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Abstract

Mountain forests are plant diversity hotspots, but changing climate and increasing
forest disturbances will likely lead to far-reaching plant community change. Projecting
future change, however, is challenging for forest understory plants, which respond to
forest structure and composition as well as climate. Here, we jointly assessed the ef-
fects of both climate and forest change, including wind and bark beetle disturbances,
using the process-based simulation model iLand in a protected landscape in the north-
ern Alps (Berchtesgaden National Park, Germany), asking: (1) How do understory plant
communities respond to 21st-century change in a topographically complex mountain land-
scape, representing a hotspot of plant species richness? (2) How important are climatic
changes (i.e., direct climate effects) versus forest structure and composition changes (i.e.,
indirect climate effects and recovery from past land use) in driving understory responses
at landscape scales? Stacked individual species distribution models fit with climate,
forest, and soil predictors (248 species currently present in the landscape, derived
from 150 field plots stratified by elevation and forest development, overall area under
the receiving operator characteristic curve=0.86) were driven with projected cli-
mate (RCP4.5 and RCP8.5) and modeled forest variables to predict plant community
change. Nearly all species persisted in the landscape in 2050, but on average 8% of
the species pool was lost by the end of the century. By 2100, landscape mean species
richness and understory cover declined (-13% and -8%, respectively), warm-adapted
species increasingly dominated plant communities (i.e., thermophilization, +12%),
and plot-level turnover was high (62%). Subalpine forests experienced the greatest
richness declines (-16%), most thermophilization (+17%), and highest turnover (67%),
resulting in plant community homogenization across elevation zones. Climate rather
than forest change was the dominant driver of understory responses. The magnitude
of unabated 21st-century change is likely to erode plant diversity in a species richness

hotspot, calling for stronger conservation and climate mitigation efforts.
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1 | INTRODUCTION

Protected areas are central to global biodiversity conservation
(UNEP-WCMC & IUCN, 2016; Watson et al., 2014). Within pro-
tected areas, local habitats are buffered against temperature ex-
tremes (Xu et al., 2022), species richness and abundance are higher
(Gray et al., 2016), and species sensitive to human land use find ref-
uge. A recent United Nations Biodiversity Conference set a target of
30% terrestrial area protected by 2030 (CBD, 2021); protected land
area currently stands at 16% (UNEP-WCMC & IUCN, 2023), high-
lighting the need for evaluating existing and planning new protected
areas. Changing climate and intensifying disturbances are likely to
catalyze species range shifts and local extinctions, threatening fu-
ture biodiversity even in areas where human land use is restricted
(Lawler et al., 2015; Parks et al., 2023). To meet biodiversity con-
servation goals, it is therefore critical to understand whether and
how much 21st-century change will affect species distributions and
communities within currently protected areas.

Mountainous regions are biodiversity hotspots because their
topographic and environmental heterogeneity create a multitude
of ecological niches within a relatively compact area (Kérner, 2004;
Stein et al., 2014). In Europe, for instance, hotspots of local forest
plant species richness are located in the northern and southern front
ranges of the Alps (Vecera et al., 2019). Yet, mountains are experi-
encing rapid environmental change, including widespread declines
in snow cover (Carrer et al., 2023) and enhanced warming relative
to the global average (Gobiet et al., 2014; Pepin et al., 2022). These
changes can catalyze shifts in species diversity and community com-
position, with some cold-adapted species experiencing range con-
tractions while others expand as climate conditions become more
favorable for them (Parmesan, 2006; Rumpf et al., 2018). In general,
high-elevation or high-latitude regions with adequate precipitation
such as alpine tundra, boreal forests, and temperate coniferous for-
ests are expected to increase in plant species richness with warming
(Sommer et al., 2010; Vellend et al., 2017). However, simultaneous
changes in multiple and interacting drivers, such as shifts in seasonal
patterns of local precipitation (Konapala et al., 2020) and increases in
forest disturbances with warmer and drier climate (Seidl et al., 2017),
complicate projections of future biodiversity in mountain areas.

In mountain forests, forest floor (i.e., understory) plants includ-
ing shrubs, herbs, grasses, and forbs underpin diversity, ecosystem
functioning, and ecosystem services (Gilliam, 2007; Kérner, 2004;
Landuyt et al., 2019). Herbaceous species outnumber trees by a ratio
of six to one in temperate forests (Gilliam, 2007). Understory plants
provide wildlife forage (e.g., Suter et al., 2004) and habitat (e.g.,
Baines et al., 2004), support nutrient cycling (e.g., Elliott et al., 2015),
sequester carbon (e.g., Dirnbock et al., 2020), and supply a variety
of benefits to people such as food, medicine, and scenic beauty.

Changes in these plant communities can therefore have cascading
effects on ecosystems and human livelihoods.

Anticipating change in forest floor vegetation is challenging be-
cause understory plants respond most directly to subcanopy condi-
tions mediated by forest structure and composition. For example,
dense forest canopies decrease forest floor light availability and
buffer temperature extremes (Bramer et al., 2018), creating condi-
tions suitable for forest specialists (Heinken et al., 2022). Forests are
likely to change, in part due to long-lasting, time-lagged legacies of
past human land use and management on forest density, composi-
tion, and disturbance probability in many regions (Burgi et al., 2017;
Stritih et al., 2021). Climate change will also alter forest trajectories
through warming- and CO,-induced increases in tree productivity
(McDowell et al., 2020), increases in abiotic and biotic forest distur-
bances (Seidl et al., 2017), and upward shifts in tree line (Hansson
et al., 2021). Together, direct effects of climate change (e.g., climatic
warming), indirect effects of climate change mediated by forest
change (e.g., increasing light availability at the forest floor due to
increasing disturbances), and legacies of past land use (e.g., a den-
sification of canopies with ongoing forest recovery or restoration
efforts) will interact to affect future forest floor vegetation.

