use of herbivores for progressive and
regressive vegetation succession. The spatial distribution of habitat types derived from tree cover and
an index that captures landscape structural diversity (landscape aggregation index AlL after He et al.
(2000). The AlL is also used to describe the spatial distribution of habitat types ranging from clumped
and aggregated to disperse and disaggregated. Table 6 allocates the variables to the figures.

Table 6 Major model state variables, derivatives and figures that show corresponding maps and trajectories.

Variable Maps Trajectory
Tree species cover Figure 16 Figure 11
Herb layer vegetation types cover Figure 15 Figure 12
Habitat types Figure 13 Figure 9

Landscape aggregation index - Figure 9

Aggregation index for habitat types - Figure 10
Habitat use of herbivores Figure 14 -

The trajectories of habitat development (relative cover of habitat types as defined in Table 1) and of
landscape-structural diversity are shown first for their overview to successional patterns, i.e. periods
of progressive or regressive succession, fluctuations, disturbance impacts and the development of
habitat mosaics. The trajectories of tree species cover are shown second, because the spatial
population dynamics of tree species explain landscape structural change. The trajectories of the cover
of vegetation types in herb layer are shown third for their indication of the nature conservation value
of open landscape habitats. All figures with trajectories are arranged to compare scenarios in rows and
the presence or absence of herbivores in columns.

We show maps of habitat development and of habitat use of herbivores here and we provide detailed
maps on the composition of the herb and tree layer.

2.2  Landscape development without large herbivore community

In simulations of the open landscape scenario without a large herbivore community or disturbances
(Scenario 1.1), initial landscape openness was lost until the end of the Century and tree encroachment
by pioneer tree species (birch, poplar, pine) and single oak was high (Figure 13 and Figure 16). In
simulations of the forest scenario without a large herbivore community or disturbances (Scenario
3.1), initial dense forest maintained throughout simulation time. Climate change-drought stress
induced the decrease of beech and hornbeam to the dominance of pine and oak, but only temporally,
forest cover thinned out (Figure 9 and Figure 11). Overall tree cover remained at more than 50%, and
(semi-) open habitats were missing in the landscape.

In simulations of the forest scenario with initial clear cutting (Scenario 3.3), after a few decades tree
regeneration lead to dense forest stands of early- and late successional tree species (Figure 13 and
Figure 16). Initial clear cutting facilitated a change in the tree species community (compare Scenario
3.1, Figure 11). Generated landscape openness was lost in the long-term. Already at the end of the
Century, the landscape pattern referred to the landscape pattern in the forest scenario without
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disturbance (Figure 9). Thus, to the only difference, that forest canopy cover closed slower on shallow
soils (Figure 13).

In simulations of the forest scenario with natural wildfire (Scenario 3.5), not until the mid-century
wildfires occurred, from 2050 AD on (moderate climate change scenario rcp4.5, main document Figure
11). Until 2100 AD, wildfires opened dense forest and decreased tree cover at landscape scale.
Landscape pattern increased in patchiness with mosaics of less than 50% tree cover (Figure 13). Shrub
encroachment (heath, broom) initiated post-fire succession, but after a decade dominating pine
replaced shrub cover (Figure 11). In the open landscape scenario with wildfire (Scenario 1.5), wildfires
inhibited the closure of canopy cover in the pioneer forest and limited progressive succession of oak
and birch (Figure 11 and Figure 13). Wildfires facilitated pure stands of pine forest and shrub cover was
limited to the understorey (Figure 16). Similar in the open and forest scenario (Scenarios 1.5 and 3.5),
wildfires enhanced a shift in the forest community towards the dominance of fire-tolerant pine (until
2150 AD). Thus, semi-open habitats with less than 50% tree cover were lost in the long-term (Figure
9). The understorey of pine forest provided habitat requirements for shrub species like heath (Figure
13).

In simulations of the forest scenario with initial clear cutting and natural wildfire (Scenario 3.7), the
combined impact of disturbances generated semi-open landscape from 2050 AD onwards. Post-fire
tree regeneration in burned patches was high and landscape openness was lost until the next wildfire
event in 2080 AD. In the long-term, a similar landscape patterns emerged as in the forest scenario only
with natural wildfire (compare Scenarios 3.5 and 3.7, Figure 9 and Figure 13).

