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Abstract A temperature increase higher than the global
mean is likely for Central Europe until the end of the
century. Historic climate records reveal that the tempera-
ture in eastern Austria has already increased by about 2 °C
over the last 50 years. We investigated the responses of
ecophysiological and productivity indicators to climate
change of the Vienna Woods, the neighbouring forests of
the Austrian capital, to assess potential impacts on forest
functioning. In this impact analysis, we used the biogeo-
chemical mechanistic model Biome-BGC and ran it with
50 years of historic climate data and regional climate
change projections based on IPCC emission scenarios A1B
and B1 until 2100. We projected sustained productivity
until the end of the twenty-first century. Lowered soil water
potentials, however, seem to limit a productivity increase,
especially in the low elevation areas, while the canopy leaf
area, annual soil water outflow and annual mean water use
efficiency are projected to remain constant or increase. We
conclude that the forests in the greenbelt of Vienna are not
severely prone to negative functional climate change
effects, and therefore, key forest functions concerning
welfare and recreation can be maintained in the Vienna
Woods.
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Introduction

The role of forests in and around densely populated areas is
of increasing interest since they cover a broad range of
environmental, social and economic issues (Konijnendijk
et al. 2005; Carreiro et al. 2008; Konijnendijk 2008; Young
2010). Functioning forests secure the traditional use of
forests for timber production as well as the provision of a
variety of important non-timber forest products and ser-
vices, such as welfare and recreation (Oleyar et al. 2008;
Dobbs et al. 2011). Climate change impact studies deal
with potential latitudinal (Woodall et al. 2010) and altitu-
dinal shifts in tree species (Pefiuelas et al. 2007), increasing
biotic and abiotic disturbances (Dukes et al. 2009; Seidl
et al. 2014), socioeconomic impacts (e.g. creation of new,
‘green’ jobs, Renner et al. 2008), climate change adapta-
tion (Lindner et al. 2010) and mitigation options (Millar
et al. 2007; Zheng et al. 2013) and climate change impact
on ecophysiology and productivity (Hyvonen et al. 2006;
Luo et al. 2008). Latter will impact forest ecosystem
functioning with possible consequences on welfare and
recreation, for example, due to the stabilising effects of
forests for the urban microclimate (Peters and McFadden
2010) or role of forests in the water supply (Furniss et al.
2010).

In the present study, we are interested in the climate
change impact on ecophysiology- and productivity-based
key forest functions of the famous ‘Wienerwald’ or the
‘Vienna Woods’ that borders the Austrian capital. This
European beech (Fagus sylvatica L.) dominated forest is
located in the transition zone between the eastern edge of
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the Alps and the Pannonic lowlands and includes a UNE-
SCO biosphere reserve. The forest provides important
ecosystem services to Vienna’s urban population, such as
recreation, welfare, fresh air, climate, fresh water, protec-
tion against soil erosion and timber. The forest is explicitly
managed to attain these goals (Foet 2010; Albrecht 2011).

European beech is one of the most dominant tree species
in Europe with a wide distribution in Central and Western
Europe. In the last decades, beech forests have experienced
increased growth rates in Central Europe, mostly attributed
to increased nitrogen deposition, higher temperatures and
CO, levels (Pretzsch et al. 2014). European beech avoids
regions with long, very cold winters or long dry periods in
summer and is often said to require a minimum annual
precipitation of 600 mm (Forstreuter 2002), although the
actual minimum will depend on the distribution of pre-
cipitation among the seasons and on the soil conditions
(Ellenberg and Leuschner 2010). Due to the species’ sen-
sitivity to water supply (Granier et al. 2007), the future of
beech at a southern or lower elevation distribution limit is
uncertain under expected climate change (Matyas et al.
2010; Hlasny et al. 2011; Tegel et al. 2013).

For this study, we used biogeochemical mechanistic
modelling to assess potential climate change-driven
impacts on forest functioning (not including storm or biotic
disturbances) using the process-based ecosystem model
Biome-BGC as a diagnostic tool. We employed 50 years of
local historic climate data, four regional climate change
scenarios for the horizon 2100 and corresponding atmo-
spheric CO, concentrations to drive the model. The sce-
narios are based on the [PCC emission scenarios A1B and
B1, and both are used with and without an additional
precipitation scenario. We were interested in (1) investi-
gating changes of ecophysiology and productivity mea-
sures and (2) deriving indications of changes in forest
functions relevant for welfare and recreation within the
Vienna Woods.