To date, most projections of understory species only account for
the direct effects of climate change (Lembrechts et al., 2019), result-
ing in considerable uncertainty regarding the future of forest floor
vegetation and diversity. Some studies have begun to address this
knowledge gap by using current canopy cover or microclimate (e.g.,
near-ground temperature or moisture) as a proxy for future condi-
tions (Lenoir et al., 2017; Slavich et al., 2014; Stark & Fridley, 2022),
predicting understory communities under simple scenarios of over-
story cover change (Mod & Luoto, 2016; Naginezhad et al., 2022),
or coupling climate and simulated forest change to predict future
diversity (Thom et al., 2017). A central insight from these efforts is
that incorporating fine-scale microclimate or forest drivers alters
projections of future species distributions and persistence in ways
that cannot be predicted from climate change alone (Lembrechts
et al., 2019; Lenoir et al., 2017; Stark & Fridley, 2022). Yet, a syn-
thetic understanding of how forest structure and composition are
likely to change, how climate and forest change will jointly affect un-
derstory species distributions, and how individual species responses
will shape future forest floor plant communities remains unresolved.

Here, we explored how coupled 21st-century climate and forest
change interact to affect future forest floor plant communities in
an 8645-ha protected mountain forest landscape (Berchtesgaden
National Park, Germany; Figure 1), a hotspot of plant species rich-
ness in the northern front range of the Alps. Although protected in
1978, the forests in this landscape are still shaped by past legacies,
resulting from centuries of timber production and grazing, as well as
ongoing management activities in limited areas including ungulate
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FIGURE 1 (a) Map of Berchtesgaden National Park, showing forest types and location of field plots where understory and forest
inventory data was collected in 2021. (b) Location of Berchtesgaden National Park (pink star) in southeastern Germany. Map and data
credits: Natural Earth, Open Street Map, QGIS, Stamen Design. Map lines delineate study areas and do not necessarily depict accepted

national boundaries.

hunting, bark beetle mitigation, and forest restoration. We first fit
correlative species distribution models (SDMs) for 248 understory
plant species currently present in the landscape in response to his-
torical climate, forest, and soil conditions. Future forest overstory
change in the absence of management was then simulated under
contrasting climate and disturbance scenarios with the individual-
based forest landscape and disturbance model iLand (Seidl
et al., 2012; Seidl & Rammer, 2023). Using projected climate and
forest drivers as SDM inputs, we predicted emergent understory
plant communities from individual species responses. We asked:
(Q1) How do understory plant communities respond to 21st-century
change in a topographically complex mountain landscape, representing
a hotspot of plant species richness? We expected warmer tempera-
tures to increase average understory alpha diversity because this is
a cold-limited landscape (Vellend et al., 2017) and to lead to thermo-
philization of plant communities, indicated by increasing dominance
of species that prefer warmer temperatures (Gottfried et al., 2012;
Helm et al., 2017). We further expected more forest disturbances to
increase average understory cover due to higher light availability at
the forest floor (Halpern, 1989). However, we also expected to see
fine-scale variation in community change, such as decreasing cover
and diversity in areas where forest density and structural complex-
ity increase due to recovery from past management or disturbance
(Thom & Seidl, 2022). Finally, we expected to see greater changes

in community composition later in the 21st-century as climate de-
parts further from historical baselines. We further asked: (Q2) How
important are climatic changes (i.e., direct climate effects) versus for-
est structure and composition changes (i.e., indirect climate effects, as
well as recovery from past land use) in driving understory responses at
landscape scales? We expected understory community change to
be driven more by changes in forests than by climate change, be-
cause forests alter light availability and moderate microclimate con-
ditions directly experienced by forest floor vegetation (De Frenne
et al, 2013).

2 | METHODS
2.1 | Studyarea

Berchtesgaden National Park comprises a cool temperate moun-
tain landscape in the Northern Limestone Alps, in the southeastern
tip of Germany along the border with Austria (Figure 1). The land-
scape is rugged and topographically complex, ranging from 603
to 2713 m in elevation (Nationalpark Berchtesgaden, 2023). Mean
annual temperature decreases (7 to -2°C) and annual precipitation
increases (1500-2600mm) with elevation, and precipitation peaks
during the summer. Soils are primarily derived from calcareous
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limestone and dolomite, and shallow to intermediate depth Rendzic
soil types and Cambisols cover much of the landscape (Nationalpark
Berchtesgaden, 2023; Thom & Seidl, 2022).

The Park is 20,808 ha in size, 44% of which is forested. Due to
legacies of intensive timber harvest and replanting since the 1500s,
much of today's forested area is dominated by structurally simple,
homogeneous stands of Norway spruce [Picea abies (L.) Karst.].
Mixed deciduous forests dominated by European beech (Fagus
sylvatica L.) can be found at lower elevations (submontane zone,
<850m elevation). Silver fir (Abies alba Mill.) and European beech
are locally abundant or intermixed with Norway spruce in mon-
tane forests (850-1400m elevation). Higher elevation (1400m to
tree line) subalpine forests include open stands of European larch
(Larix decidua L.), pockets of Swiss stone pine (Pinus cembra L.), and
patches of dwarf mountain pine (Pinus mugo Turra) near upper tree
line (~1800m; Figure 1a). Management ceased in a 13,860ha core
zone following the creation of the national park in 1978, and over the
past few decades forests have become more structurally complex
and species rich (Thom & Seidl, 2022). Outside the core zone, man-
agement includes ungulate management (mainly hunting), bark bee-
tle mitigation (bark or tree removal), and forest restoration (planting
of tree species to restore natural assemblages). Cattle grazing is re-
stricted to the management zone of the national park and occurs
mainly in non-forested areas. Common natural disturbances include
windstorms, bark beetle outbreaks, and avalanches, but distur-
bances tend to be small and affect a relatively low proportion of for-
ested area (average 0.2% of area disturbed per year between 1986
and 2020, median patch size <1ha; Maroschek et al., 2023; Senf
et al., 2017). Warmer climate, changes in timing and amount of pre-
cipitation, increasing disturbance impacts, and continuing recovery
from past human land use are all expected to affect mountain forest
development trajectories over the 21st century (Albrich et al., 2022;
Dollinger et al., 2023; Thom et al., 2022).

Berchtesgaden National Park is situated in a European hotspot
of plant species richness (Vecera et al., 2019). This diversity reflects
broad gradients in temperature, topography, and habitat type, cou-
pled with high precipitation. The species pool includes many species
characteristic of the northern Alps, but also relatively isolated popu-
lations of species mainly distributed in the southern and central Alps
that only survived in a few northern locations following previous ice
ages. A 2021 survey in Berchtesgaden National Park identified 27
forest understory species listed as threatened and 46 as extremely

rare or near threatened on the German Red List.