Altogether, the simulations of landscape development without a large herbivore community showed
that landscape openness was lost in the long-term. Pine dominance under future climate conditions,
was not inhibited by natural wildfire and/or initial clear cutting, thus wildfires even enhanced the
dominance of fire-tolerant pine. Natural wildfires only temporally generated (semi-)open habitats and
burned patches rapidly encroached with shrub and tree. In wildfire simulations, forest opening shifted
at spatio-temporal scales, and random wildfire ignition determined the pattern of burned patches (e.g.
lightning stroke in forests). In these landscape scenario simulations with strong shifting-mosaics, there
was no habitat continuity for light-demanding forest species. According to species of the open
landscape, wildfires only temporally increased habitat requirements for shrub species in the
understorey (heath). However, not for target grassland species from the open landscape, but rather
habitat requirements for fallow grassland (Calamagrostis spec.).

2.3 Landscape development under completed large herbivore community

In simulations of all landscape scenarios with the completed herbivore community (Scenarios 1.2, 2.2
and 3.2), habitat use of large herbivores maintained semi-open habitats and even opened forest
(Figure 13). Large herbivore habitat use maintained tree species diversity and controlled the
dominance of climate change- facilitated pine. Long-term tree species diversity with oak, birch, poplar
and pine was conserved (Figure 16). Despite simulated low herbivore density, landscape mosaics of
grassland patches with species common for extensive grazing systems evolved and landscape patterns
provided habitat requirements for target species of the open landscape in the long-term (Figure 12
and Figure 15).

In simulations of the open landscape and forest scenarios with the completed herbivore community

(Scenarios 1.2, 2.2 and 3.2), long-term landscape patterns generated a segregated landscape pattern

in which unattractive foraging sites on shallow soils encroached (Figure 13). Poor grasslands on shallow

soils were lost and densely wooded habitats increased from 2125 AD on (Scenarios 1.2 and 3.2, Figure

9). In all landscape scenarios, habitat use of grazing and browsing triggered patches of tree less

habitats on deep soils, which provided habitat requirements for grassland species from the open
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landscape (Figures 9, 12, 13 and Figure 15). However, simulated landscape dynamics were negative for
species from dry and poor grasslands, due to their habitat loss during landscape segregation.

In the forest scenario with initial clear cutting (Scenario 3.4), long-term landscape patterns also
developed a segregated pattern (Figure 13). However, on attractive foraging sites, seedlings and
saplings (post-disturbance succession) responded more sensitive to browsing activity than old trees
would, therefore tree less patches developed faster in this scenario (compare Scenarios 3.2 and 3.4,
Figure 13).

In simulations of the open landscape and forest scenarios with the completed herbivore community
and natural wildfire (Scenarios 1.6, 2.6 and 3.6), long-term interactions between large herbivore
habitat use, vegetation dynamics and wildfire occurrence inhibited the segregation of landscape
pattern. Accumulation of plant fuel load on foraging unattractive shallow soils was high (also
undecomposed litter on dry soils). Flammability and fire proneness was high on shallow soils and thus,
wildfire occurrence (Figure 5). In all landscape scenarios with natural wildfire (Scenarios 1.6, 2.6 and
3.6), from 2050 AD onwards, wildfires opened forest canopy and in burned patches habitat use of
browsing and grazing maintained poor grasslands on shallow soils (Figure 9 and Figure 13). Habitat use
of grazing on deep soils generated tree less habitats that functioned as fuel breaks for wildfire spread.
On deep soils, tree species diversity of oak, poplar and birch remained while pine only dominated on
fire prone shallow soils (Figure 16). Similar to landscape scenarios without a large herbivore
community, birch-poplar-oak forests on deep soils did not provide habitat requirements for shrub
(heath, broom). However, in burned patches within the pine forest on shallow soils shrub temporally
maintained in the understorey (post decades to wildfire events).

In simulations of forest scenarios with natural wildfire and initial clear cutting (Scenarios 2.8 and 3.8),
habitat use of grazing and browsing in clear-cut forest patches inhibited progressive tree regeneration.
Thus, habitat requirements and continuity for species from the open landscape established (Figure 12).
In the long-term (until 2100 AD), overall landscape structural diversity was high due to the slowed
progressive post-disturbance succession triggered by large herbivore habitat use (compare to
Scenarios 2.7 and 3.7, Figure 9).