Materials and methods
Study area

The study region covers the Vienna Woods, the largest
broadleaf forest in Austria which lies south-west of the
capital city of Vienna. The area is located at the eastern edge
of the Limestone Alps and comprises non-forested areas such
as agricultural land and some smaller settlements. The total
study region area is about 140,000 ha within the provinces of
Lower Austria and Vienna. A major part of the area
(105,000 ha) is a UNESCO biosphere reserve. Elevation
ranges from 140 to 1,000 m. Annual mean temperature and
annual mean precipitation (mean 1960-2009) range from 5.9
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to 10.6 °C and from 550 to 1,290 mm, respectively. Current
nitrogen deposition rates are between 7 and
26 kg N ha™' year™' (Eastaugh et al. 2011).

The Vienna Woods cover highly productive broadleaved
European beech (F. sylvatica L.) dominated forests that
face strong recreational demands by the urban population.
For many centuries, the Vienna Woods were royal hunting
grounds. Wood production has become increasingly
important over the last 400 years. Plans of the later nine-
teenth century to clear the forest and build housing were
dismissed due to broad public resistance. Today, the forests
are managed by the Vienna Forest Administration and the
Austrian Federal Forests. Although timber production is
still important, the forests are explicitly managed to
address societal demands. For instance, approximately
95 % of the forest area is used for recreational purposes
with around 500,000 visitors annually.

According to the European forest types (Larsson 2001),
the predominant beech forests can be categorised as Sa
‘lowland and submontane beech forest’, where F. sylvatica
is the dominating tree species due to its high competi-
tiveness and often forms monospecific and monolayered
forests. The lower elevations also feature oak—hornbeam
(Quercus robur L., Carpinus betulus L.) forests, and a less
dense downy oak (Quercus pubescens Willd.) forest can be
found in the drier parts of the area on calcareous bedrock
(Landsteiner 1990).

Figure 1 gives an overview of the forest cover in the study
region with its dominating forest types (broadleaved, mixed,
etc.). It also shows the 782 grid points (1 km x 1 km) within

Forests with broadleaved species
Broadleaved forest
Mixed forest, broadleaved dominated
Il Mixed forest, coniferous dominated

|____1Vienna Province

5 10 20
S . KM

Fig. 1 Forest area with the main forest categories in the study area;
the 782 forest simulation points on a 1 km x 1 km grid, and three
sub-regions with simulation points in the north-east (NE), south-east
(SE) and west (W)
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the forest area, where the analyses were performed. Due to
the predominance of beech, we treated the whole forest area
as a beech forest. Climate change assessments, ecophysiol-
ogy considerations and analysis of potential productivity
responses are done for the forested part only. For more
detailed regional analysis, we selected grid points from three
sub-regions in the north-east (NE), the south-east (SE) and
west (W, Fig. 1). Each sub-region is characterised by a
strong elevation gradient. The NE plots comprise all simu-
lation plots within the city of Vienna boundaries. Informa-
tion on the forest cover was obtained from a GIS raster layer
provided by the Federal Research and Training Centre for
Forests, Natural Hazards and Landscape (BFW). The GIS
layer is based on data of the Austrian National Forest
Inventory of the period 2000-2002 and LANDSAT data
from 2000 to 2003 (Koukal 2004).

Climate data

Daily weather data are key ecosystem model drivers. The
climate data used for this study consisted of daily weather
data using (1) historic records from the year 1960 to 2009
and (2) climate change scenarios for the years 2010-2100.

Historic climate data

The historic daily minimum and maximum temperature
(Tmin» Tmax) and precipitation (Prcp) data came from cli-
mate stations provided by the Austrian Central Institute for
Meteorology and Geodynamics (ZAMG). To produce daily
weather data on a 1 km x 1 km grid, we applied DAY-
MET (Thornton et al. 1997). DAYMET is a climate
interpolation and simulation tool adapted and validated for
Austria (Thornton et al. 2000; Petritsch 2002; Hasenauer
et al. 2003). For the period of 1960-2009, daily Tnin, Timax
and Prcp were interpolated from 25 and 15 stations,
respectively, and solar radiation (Srad) and vapour pressure
deficit (VPD) were calculated based on the temperature and
precipitation for each forest grid point. A digital elevation
map (100 m x 100 m resolution) was required to address
elevation and aspect-related variations in the interpolation
procedure. For details on the algorithms, we refer to Pet-
ritsch and Hasenauer (2009).