2.2 | Simulation model overview and evaluation

We simulated forest change in Berchtesgaden National Park in
the absence of future management using the individual-based for-
est landscape and disturbance model iLand. This process-based
model simulates forest structure, functioning, and species com-
position as an emergent property of individual tree responses to
competition, climate and environmental drivers, and disturbance

(Seidl etal.,2012; Thom et al., 2022). Competition for light is modeled
at 2m horizontal resolution as a function of incoming radiation and
shading by individual tree crowns. Light availability at the forest floor
is further attenuated by the forest canopy and varies with height.
Tree growth, mortality, and regeneration are dictated by species-
specific responses to abiotic drivers such as light, temperature, and
carbon dioxide concentration, as well as soil water and nutrient
availability. Disturbances are spatially explicit, and effects depend
on disturbance intensity, landscape context, species traits, and indi-
vidual tree characteristics. For example, tree mortality due to wind
disturbance varies with stand height, proximity to forest edge, and
resistance to uprooting and stem breakage. In iLand, fallen spruce
trees may then be colonized by the European spruce bark beetle (Ips
typographus L.), which is the most important biotic disturbance agent
in Europe (Patacca et al., 2023). Bark beetle spread and outbreak se-
verity depend on temperature, beetle phenology, and the availability
and defense of host trees above a size threshold. Full model docu-
mentation can be found online at https://iland-model.org.

The iLand model has been widely applied in forested landscapes
across Central Europe (e.g., Petter et al., 2020; Thom et al., 2017),
North America (e.g., Hansen et al., 2021; Turner et al., 2022), and
Japan (Kobayashi et al., 2023). Over 30 Central European tree spe-
cies have been parameterized, including all major and most minor
tree species occurring in Berchtesgaden National Park. In evalua-
tion simulations for Berchtesgaden National Park, iLand success-
fully reproduced expected productivity by species and stand age
in comparison with independent forest inventory data, forest type
in comparison with potential natural vegetation maps, and spatial
patterns of wind and bark beetle disturbance in comparison with
observed data (see supporting information in Thom et al., 2022 for

detailed evaluations).

2.3 | Initial conditions and drivers

Spatially contiguous soil and forest conditions were previously de-
rived for the forested area in Berchtesgaden National Park (8645 ha)
by Thom et al. (2022). Soil texture, depth, fertility, and carbon
stocks were assigned (1-ha resolution) based on a soil type map
(Konnert, 2004) and representative values from local or regional
data (Seidl et al., 2009). Forest inventory data from 3559 regularly
spaced plots collected between 2010 and 2012 were used in com-
bination with a forest type map to initialize stand structure and tree
species composition. Forest change was then simulated from 2011
to 2020 (Thom et al., 2022), and spatially explicit disturbances dur-
ing this period were prescribed using remotely sensed data (Senf
et al., 2017). The tree vegetation in the year 2020 served as the
starting point for the current analysis.

Daily climate drivers (minimum and maximum temperature,
precipitation, vapor pressure deficit, and solar radiation) were de-
rived at 1-ha resolution for both historical (1980-2009) and future
(2010-2100) periods (Thom et al., 2022). To estimate spatially ex-
plicit historical climate in this topographically complex landscape,
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outputs from a 5-km spatial and 1-h temporal resolution dynamic
regional climate model for Central Europe (Warscher et al., 2019)
were bias corrected with data from 35 weather stations distributed
throughout the watershed encompassing the national park and then
interpolated to 100-m resolution at a daily timestep. Future regional
climate change scenarios at 5-km spatial and daily temporal reso-
lution were acquired from the Bayerisches Landesamt fiir Umwelt
(Zier et al., 2020). Because these projections were coarse relative to
the scale of the landscape, average daily climate change was com-
puted for each scenario and used to offset 100-m resolution histor-
ical climate data, thus conserving the underlying topographic and
temporal variation (see supporting information in Thom et al., 2022).
For computational efficiency, climate data were further aggregated
into 800 clusters characterized by consistent monthly climate values
(Thom et al., 2022).

2.4 | Understory plant community and forest
inventory data

Understory plant community data were collected during the 2021
growing season in a balanced sample of 150 forested plots strati-
fied by elevation (50 each from submontane, montane, and sub-
alpine zones) and development stage (10 per elevation zone from
gap/regeneration, establishment, optimum, plenter/uneven-aged,
and terminal/decay stages; Zenner et al., 2016) to represent the
range of forest conditions present across Berchtesgaden National
Park (Figure 1a). Understory plants were identified at the spe-
cies level, and overlapping percent cover was recorded visually
by species in square 200m? plots using the Londo decimal scale
(Londo, 1976). Additional information on individual species, includ-
ing life form (fern, graminoid, herb, or shrub), Ellenberg indicator
values (EIVs; Ellenberg et al., 2001; Ellenberg & Leuschner, 2010),
and German Red List status, was compiled from the TRY Plant Trait
Database (Kattge et al., 2011, 2020), Botanical Information Node
Bavaria (Arbeitsgemeinschaft Flora von Bayern, 2023), and E.C.O.
Institute for Ecology (personal communication, Tobias Kostl).
Species were grouped into six plant functional types (PFTs) based
on their EIVs for temperature and light (light: light-preferring or
shade-tolerant; temperature: warm-preferring, cold-preferring, or
indifferent; Table S2).

Forest inventory data and light measurements were collected
in the 2021 growing season at the plot locations of the vegeta-
tion survey. Individual tree species and diameter at breast height
(DBH) were recorded in variable radius subplots based on tree size
(within a 500m? circular plot all trees 220cm DBH were recorded,
within 150m? trees >12cm DBH, within 50m? trees >6cm DBH,
and within 25m? trees 20.2m height). Light availability (total site
factor [TSF]) was measured at plot center and 10m from plot cen-
ter in the four cardinal directions with a hemispheric photo taken
with a Solariscope SOL 300 (Ing. Behling) two meters above ground.
The best threshold separating canopy from sky was independently
selected by three interpreters based on visual interpretation and
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cross-checked for consistency. The most commonly selected
threshold was used for each plot, or if there was high deviation
(ATSF>0.03), a re-evaluation was performed before choosing the
final threshold. Light measurements were averaged across the five
measurements to represent the average light conditions per plot.