Landscape dynamics with the completed large herbivore community and wildfire correspond to the
pine forest-heath-fire cycle observed in the “Nemitzer Heide” (Lower Saxony). Back in 1975 in the
“Nemitzer Heide”, large-scale pine forest burned down completely (original planted end of the 19th
Century). Post to the removal of dead wood, heath community regenerated from the soil seed bank at
large scale (relict from former heath management). Until today, sheep grazing as a maintenance
measurement has conserved the heath communities and pine colonization in the open landscape is
very low (Figure 8). Our simulations of the open landscape scenario (Scenario 1.6) reproduced the
stabilization of landscape openness in burned pine forest, and the initial post fire-succession of shrub
(heath) and the colonization of pioneer tree species. In relation to a treeless landscape state as in the
“Nemitzer Heide” after the removal of dead wood, in our simulations landscape patterns increased in
patchiness after 40 years. Landscape patches of shrub (heath) and pioneer species of birch and poplar
evolved in 2030 AD (Figure 16). Simulations of the forest scenario (Scenario 3.6) reproduced
progressive post-fire succession of shrub in burned pine forest in 2500 AD (Figure 16). Moreover, in
the forest scenario without natural wildfire or the completed herbivore community, the model
indicated increased heath regeneration after removal of old trees independent of simulated wildfire
and herbivore habitat use (2030 AD, Figure 16).
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Figure 8 The “Nemitzer Heide“ in Lower Saxony during heath (Calluna vulgaris) flowering time. It is a semi-natural
habitat complex with heath communities on dry sandy soils at large scale. Which developed post to a pine forest
fire in 1975. Image: Christian Fischer, August 27, 2014.

In summary, in simulations of the forest scenarios with the completed herbivore community (Scenario
3.2) large herbivore habitat use thinned out forest. In addition, in scenarios with initial clear cutting
and natural wildfire (Scenarios 3.4 and 3.6), interactions between large herbivore habitat use and
disturbances maintained landscape openness in disturbed patches. However, simulations of the forest
edge scenarios (Scenarios 2.4) indicated a long legacy effect of the initial landscape segregation
(forest edge) though simulated impact of clear cutting. Simulations showed that current forest stands
remained forest stands, but with thinned out canopy cover and current open landscape remained open
at least on forage attractive deep soils. In the forest edge scenarios, a shifting mosaic cycle at landscape
scale did not occur. Because, despite clear cutting, progressive tree regeneration remained high in
stand structures with high diaspore amounts and low herbivore habitat use. Only in the close vicinity
to the attractive watering point in the southern landscape part, the forest edge opened (“broken”).
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Figure 9 (including the following two pages) Trajectories of the relative cover of habitat types (defined in Table
1) and of landscape-structural diversity (indicated by the landscape aggregation index AlL) for all scenarios. Index
values of AIL towards zero indicate landscape disaggregation and heterogeneity, whereas values towards one
indicate simply structured aggregated patterns. In this figure, the open landscape scenario pathways are shown.
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Figure 9-continued Forest edge scenario
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Figure 10 (including the following two pages) Trajectories of the landscape aggregation index (AIL) specific for
the habitat types for all scenarios. Index values of AIL towards zero indicate habitat disaggregation and
heterogeneous distribution, whereas values towards one indicate simply structured aggregated patterns. In this
figure, the open landscape scenario pathways are shown.
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Figure 10-continued Forest edge scenario
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Figure 11 (including the following two pages) Trajectories of woody species cover for all scenarios. Note that y-
axis does not reach 100%, because oak and pine forests have naturally thin canopies. Woody species are beech:
Buche (Fagus sylvatica); hornbeam: Hainbuche (Carpinus betulus); oak: Traubeneiche (Quercus petraea); pine:
Waldkiefer (Pinus sylvestris); birch: Hangebirke (Betula pendula); poplar: Zitterpappel (Populus tremula); shrub:
Heide (Calluna vulgaris) und Ginster (Cytisus scoparius). In this figure, the open landscape scenario pathways are
shown.
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Figure 11-continued Forest edge scenario

34



Herbivore community

Scenario
pathways None Completed
3.1 3.2
0.75 0.75
[0}
(8]
[
-‘EU § 0.5 0.5 -
>
= (@]
3 © 025 | 0.25 -
o
= o ~—~——— | \ I—
0+ 0+ e
2000 2100 2200 2300 2000 2100 2200 2300
3.3 3.4
0.75 0.75
o
£
£ § 0.5 - 0.5 -
Ll 8 o
i © 025 0.25
(@]
AQLN —
0 e A 0 e e
2000 2100 2200 2300 2000 2100 2200 2300
3.5 3.6
0.75 0.75
= 0.5 - 0.5 -
[N,
© 025 | 0.25 -
2000 2100 2200 2300 2000 2100 2200 2300
3.7 3.8
0.75 0.75
oo
o 0.5 - 0.5 -
) § ] ' ’
£33
© © 025 - 0.25 -
° (b
0+t R  anaml o,m
2000 2100 2200 2300 2000 2100 2200 2300
Calendar year AD Calendar year AD
e==Shrub  ===Birch Poplar Ping e==Qak e==Hornbeam ===Fagus