A linear regression analysis of the interpolated grid point
data revealed significant trends in the historic temperature
for the period 1960-2009 (Table 1, results section). The
average 50-year increase in temperature derived from the
trends was 2.6 °C for Ty, and 1.4 °C for Ty« The Prep and
VPD trends were not significant (Table 1, results section).
Figure 2 shows for the period of 1960-2009 the regional
distribution of the mean of daily average temperature
[(Tmin + Tmax) X 0.5], and the annual precipitation as well
as the trends in average temperature and precipitation.

Climate change scenarios

The regional climate change scenarios were obtained from
the regional climate model (RCM) climate limited-area
model (CLM) v2.4.11 (Hollweg et al. 2008). CLM pro-
jections for Germany lie within the range of other regional
climate change projections (Jacob et al. 2012; Deutscher
Wetterdienst 2014). The experiments CLM_AIB_1_D3
and CLM_B1_1_D3 (Lautenschlager et al. 2009a, b) are
European climate simulations on a 0.2° horizontal grid
resolution (grid cell size ~ 15 km x 22 km) for the years
2001-2100. They used global greenhouse gas emission
scenarios A1B and B1 (IPCC 2000). The atmospheric CO,
concentration in the A1B scenario is projected to reach
718 ppm, and 548 ppm in the B1 scenario by the end of the
twenty-first century. The IPCC Al1B scenario assumes a
rapid economic growth, the global population peaking mid-
century and an introduction of new and more efficient
technologies affecting all energy sources. The B1 scenario
addresses a high level of environmental and social con-
sciousness, a fast change in economic structure towards a
service and information economy combined with a coher-
ent approach to sustainable development (low material,
clean and resource-efficient technologies), but without
additional climate initiatives. The global population also
peaks mid-century and declines thereafter.

Daily Tpin, Timax, Prep and Srad data for the scenario
A1B and B1 were obtained. They were not directly suitable
as input for our ecosystem modelling because the RCM
does not provide temperature and precipitation for single
locations (the 782 forest grid points). Moreover, when
switching from the observed daily weather data to the
RCM scenario data, typically problematic discontinuities in
the climate data occur. This phenomenon is especially
pronounced in mountainous regions where discrepancies
may be several degrees Celsius and more than 100 % in
precipitation (Formayer et al. 2010).

For each day of the year, we calculated trend lines for
Tmin» Tmax and Prcp by scenario to derive absolute changes
between the years 2010 and 2100. The difference among
the scenario grid cells turned out to be small; thus, we
continued to use averaged values. Figure 3 gives the
absolute Ty, and T, change for the scenario A1B and B1
for each day of the year. A polynomial regression was fit
across all 365 daily changes. We obtained our 2010-2100
temperature scenarios time series for the 782 grid points by
randomly repeating the meteorological years of the obser-
vation period 1960-2009 and then linearly increasing these
Tmin and T, data with the smoothed daily temperature
trends of the scenarios (Fig. 3). For Prcp and Srad, similar
approaches were attempted. However, the changes yielded
were negligible (not shown). Instead, we assumed Prcp to
increase in winter and decrease in summer, its maximum at
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Fig. 2 Mean average
temperature (top left),

annual average temperature
change (top right), mean annual
precipitation (bottom left) and
annual precipitation change
(bottom right) between 1960
and 2009. The data were
calculated using DAYMET
100 m x 100 m grid
interpolation. Average
temperature calculated as the
mean of daily minimum and
maximum temperature. Trend
calculated as the slope of the

Tavg (°C)
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linear regression line through 0
S |.___iVienna Province
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30 % (Fig. 2). For Srad, we did not introduce a scenario
because the projected changes were minor (not shown), but
used the unchanged Srad values. VPD was calculated from
the temperature scenarios using the DAYMET algorithm.
All daily meteorological variables were always based on a
common day from the observation period to ensure phys-
ical congruency. This resulted in four different climate
change scenarios for the period 2010-2100:

1. AlB and no change in precipitation (A1B).

AlB and precipitation changes as outlined above

(A1B + Prcp).

B1 and no change in precipitation (B1).