2.5 | Statistical modeling of understory plant
communities

We fit random forest models to predict individual species presence
and total understory percent cover as a function of climate, forest,
and soil conditions (see Supporting Information for additional de-
tails). Understory species included only vascular plants and excluded
trees (i.e., only ferns, graminoids, herbs, and shrubs were included),
and models did not explicitly consider dispersal limitations. Species
names were first reviewed to identify synonymous species, and indi-
vidual SDMs were only fit for observations identified to the species
level and for species that were present in at least five plots. This
resulted in SDMs for 248 individual species (Table S2) out of a total
of 445 unique understory species recorded in the field. Most species
for which we did not fit an SDM (113 of 197 species not included in
our models) were present in only one or two plots. Total understory
cover was summed across all vascular understory plants, including
those that were not modeled with individual SDMs. Percent cover
could be greater than 100% because the cover of individual species
can overlap.

We selected a set of potential climate, forest, and soil pre-
dictors based on drivers of biodiversity and species composi-
tion in the European Alps identified in recent studies (Chauvier
et al., 2021; Helm et al., 2017; Thom et al., 2017), expectations
for ecologically meaningful drivers of plant communities (Gardner
et al., 2019; Landuyt et al., 2018), and available data at a compa-
rable spatial resolution (Table S1; see also best practices outlined
in Aratjo et al., 2019). Climate and soil predictors were derived
from the same datasets used to drive iLand simulations based on
the location of plot centroids, with climate variables calculated
as decadal averages from the most recent historical climate data
(2000-2009). Forest predictors were derived from field data and
included light availability. We identified a balanced set of three
climate, three forest, and three soil variables to include as final
model predictors based on a variable selection process. First,
we identified highly correlated predictors (Pearson's |r|>.7); this
included most climate predictors. Second, for forest predictors
only, we fit initial random forest SDMs and identified the most
important structure and composition predictors based on per-
cent increase in mean-squared-error (%IncMSE; Figure S1). Final
predictors (all pairwise |r| <.7) were selected based on a priori ex-
pectations about causal relationships and to provide contrasting
predictive information within each category. Selected predictors
were mean annual temperature (°C), summer precipitation sum
(mm), and mean annual global radiation (MJm?day™"; climate); rel-
ative light availability at the forest floor (0-1), basal area (m?ha™?),
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and proportion beech (0-1; forest); and percent sand (%), water
holding capacity (mm), and soil fertility (kg available Nha™; soil).
All predictors were z-score standardized to have a mean of O and
standard deviation of 1;if no trees were present, proportion beech
was set to O (i.e., the mean value) after standardization.

To simultaneously evaluate individual species SDMs and plot-level
predictions, we performed repeated subsampling into 70% training
and 30% test data (n=20 subsamples, which ensured that test data-
sets included predictions for each individual species in each plot).
Random forest models were fit using the randomForest package (Liaw
& Wiener, 2002) in R 4.1.3 (R Core Team, 2022) with 1000 trees,
node size of five, three predictors per split (number of predictors/3;
Breiman, 2001), and weighted sampling of presences and absences
to account for species prevalence (i.e., summed weight of pres-
ences =summed weight of absences). Individual SDMs were evaluated
based on area under the receiving operator characteristic curve (AUC).
We then stacked individual SDMs to derive community-level predictors
of species richness and temperature EIV. Final species richness pre-
dictions were bias corrected to account for overestimation of richness
due to weighted sampling, as well as overestimation of richness at low
values and underestimation at high values. Specifically, we modeled
differences between observed and predicted richness in the training
data set and used parameters estimated from these models to adjust
predicted richness (for detailed methods, see Calabrese et al., 2014;
Zurell et al., 2020). To estimate community-level temperature EIV, we
used probability ranking to determine the most likely species present
in the community up to total richness (D'Amen et al., 2015) and cal-
culated average temperature EIV across these species. Separate ran-
dom forest models were fit to predict total understory percent cover.
Richness, temperature EIV, and percent cover were evaluated based on
goodness-of-fit (R?) for test dataset predictions. Partial plots for each
predictor were also evaluated to ensure they aligned with ecological
expectations. Variable importance was assessed with %IncMSE.

Final models were fit to the full dataset. Models for species
presence, bias corrected richness, temperature EIV, and percent
cover were used to predict contemporary understory plant spe-
cies communities at 10m resolution across all forested areas in
Berchtesgaden National Park (n=864,466 grid cells). Climate, soil,
and forest predictors were consistent with the ones used as input
for iLand. Field plots were generally representative of environmen-
tal and forest conditions across the full landscape (Figure S3). All
predictors except light availability were rescaled to match standard-
ized field data predictor values. Light availability derived from iLand
is similar but not identical to field-measured TSF, so light availability
was z-score standardized assuming field plots covered the range of
light conditions present in the landscape.

Individual SDM fits varied among species (Table S2). We eval-
uated whether the inclusion of species with poorer model fits af-
fected our overall results by generating a second set of predictions
including only species with AUC>0.7 (n=174 species). All analyses
were also re-run with species richness and temperature EIV derived

from this subset of better-performing models.

2.6 | Simulation scenarios

We simulated a full factorial combination of two representative
concentration pathways (RCPs), two general circulation models
(GCMs), and two future disturbance scenarios (n=8 total scenar-
ios, 2 RCPx2 GCMx 2 disturbance) based on contrasts and key
uncertainties in future change for this region (Zier et al., 2020).
RCPs included RCP4.5 (warmer climate) and RCP8.5 (hotter cli-
mate, which most closely tracks current carbon emissions tra-
jectories; Schwalm et al., 2020), with the respective changes in
atmospheric CO, concentrations considered in the forest simula-
tions with iLand. General circulation models were selected to in-
clude wetter (ICHEC-EC-EARTH) and drier (MPI-M-MPI-ESM-LR)
scenarios (Zier et al., 2020). Mean annual temperature change
between historical and late 21st-century (2091-2100) periods
averaged +2.2°C (RCP4.5) and +5.1°C (RCP8.5), and summer pre-
cipitation either increased by 56 mm (ICHEC-EC-EARTH) or de-
creased by 109 mm (MPI-M-MPI-ESM-LR). Two wind disturbance
scenarios were simulated, including baseline wind (“baseline dis-
turbance”), in which historical wind frequency, timing, speed, and
direction from 14 local weather stations were used to project fu-
ture scenarios (Thom et al., 2022), and a uniform 15% increase in
wind speed (“high disturbance”; Albrich et al., 2022), which is at
the upper range of projected changes in wind speed in this region
(Fink et al., 2009). Future forest change was simulated from ini-
tial conditions in 2020 until 2100 (n=10 replicates per scenario),
and simulations also included dynamic bark beetle disturbances.
We did not include future forest management or browsing in our
simulations because we expect future management to be limited
in this landscape.