Figure 11-continued Forest scenario



Scenario Herbivore community

pathways None Completed
1.2
1
()
(8]
c
1Y —
5 g 05
2 S '
©
o
=4
[ I o e e o o e e B o B B o e R 0 +—rrr—rr T
2000 2100 2200 2300 2000 2100 2200 2300
1.5 1.6
1 1
o )
s 3 051 05 -
|
0 LALINL L L L L L L L B L L L L L L L L L L L B L B | 0 ‘“"““\““““‘\““““‘1
2000 2100 2200 2300 2000 2100 2200 2300
Calendar year AD Calendar year AD
Meadow Lawn e=rFallow ===|Jnderstorey

Figure 12 (including the following two pages) Trajectories of the cover of vegetation types in herb layer for all
scenarios. For the definition of herb layer vegetation types refer to Table 2. In this figure, the open landscape
scenario pathways are shown.
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Figure 12-continued Forest edge scenario
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Figure 12-continued Forest scenario
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Figure 13 (including the following two pages) Landscape-structural change in terms of the spatial distribution of
habitat types (refer to Table 1) during scenario simulations. The maps show the initial states (1990 AD), short-
and medium-term developments (2030 and 2050 AD), the development until the end of the climate change
scenario and for approximately one tree generation (2100 AD) and long-term projections under end-of-2100-
climatic conditions that aim to pinpoint successional trends after up to five tree generations (2200, 2300 and
2500 AD). In this figure, the open landscape scenario pathways are shown.
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Figure 13-continued Forest edge scenario
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Figure 14 Dynamics of grazing patterns in the scenario simulations with herbivores. We show solely grazing and
skip browsing, because open landscape habitats depend on grazing rather than browsing.

42



Legend for cover of vegetation types and cover of browse matter, and mean density of herbivore activities

Productive Poor Fallow Understorey Grazing Browse Browsing
grassland grassland grassland
0 100% 0 100% 100% 100% 0 100 0 100 0 100

Figure 15 The following five pages show the phytodiversity of the herb layer (in terms of cover of vegetation
types), the cover of browse and corresponding habitat use of herbivores for grazing and browsing in all herbivore
scenarios including fire and clear cutting. The legend is shown above. Herb layer vegetation (“productive
grassland”, poor grassland”, “fallow grassland” and “understorey”) determines the amount and quality of
herbaceous forage and thereby herbivores’ habitat use for grazing (darker grey tones indicate more Individuals
* days per hectare in a grid cell). The amount and quality of woody browse was derived from tree sapling and
shrub cover and determines herbivores’ habitat use for browsing (darker grey tones indicate more Individuals *
days per hectare in a grid cell).
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Figure 16 The following ten pages show the tree species distribution and change for all scenarios. The legend is
shown below. Upper half of the page: absence of herbivores. Lower part of the page: with herbivores.

Legend for cover of each tree species
Shrubs Birch Poplar Pine Oak Ash Hornbeam Beech
100% 0 100% 100% 100% 100% 100% 100% 0 100%
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3 Methodological critique and uncertainty analysis

The simulated effects on open landscape driven by large herbivore habitat use and wildfire base on a
balance between tree dispersal and growth (progressive succession) and foraging- and disturbance-
effects on the vegetation (regressive succession). The parametrization of these parameters referred to
observed data, as far as possible. Nevertheless, in cases of lack of observed data or if process
formulations had to be strongly generalized, deductions and estimations had to take place. Therefore,
in the following we discuss remaining uncertainties from major processes, parameters and plausibility-
checks that were documented in detail in the methods.

3.1  Establishment and growth of woody species

The parametrization of tree establishment and tree growth mainly determines the succession
dynamics in the open landscape (progressive succession, e.g. encroachment). As well does the
regeneration potential from browsing and wildfire (regressive succession). Therefore, the
parametrization of the tree species-specific growth potential determines the development of open
landscape under browsing pressure. The parametrization of tree species-specific dispersal behavior
and competitive strength determines a realistic forest development in the open landscape (e.g.
pioneer” followed by shade-tolerant species). Further, it determines the simulation of a realistic
regeneration from wildfire and a realistic long-term forest community.