4. Bl and precipitation changes as outlined above
(B1 + Prcp).

b

The linear trends of annual T, and T},.x, averaged for
the 782 forest grid points for the period 2010-2100, gave a
100-year increase in Ty, of 4.2 °C and T, of 4.5 °C for
A1B, and 2.3 °C (Tyyin) and 2.6 °C (Tpay) for B1 (Table 1,
results section). In Table 2 (results section), we provide
the periodical mean values for the 20-year period
1960-1979, 1990-2009 and 2081-2100. Linear trends of
Prcp for 2010-2100 were not significant, and VPD
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increased significantly in both A1B and B1 (Table I,
results section). The residuals of the linear regression
model for T, Tmax, Prep and VPD were analysed for
temporal autocorrelation (using a Durbin-Watson test). No
indication of our data not meeting the assumption of the
regression analysis was found (DW > 1.9).

The annual average temperature development from 1960
to 2009 and from 2010 to 2100 for the A1B and B1 sce-
narios and the annual precipitation from 1960 to 2009 and
from 2010 to 2100 with and without our precipitation sce-
nario were averaged for all 782 forest grid points to show
annual fluctuations and temporal developments (Fig. 4).

The ecosystem model

For our study, we used the ecosystem model Biome-BGC
(Thornton 1998) version 4.1.1 (Thornton et al. 2002), with
improvements related to species representation and the
self-initialisation process (Pietsch et al. 2005; Pietsch and
Hasenauer 2006). The model simulates energy, water,
carbon and nitrogen cycles within a given ecosystem on a
daily time step. The model is driven by the daily
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Fig. 3 Projected Ty, and T,,.x change between 2010 and 2100 for
each day of the year (lines polynomial regression) according to the
CLM AIB (top) and Bl simulations (middle) and the sinusoidal
scenario of relative precipitation change between 2010 and 2100 for
each day of the year (bottom). The actual pattern of rainfall and non-
rainfall days is retained

meteorological data, i.e. daily minimum and maximum
temperature, incident solar radiation, vapour pressure def-
icit and precipitation. Vegetation-specific properties of the
modelled ecosystem are listed in an ecophysiological
parameter set (White et al. 2000; Pietsch et al. 2005).
Atmospheric CO, content, nitrogen deposition and fixation,
aspect, elevation and physical soil properties (depth, tex-
ture) are input parameters for the model. The model pre-
dicts stomatal conductance to CO, and water vapour by
reducing species-specific maximum stomatal conductance
by a series of multiplicative reductions based on solar
radiation, VPD, soil water potential (Psi, ¥) and daily
minimum temperature (Thornton et al. 2002). The multi-
plicators take values from 1 (no limitation) to O (total
stomatal closure). Threshold values of VPD [600,
3,000 Pa], ¥ [—0.34, —1.70 MPa] and T,,;, [0, —8 °C] are
species specific (Pietsch et al. 2005, values for beech in
brackets). Photosynthesis is calculated separately for the
sunlit and shaded canopy fractions, based on the Farquhar
photosynthesis routine (Farquhar et al. 1980). Growth, the
allocation of newly assimilated carbon to the different plant
compartments and to the storage pools for following years

growth, is limited by the carbon requirements for auto-
trophic respiration (i.e. for maintenance respiration, what
needs to be fulfilled first, and for growth respiration) and by
the availability of nitrogen to fulfil the species-specific C/N
ration requirements of the different plant compartments.
Maintenance respiration is a temperature-dependent func-
tion of the nitrogen content of the plant compartment (Ryan
1991), and growth respiration is a function of the carbon
allocated to the different plant compartments (Larcher
1995). Both leaves flushing in spring and litter-fall in
autumn are soil temperature dependent. Decomposition of
dead organic material is regulated by temperature and soil
water status. Easily decomposable labile and more recal-
citrant cellulose and lignin plant proportions go in different
decomposition pathways. Leaching and volatile loss of and
competition for soil mineral nitrogen between growing
plants and decomposing microorganisms are considered in
the model. The water cycle considers canopy interception
and stomatal conductance/transpiration, evaporation from
the canopy and from the soil, snow sublimation, storage of
water in the soil and outflow (Of) of water exceeding sat-
uration and field capacity. The soil water-holding capacity
at saturation is derived from soil depth and texture, based
on empirical pedotransfer functions (Clapp and Hornberger
1978; Cosby et al. 1984; Saxton et al. 1986). Evaporation
and transpiration are estimated using the Penman—Monteith
equation and depend on air temperature, air pressure, VPD,
solar radiation and the transport resistance of water vapour
and sensible heat; soil evaporation also depends on the
number of days since the last rain event and transpiration
on the stomatal, cuticular and boundary layer conductance.
For further detail, we refer to Thornton (1998), White et al.
(2000), Thornton et al. (2002), Pietsch and Hasenauer
(2006) and Pietsch and Hasenauer (2009). For this study,
phenology required an adaptation in order for it to account
for altered phenology through increasing temperatures.
Based on the original algorithm, we calculated the required
long-term daily average temperature mean (T,yg, mean) from
the available climate data (1960-2100) in a moving win-
dow that has the same length as the historic climate records
(50 years).