2.7 | 21st-Century change in understory plant
communities (Q1)

For each future simulation scenario, understory plant communities
were predicted at 10m resolution in Year 2050 (near-term change)
and Year 2100 (long-term change). Future climate predictors were
the averages of the preceding decade (e.g., 2041-2050 for 2050),
and forest predictors were derived from simulated forest structure,
composition, and light availability in the given year (e.g., 2050 for
2050). Richness, temperature EIV as an indicator of thermophiliza-
tion, and total understory cover were averaged for each replicate
(n=80; 2xRCPsx 2 GCMsx 2 disturbance scenariosx 10 replicates)
to analyze overall landscape trends.

To assess patterns and drivers of fine-scale change, we used
Spearman's rank correlations and pairwise plots to evaluate rela-
tionships among response variables (richness, thermophilization,
and cover), drivers, and elevation. We explored whether changes
were consistent among responses, whether fine-scale changes in
forest structure resulted in expected changes in cover and alpha di-

versity, and whether changes varied across the elevational gradient.
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To evaluate shifts in plant community composition, temporal species

turnover was calculated for each cell (Cleland et al., 2013):

Number of new species + number of lost species in future climate year relative to 2020
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richness (R?=.17), moderate for total understory cover (R?*=.51), and

strong for temperature EIV (R?=.75; Figure 2). Model predictions

x 100 %

Total number of species in either 2020 or future climate year

We quantified gamma diversity for all species and by Red List category
based on the number of species present anywhere in the full land-
scape. Species were further grouped by PFT or life form to examine
temporal changes in group dominance across the elevational gradient

and identify potential winners and losers under future change.

2.8 | Importance of climate versus forest change
for future understory community change (Q2)

A random sample of 1000 10-m cells (minimum distance between sam-
ples=100m) was used to analyze the importance of climate versus forest
change in driving understory change, while also considering the effect of
local context. This sample represented the range of conditions in drivers
and responses across the landscape (Figure S4). We predicted understory
species richness, temperature EIV, and percent cover in each sampled cell
under two climate levels (contemporary, future) and three forest levels
(contemporary, baseline disturbance, high disturbance), using all four
combinations of RCPsx GCMs. Because contemporary climate and con-
temporary forest conditions do not vary by RCP or GCM, this resulted
in 21 total combinations (Table S3). For each future replicate, separate
linear mixed effects models were fit explaining understory communities in
2050 and 2100 from forest change, climate change, and their interactions
as fixed effects and sample cell number as a random effect (to account
for variability due to local context). To address unequal variance among
groups, a separate variance parameter was estimated for each fixed effect
group using the nlme package in R (Pinheiro et al., 2022). Species richness
was 1/square-root transformed and percent cover was square-root trans-
formed to improve residual distributions. Some model residuals exhibited
longer tails relative to normal distributions, but we concluded that model
results were robust based on quantile-quantile plots and relative changes
in group means (Pinheiro & Bates, 2000). Overall model fit and the relative
contribution of fixed versus random effects were assessed with marginal
and conditional R? (Nakagawa & Schielzeth, 2013). We quantified the
relative and shared importance of drivers by fitting separate models for
each fixed effect and calculating their contribution to marginal R?. Data
and code that support the findings of this study are openly available at the

Environmental Data Initiative (Braziunas et al., 2023).

3 | RESULTS

3.1 | Understory plant community statistical model
evaluation

Individual SDMs fit test data well (overall AUC=0.86), although model
fit varied among individual species (median AUC=0.76, range 0.36-
0.99; Table S2). Community-level predictions were weak for species

aligned well with the range of field observations (e.g., observed rich-
ness ranged from 18 to 83 species [mean 50] and predicted richness
ranged from 29 to 77 species [mean 48]). Species responses to predic-
tors were consistent with expectations based on PFTs (e.g., presence
probability of light- and cold-preferring species increased with higher
light availability and cooler temperatures; Figures S5-510). Mean an-
nual temperature was the most important overall predictor across in-
dividual SDMs, and light availability was the most important predictor
for understory cover (Figure S11). Using only species with AUC>0.7
improved richness predictions (R?*=.27) but produced similar maps of

contemporary species communities (Figure $12).

3.2 | Simulated future forests and disturbances

Forest basal area increased and Norway spruce dominance decreased
over the 21st century, although the magnitude of change varied among
scenarios (Figures S13 and S14). On average, 57% more basal area
was killed by wind or bark beetles under high versus baseline distur-
bance scenarios. Basal area initially declined under high disturbance
scenarios but subsequently increased later in the century. Norway
spruce dominance declined more under high versus baseline distur-
bance and under hotter versus warmer climate, and basal area share of
other dominant species such as European beech, European larch, and
silver fir increased slightly under most scenarios. Median light avail-
ability at the forest floor increased slightly in 2050 due to increasing
disturbances, but subsequently declined and was less variable across

the landscape by 2100 due to the emerging young forests (Figure S4).

3.3 | 21st-Century change in understory plant
communities (Q1)

Landscape mean species richness and understory cover declined
over the 21st century, and plant communities were increasingly
dominated by warm-adapted species (Figure 3). Changes were more
pronounced in 2100 than 2050, and by 2100 all scenarios agreed
on the direction of change except for warmer-wetter climate with
high disturbances, in which richness slightly increased (Figure S15).
The magnitude of relative change was similar for species richness
(median 13% decline in richness across scenarios in 2100 relative
to 2020) and thermophilization (12% increase), but lower for under-
story cover (8% decline). High disturbance scenarios dampened de-
clines in understory cover in 2050 (median 2% vs. 5% decline in high
versus baseline disturbance scenarios, respectively), but scenarios
were more similar in 2100 (Figure 3).