Growth strength of woody species

The spin up simulation reproduced a forest community with oak as the dominant species accompanied
by beech and hornbeam. Additional, pioneer species like birch, poplar and pine occurred. Already after
200 simulation years, the spin up reproduced a dense cover of seedlings representing this realistic
forest community. Therefore, the parametrization of tree species-specific growth strength tends to be
strong, especially because oak growth and stand development are relative slow at time scale.

Altogether, in simulations, the model overestimated the growth strength and regeneration potential
of oak in regards to forest disturbance and herbivore browsing. Generally, this is also true for the
growth strength of other simulated tree species, because the relation among tree species-specific
growth strengths determines the (realistic) forest community.

Dispersal of woody species

Simulations of the forest development in the open landscape scenario (Scenario 1.1) under impact of
the common herbivore community showed a realistic successional pathway and colonization pattern.
Colonization was initiated with shrub (heath, broom), followed by birch, poplar, and pine. In addition,
oak individuals occurred already early, but developed no stand structures yet (Figure 7). Tree species-
specific dispersal behavior and growth strengths under fluctuating climate conditions determine
phases of colonization. The simulations results of the plausibility check reproduced realistic
colonization patterns in the open landscape, which correspond to time series of observed climate data
and support the assumption that the process of tree establishment was parametrized realistically. We
therefore expect that the in simulations the model overestimated colonization of woody species in the
open landscape.

Generally, drought stress during the vegetation period can lead to failures of tree establishment
(number of seedlings and juveniles, observation data, Hopf 2017). In regards to climate change-driven
drought stress, it can be expected that in case of an extreme climate change scenario, tree succession
dynamics in the open landscape will be slower than in our simulations. We only simulated a moderate
climate change scenario of rcp4.5, therefore our simulations overestimate future tree encroachment
in the open landscape and regeneration time from browsing and wildfire.
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3.2 Large herbviore density and foraging pressure, herbaceous forage supply, tree mortality

The relation between large herbivore density and forage supply determines the grazing and browsing
pressure on the vegetation at landscape scale. We did not simulate population dynamics, although
the populations have increased in the last years. However due to a lack of precise data, and lack of
data of population dynamics in mixed herds, we kept to the status quo density to avoid uncertainty. A
further increase in population sizes can be expected, also because it was observed that at the end of
2016 enough forage was still available at the study site (P. Nitschke, pers. comm.). The carrying capacity
of the study site is sufficient currently and therefore should not be the limiting factor for population
increases in the close future (compare estimation of forage supply in heath landscapes, oak and pine
forests Hofmann et al. 2008).

Regarding the productivity of the herbaceous vegetation, we neglect drought-driven productivity
decreases. Such climate change-induced effects on forage supply have been demonstrated in wooded
pastures in the Jura (Gavazov et al. 2013). In the future, it can be expected that drought stress will
increase during the vegetation period (Calanca 207, main document Chapter 7.5.3).

Regarding mortality of browsed woody species, the calculated browsing pressure (pressure variable)
was depreciated on one third. By this, the regenertaion potential of unbrowsed twigs and shoots was
estimated as relative high, because other specific aspects of browsing damage were neglected
(browsing on the head branch of conifers).

Altogether, regarding the underestimated future population sizes, the overestimation of herbaceous
forage and the low mortality of wooded species, in simulations the model underestimates the
herbivore effect on landscape openness.

3.3  Frequency of wildfires

In simulations, a high threshold value that related to the maximum monthly aridity determined wildfire
ignition. Observations of controlled burning experiments in landscape conservation, described that
under current climate conditions (e.g. drought) high standing biomass in the grassland showed a high
flammability and fire proneness. Therefore, simulation begin of a wildfire regime in the Ddberitzer
Heide could already be earlier than 2050 AD.

The high threshold value also evoked that the frequency of simulated wildfires decreased after 2100
AD (in comparison 2090 to 2100 AD, main document Figure 11). Altogether, simulations
underestimated the occurrence of wildfire and therefore also their effect on landscape openness.

3.4 Overview
The following processes have the tendency to be overestimated:

e Growth strength and growth time of tree species
e Tree and shrub establishment in the face of climate change
e Tree regeneration from browsing
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The following processes have the tendency to be underestimated:

e Foraging pressure on the vegetation (especially by increasing herbivore densities)
e Foraging pressure in times of forage scarcity (summer drought)
e Frequency of wildfires and begin of wildfire regime (occurrence)

Altogether, the progressive successional processes are overestimated and regressive successional
processes are underestimated. Consequently, the simulated effects on open landscape have to be
considered in a conservative manner. Because in face of increasing herbivore densities and of an
extreme climate change, one can expect more landscape openness.
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