Modelling procedure

The general modelling procedure within Biome-BGC uses
a self-initialisation procedure including the dynamic mor-
tality routine of Pietsch and Hasenauer (2006) to stabilise
the pool sizes at a dynamic equilibrium (negligible changes
i.e. in soil carbon stocks between two mortality cycles).
Historic land use, i.e. forest management, was considered
by a sequence of clear cuts and plantings (3—4) and thin-
nings for management-related impacts on the state and
productivity of the forest system (Pietsch and Hasenauer
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Fig. 4 Annual average
temperature (fop) and annual
precipitation (bottom) averaged
over the 782 forest grid points
between 1960 and 2100,
including linear trend lines.
Values of the climate
observation period 1960-2009
are interpolated with DAYMET.
For temperature in the period
2010-2100, the meteorological
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years of the period 1960-2009
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2002). In this study, the rotation length was set to
130 years. Viennese forests experienced intensive man-
agement which was addressed by employing the thinning
routine for beech as described in Petritsch (2008). For the
scheduling of the management interventions, we randomly
assigned a current age (in 2009) between 1 and 130 years
to the simulation plots. The implemented forest manage-
ment routine allows that during clear-cut and thinning
intervention user-specified total amounts or shares of car-
bon and nitrogen are transferred from the living biomass
pools (stem including branches, fine and coarse roots,
leaves) to the dead biomass pools (coarse woody debris,
litter), but carbon and nitrogen can also be extracted from
the system.

The available daily climate data from 1960 to 2009 are
repeatedly and randomly used for the simulations before
1960 (self-initialisation, historic land use). From 1960 to
2009, the observed climate data were used in the natural
order, which is followed by the different climate change
scenarios (A1B, A1B + Prcp, B1, B1 + Prcp). For the
early phases of simulations, the CO, concentration was
kept at a preindustrial level of 278 ppm. The historic
anthropogenic CO, increase followed IPCC’s mean global
annual atmospheric CO, concentration data set 1S92a
starting in 1765 (IPCC 1992; Enting et al. 1994). For the
climate change simulations, the CO, concentrations were
used as prescribed by the emission scenarios A1B and B1.
Preindustrial nitrogen deposition was estimated by Holland
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et al. (1999) at 1kgN ha™! year_l, whereas current
annual nitrogen deposition was taken from a nitrogen
deposition map combining nitrogen deposited in wet and
dry form, published by Eastaugh et al. (2011). The historic
development of the nitrogen deposition was approximated
by the trend in the atmospheric CO, concentration. For
future simulations, the nitrogen deposition rates were kept
constant at current levels. Soil texture and depth were
interpolated from the Austrian National Forest Soil Survey
(Petritsch and Hasenauer 2007).

Model validation

We obtained stand (age, volume) and site (elevation, slope,
aspect) and management information for 32 experimental
beech plots from the region which were established and are
maintained by the Institute of Silviculture at the University
of Natural Resources and Life Sciences, Vienna. Of these
plots, ten are directly located within the study region. The
remaining plots are found in the south within 65 km of the
study area, and one plot is 120 km away. The experimental
plots cover a wide age range (>150 years), have a docu-
mented management history and serve as model validation
plots.

We applied the same modelling procedure as described
above to the 32 experimental beech plots. The scheduling
of the management, however, was adapted to the docu-
mented management history and the age of the plots.
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Ecophysiological indicators

Daily weather, atmospheric CO, concentrations and nitro-
gen deposition rates affect the ecophysiological processes
of forests either directly or through feedback between pools
and fluxes. Certain ecophysiological indicators possess a
strong ability to highlight potential reactions to changes in
climate because they are decisive in the functioning and the
productivity of forests. For our study, such model variables
are the transpiration (Tr), the evaporation (Ev), the water
use efficiency [WUE, ratio between net primary production
(NPP) and transpiration], the soil water potential (Psi,'V),
outflow of water through deep percolation (Of) and the net
soil nitrogen mineralisation rate (Nmin). Psi is used by
Biome-BGC as a surrogate for the leaf water potential. It
can be taken as a measure of the system dryness. Fur-
thermore, it influences the transpiration, evaporation, CO,
uptake through the stomata and decomposition. Nmin is
mediated by soil temperature and Psi and is important for
sustained ecosystem productivity.