Changes in understory plant communities were spatially and
temporally variable (Figure 3). Declines in richness were weakly to
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FIGURE 2 (a-c) Evaluation of model fit against holdout test data for (a) species richness and (b) mean temperature Ellenberg indicator
value (EIV) derived from stacked individual species distribution models and for (c) total understory cover from random forest regression
models. Points are predicted versus observed values, red lines are 1:1 lines, and blue lines are linear regression fits with shaded confidence
intervals; model goodness-of-fit (R? and Spearman's rank correction are shown. (d-f) Contemporary understory plant community
predictions in Berchtesgaden National Park for (d) species richness, (e) mean temperature EIV, and (f) total understory cover.

moderately correlated with increasing thermophilization (p=-0.36
in 2050 and -0.51 in 2100) and declining cover (p=0.42 in 2050
and 0.49 in 2100), but changes in thermophilization and cover were
only very weakly correlated (|p| <0.20; Figure S16). Changes in forest
structure were strongly associated with changes in understory cover
(all |p|>0.64) and weakly associated with richness (|p|=0.22-0.36;
Figure S17). Higher elevation areas tended to experience greater de-
clines in richness (p=-0.35) and more thermophilization (p=0.42) by
2100 (Figure S18). This resulted in an average 16% decline in richness
and 17% increase in EIV temperature in subalpine forests between
2020 and 2100. Changes in forest structure and composition also
tended to be more pronounced at high (e.g., basal area, light avail-
ability) and low (e.g., basal area, proportion beech) elevations. In most
cases, pairwise correlations among responses and along the eleva-
tional gradient strengthened in 2100 relative to 2050.

Understory plant communities experienced high rates of turn-
over (mean plot-level turnover was 51% in 2050 and 62% in 2100),
and species composition shifted over the 21st century (Figures 4
and 5). Subalpine areas in 2100 had the highest turnover relative

to contemporary plant communities. Across the entire landscape,
gamma diversity declined by an average of 2 species between 2020
and 2050 and by 19 species between 2020 and 2100, representing
1% and 8% of the current species pool, respectively. Hotter climate
exacerbated species losses in 2100 (-15% of the current species
pool), especially under hotter-drier scenarios (-25%). Proportional
species losses were similar regardless of German Red List status
(Figure S19). Light- and cold-preferring species decreased in rela-
tive dominance (mean proportion declined by 48% [0.176 to 0.091]
from 2020 to 2100), while shade-tolerant, warm-preferring or
temperature-indifferent species comprised a larger proportion of fu-
ture plant communities. Species communities became more similar
across elevation zones over the 21st century based on the relative
dominance of PFT groups, and the greatest shifts in PFT composi-
tion occurred in subalpine areas (Figure 4). The relative dominance
of life forms changed little between contemporary and future plant
communities (Figure S20).

Results were qualitatively consistent when understory commu-
nity change was projected using only species with individual SDM
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FIGURE 3 Change in (a-c) species richness, (d-f) mean temperature Ellenberg indicator value (EIV), and (g-i) total understory cover
relative to contemporary plant communities in 2020. Left column (a, d, g) shows near-term (2050) and long-term (2100) change in landscape
mean values for all scenarios (pooled across both GCMs, both RCPs, and both disturbance scenarios) and for different disturbance scenarios.
Dashed lines at O show relative position of 2020 values, points are median change, and point ranges are 5th to 95th percentile change across
scenarios. See Figure S15 for changes in each climate x disturbance scenario. Right two columns (b, c, e, f, h, i) show change at 10 m spatial
resolution in 2100 relative to the 2020 landscape mean value under warmer (RCP4.5) or hotter (RCP8.5) climate scenarios (pooled across
GCMs and disturbance levels). Values <-50% and >50% are truncated to this minimum and maximum. GCM, general circulation model; RCP,

representative concentration pathways.

AUC>0.7 (Figures S21-523). Based on this species subset, relative
changes in richness (-18% in 2100), thermophilization (+17%), and
turnover (66%) were all projected to be slightly more extreme than
the full SDM ensemble, and all scenarios agreed on the direction of
change by 2100.

3.4 | Importance of climate versus forest change
for future understory community change (Q2)

Climate change was the more dominant driver of changes in species
richness and thermophilization in 2050 and 2100 (climate relative
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FIGURE 4 (a-c) Change in relative dominance of plant functional types in (a) submontane, (b) montane, and (c) subalpine elevation zones
between contemporary and future time periods, pooled across all climate and disturbance scenarios. Dominance is calculated from species
presence at 10 m resolution. (d-f) Turnover in species communities at 10 m resolution relative to contemporary 2020 understory plant
communities, grouped by elevation zone [(d) submontane; () montane; (f) subalpine]. Turnover is the sum of new plus lost species divided by

the total species pool x 100%. Templndiff, indifferent to temperature.

importance=0.89-0.96), and of changes in understory cover in 2100
(climate relative importance=0.50, Table 1; Figure S24). Forest and
climate change were similarly important for percent cover change in 2050,
and relative importance of climate versus forest change varied among
simulation replicates (Table S4). The magnitude of change in understory
plant communities was always greater under drier versus wetter future
climate regardless of disturbance scenario, although the effects of hotter
versus warmer climate were more variable (Figure S15). Fixed effects
of climate and forest change explained slightly more variation in late-
compared to mid-century models (average marginal Rgxe 4 = 0.03in 2050
and 0.06 in 2100), whereas the random effect of sample cell (i.e., local
context) showed the opposite trend (average conditional Rfotal =0.64

in 2050 and 0.50 in 2100; Table 1; Table S4). Results were similar for
analyses using only species with individual SDM AUC> 0.7 (Table S5).

4 | DISCUSSION

Our results suggest that protected mountain forests in a hotspot
of plant diversity may be unable to maintain historical biodiversity

given unabated 21st-century climate and forest change. By 2100,
alpha diversity and understory cover declined and forest floor
communities thermophilized and homogenized across most
scenarios, which bracketed potential changes in temperature,
precipitation, and disturbance. High-elevation areas were most
vulnerable to change, with the highest rates of turnover, most
thermophilization, and greatest shifts in PFT composition. Under
the combination of increasing temperatures and densifying forests,
shade-tolerant, warm-preferring species successively replaced
light- and cold-preferring species. Near-term (i.e., 2050) changes
in understory plant communities were more subtle, and available
ecological niches enabled almost all species to persist at least
somewhere in the landscape. However, declines in gamma diversity
of the existing species pool were over nine times higher in 2100 and
more than doubled under hotter versus warmer climate, suggesting
that the pace of species loss could accelerate nonlinearly if climate
change continues unabated. Climate rather than forest change was
the dominant driver of understory change and the importance of local
context in determining forest floor vegetation variability declined
over time. As climate warming intensifies, forest ecosystems in the
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FIGURE 5 Turnover in species communities at 10m resolution under (a) near-term change (2050) and (b) long-term change (2100) relative
to contemporary 2020 understory plant communities, pooled across all climate and disturbance scenarios. Turnover is the sum of new plus

lost species divided by the total species poolx 100%.

TABLE 1 Average linear mixed effects model fits (n=10 models for each response x year) and relative importance of forest versus climate

drivers of understory community change.

Understory community response Year R:xe 4mean (SE)
Species richness 2050 0.02 (0.00)
Temperature EIV 2050 0.05 (0.00)
Understory cover 2050 0.01 (0.00)
Species richness 2100 0.04 (0.00)
Temperature EIV 2100 0.12 (0.00)
Understory cover 2100 0.02 (0.00)

Abbreviations: EIV, Ellenberg indicator value; Rgxed,

marginal R?, variance explained by fixed effects; R2

Climate relative
importance mean (SE)

Forest relative

RZ mean(SE) importance mean (SE)

total

0.56 (0.00) 0.11 (0.02) 0.89(0.02)
0.81 (0.00) 0.06 (0.00) 0.94 (0.00)
0.54(0.01) 0.51 (0.04) 0.49 (0.04)
0.45 (0.00) 0.03 (0.00) 0.96 (0.00)
0.67 (0.00) 0.05(0.00) 0.95 (0.00)
0.38 (0.01) 0.29 (0.04) 0.50 (0.05)

oap CONditional RZ, variance explained by full

model, including random effect of sample cell number; SE, standard error among n=10 models fit to each replicate.

northern front range of the Alps may be locked into unavoidable
patterns of diversity decline, which could also result in substantial

functional change at the ecosystem level.

4.1 | Future forest floor vegetation trajectories
were robust across scenarios

Future climate and disturbance scenarios generally agreed on the
overall direction of understory plant community change, reflecting
underlying changes in the dominant drivers of species presence

and understory cover. Counter to our expectations, alpha diversity
decreased with climate warming, except when precipitation
increased in concert with lower carbon emissions (ICHEC-EC-
EARTH under RCP4.5). Although species diversity and richness
are positively associated with higher temperatures at the global
scale, the strength and direction of this relationship varies across
scales, and is modulated by local context and other drivers (Field
et al., 2009; Vellend et al., 2017). We only considered diversity in
forested areas, and richness was highest in higher elevation forests
and decreased with warming temperatures in our contemporary

landscape. These patterns are consistent with hump-shaped
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relationships between richness and elevation often found in
mountains (Kérner, 2004; Liang et al., 2020). They furthermore align
with increasing plant diversity near mountain forest edges (Popperl &
Seidl, 2021) and prevalent cold-adapted and endemic species refugia
in the European Alps (Tribsch & Schénswetter, 2003). Our findings
challenge assumptions that warming will increase plot-level richness
in a cold-limited, temperate forested landscape with historically high
precipitation (Sommer et al., 2010; Vellend et al., 2017). However, it
is important to note that we only included species currently present
in the landscape and did not simulate tree line shifts (for further
discussion, see Section 4.4). Mapping patterns and evaluating
drivers of contemporary species diversity at high spatial resolution
(e.g., Figure 2; Figure S11) can improve inferences about whether a
protected landscape is likely to maintain, decrease, or increase in its
future species diversity.

As expected, understory communities were increas-
ingly dominated by warm-adapted species in our simulations.
Thermophilization of plant communities has been observed in
recent decades in mountains and other ecoregions (Gottfried
et al., 2012; Helm et al., 2017), and disturbances and higher light
availability accelerate forest understory thermophilization rates
(Govaert et al., 2021; Stevens et al., 2015). Differences between
wetter and drier climate scenarios suggest that reduced moisture
availability could interact with warming to enhance compositional
shifts toward thermophilic species dominance. Patterns of species
turnover indicate that contemporary plant communities were not
completely replaced but rather reshuffled, with future communities
including both new and retained species. These potentially novel
species assemblages could interact in surprising ways that compli-
cate projections of future change, challenge conservation planning
efforts, and alter ecosystem functioning and services (Radeloff
et al., 2015; Williams & Jackson, 2007).

Changes in understory cover were more sensitive to disturbance
scenario in 2050 than in 2100, likely reflecting interactions between
disturbances and land use legacies. Initial declines in tree basal
area and dampened declines in understory percent cover under
high disturbance scenarios suggest that the contemporary forested
landscape is more susceptible to disturbance than the late-century
landscape. Long land use legacies in the area of Berchtesgaden
National Park and across Europe have promoted structurally and
compositionally homogenous, contiguous, dense forests (Bebi
et al., 2017; Nationalpark Berchtesgaden, 2023), which are espe-
cially vulnerable to wind and insect disturbance when trees are large
(Seidl et al., 2011; Stritih et al., 2021). Overall declines in average
understory cover can be explained by low area disturbed relative
to total landscape area, rapid tree recovery and canopy closure in
previously disturbed areas, and increasing forest extent and density
(e.g., due to recovery from historical land use; Thom & Seidl, 2022).
We note that forest simulations did not include competition be-
tween understory plants and regenerating trees, which could alter
landscape trajectories. For example, high understory biomass can
inhibit post-disturbance forest recovery, leading to sustained domi-
nance of understory communities (Thrippleton et al., 2018). Future

studies should explicitly consider understory-tree interactions in

projections of forest plant community change (Landuyt et al., 2018).

4.2 | High-elevation areas were most vulnerable
to change

Understory change was particularly pronounced at high elevations,
with increasing homogenization of plant communities across the
elevational gradient over time. Changes in climate and forest driv-
ers will not occur evenly across mountain landscapes, varying with
elevation, topography, and current vegetation conditions (Gobiet
et al., 2014; Thom & Seidl, 2022). For example, contemporary sub-
alpine forests in our landscape are semi-open areas with high light
availability, high plant diversity, and more opportunities for tree
infilling than comparatively denser montane forests. Substantial
changes in forest structure with elevation can therefore drive high
magnitudes of change in biodiversity and community composi-
tion. Light- and cold-preferring species were especially vulnerable
to loss (consistent with Gottfried et al., 2012; Rumpf et al., 2018;
Verheyen et al., 2012), suggesting that enhanced microclimate tem-
perature buffering under densifying forest canopies is unlikely to
benefit shade-intolerant species. Over time, subalpine community
composition may more closely resemble montane areas (Savage
& Vellend, 2015). How these increasingly functionally homogene-
ous plant communities will affect future ecosystem functioning,
services, and resilience is uncertain and warrants further research
(Clavel et al., 2011).

4.3 | Climate change was the most important
driver of average understory responses

In contrast to our expectations, direct effects of climate change
were more important than forest change in explaining average
understory change, except for near-term (2050) change in percent
cover. This likely reflects the magnitude of climate versus forest
change represented by our scenarios, in which mean annual
temperature departed more from historical distributions than basal
area (Figure S4). Furthermore, changes in future precipitation are
highly uncertain in the Alps (Gobiet et al., 2014), yet have important
ecological consequences (e.g., resulting in over 300% higher losses
of alpha and gamma diversity in drier versus wetter scenarios by
2100 in our simulations). The effects of forest change would likely
be more prominent in landscapes vulnerable to extensive forest
to non-forest conversion (e.g., due to increases in wildfire activity;
Turner et al., 2022). At fine spatial scales, forest drivers were
important predictors of species presence and understory cover
and were closely associated with understory change. Variability in
forest conditions in our landscape also likely contributed to lagged
responses in gamma diversity change under near-term change or
warmer versus hotter climate by maintaining refugia for climate-
sensitive species (Richard et al., 2021; Stark & Fridley, 2022).
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4.4 | Limitations

We did not consider the potential influx of new species, which could
affect expectations about richness and higher rates of change at
high elevations. However, our landscape represents most of the el-
evational gradient, forest types, and forest understory species pool
present in this region. Higher rates of compositional change at high
versus low elevations have also been documented in observational
studies (Bertrand et al., 2011; Savage & Vellend, 2015), and aver-
age turnover is similar to late-century projections for this biogeo-
graphical region (Thuiller et al., 2005), suggesting that our findings
are robust. Other factors not considered here, such as long-distance
or human-mediated dispersal of new, invasive species, could nev-
ertheless catalyze rapid and widespread plant community change
(Simberloff, 2010; Vellend et al., 2017). Furthermore, dispersal limi-
tations of the existing species pool were not explicitly considered
in our predictive models. Projected diversity declines for the cur-
rent species pool are therefore conservative, as accounting for dis-
persal could limit the ability of species movement to favorable sites
(Franklin et al., 2016).

We made some simplifying assumptions for this study, such as
omitting species that occurred in fewer than five plots. We priori-
tized using recently collected, high quality and high resolution data
(i.e., individual species, presence-absence, stratified sampling de-
sign, forest inventory data recorded on the same plot), and the 248
included species captured 96% of average plot-level species rich-
ness. SDMs were fit with random forests, which do not enable ex-
trapolation beyond the set of conditions for which they are trained.
Projections are therefore less reliable at lower elevations where
future mean annual temperature exceeded historical values, and
species losses could be higher than estimated (Thuiller et al., 2004).
We did not simulate upward shifts in tree line and restricted our pro-
jections to forested areas. This may partly account for low variance
explained for species richness predictions, compared to models in-
cluding different land cover types. Other studies that predicted un-
derstory plant diversity only within forests had similar, low R? values
(Thom et al., 2017; Zellweger et al., 2015). We evaluated the uncer-
tainty associated with poorer model fits by re-running all analyses
with only species with SDM AUC > 0.7, which improved species rich-
ness R? but produced consistent results and did not change the main
findings. Finally, we did not consider other drivers of change that
are important for understory composition, such as nitrogen deposi-
tion (Rumpf et al., 2018; Verheyen et al., 2012) or herbivory (Suzuki
et al., 2013).

4.5 | Implications for conserving plant diversity
under global change

To conserve biodiversity, targets need to consider more than amount
of area protected (Maxwell et al., 2020), because today's biodiver-
sity hotspots are vulnerable to future change (Lawler et al., 2015).
Our results suggest that protected mountain forest landscapes may
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buffer understory communities (sensu Richard et al., 2021) against
near-term climate change (i.e., until 2050) or moderate warming sce-
narios if precipitation also increases, and that Red List species were
not consistently more vulnerable to loss in our highly heterogene-
ous landscape. However, over longer timescales and more extreme
changes in climate, conservation efforts must consider and plan for
potential changes in species communities. This could entail prior-
itizing greater connectivity along migration corridors for species
tracking climate change (Littlefield et al., 2019; Parks et al., 2023),
supporting processes that enable ecosystems to self-organize and
adapt to change (e.g., allowing natural disturbances and regenera-
tion to create fine-scale heterogeneity; Filotas et al., 2014; Salliou
& Stritih, 2023), and monitoring multiple metrics of biodiversity
(Maxwell et al., 2020). Priority should be given to protecting areas
likely to harbor high levels of biodiversity as climate warms, such
as environmentally complex landscapes with abundant microrefugia
(Dobrowski, 2011; Thom et al., 2017). Nonetheless, without proac-
tive climate change mitigation, protected areas may be unable to
sustain historical biodiversity. In a biodiversity hotspot, we found
the forest understory species communities declined in alpha and
gamma diversity, were increasingly dominated by warm-adapted
species, and homogenized across elevation. Subalpine forests were
at particular risk for understory plant community change, highlight-
ing a priority ecosystem for future conservation efforts. Mountain
landscapes may buffer plant biodiversity against moderate, but not
strong, changes in climate, and accelerating species losses are likely

under 21st-century change.
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