Ecosystem productivity indicators

Productivity indicators, such as leaf area index (LAI), gross
primary production (GPP), NPP, the ratio NPP/GPP and
net ecosystem exchange (NEE), are used to assess the
potential productivity changes of forests. In our analysis,
we covered the full heterogeneity in site productivity in the
study region. Thus, we consider any reductions in pro-
ductivity (carbon cycle) through the close link to other
ecosystem processes and cycles (water, nitrogen, energy)
as a potential threat to forest functioning and thus the
provision of ecosystem services. This includes the provi-
sion of fresh air, shading and cooling, intact soil (mediated
by the litter input and root growth) for proper filtering of
drinking water, protection against soil erosion and flooding
and the pleasure wandering about in a lush, healthy forest.

GPP strongly depend on daily weather, the nitrogen
availability and feedback loops with LAI The ratio NPP/GPP
is a measure of the effective forest productivity. A decreas of
NPP/GPP indicates a higher plant internal respiration and a
lower biomass build-up. The total ecosystem carbon balance
is given by the NEE (g C m~2 day ). NEE is NPP reduced
by heterotrophic respiration, which is dependent on temper-
ature, soil water content and soil mineral nitrogen availability.

Analyses and results

Model validation

We applied Biome-BGC to the 32 experimental beech plots in
the region. We converted the simulation results for stem

carbon to timber volume using biomass expansion factors
(Pietsch et al. 2005) and compared the predicted volume with
the observed stand volume (Fig. 5). The mean predicted and
observed volumes are 362 and 364 m> ha™', respectively.
Standard deviation of the differences between predicted and
observed values is 81 m®> ha™' or 22.2 % of the observed
mean volume. The paired Student’s 7 test revealed no signif-
icant difference between predicted and observed volume
(A=-2m’ha™!, r=0.153 <1, _ goos. v — 31 = 2.04).
The linear regression analysis of observed versus predicted
volume (Fig. 5) gives an > of 0.80, an intercept of —34
m® ha~' and a slope of 1.10. The volume residual analysis
showed no trends versus elevation, slope, aspect and mean
stand age (Fig. 5). The confidence (CI) and prediction inter-
vals (PI) according to Reynolds (1984) revealed unbiased
results, with a CI of —31 to +27 (—8.6 to +7.4 %) and a PI of
—169 to +165 (—46.5 to +45.3 %). The CI examines diver-
gences between the expected differences if the model is
repeatedly used; the PI provides the range of the error in future
applications. This suggests that Biome-BGC produces con-
sistent and unbiased results and is a suitable diagnostic tool for
our analysis.

Ecophysiological indicators

We calculated the ecophysiological indicators for the 782
forest grid points between 1960 and 2100. Linear regression
(Table 1) and periodical mean values (Table 2) were cal-
culated for the annual sums (Tr, Ev, Of, Nmin), annual means
(WUE) or seasonal means (¥, mean for months June—
August), averaged over all grid points. Annual evaporation is
projected to increase in the A1B scenario, whereas transpi-
ration is projected to decrease under A1B + Prcp and
B1 + Prcp (Tables 1, 2) and so is the sum of Ev and Tr,
evapotranspiration (ET, not shown). Annual WUE increased
in every period and scenario (Tables 1, 2) and shows con-
siderable annual variation (Fig. 6). In contrast, the summer
time soil water potential shows persistent decrease, except
for the B1 scenario (Tables 1, 2). The changes in mean
monthly Psi between the 1960s and the 2090s are shown in
Fig. 6, where the decrease in the summer months is apparent.
Regional differences in mean summer Psi (Fig. 8c) and
elevation trends (Fig. 9d—f) are evident. The annual Of from
the bulk soil is projected to increase under A1B + Prcp and
B1 + Prcp (Tables 1, 2). Net soil nitrogen mineralisation
rates show a positive response to all four scenarios with
highest rates in A1B, followed by A1B + Prcp (Tables 1, 2).

Ecosystem productivity indicators
The productivity indicators LAI, GPP, NPP and NEE for

the period 1960-2100 were calculated for each of the 782
forest grid points (Fig. 7; Tables 1, 2). All four measures
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Table 1 Slope parameter of the linear regression and result of the Linear regression was done over the historic climate observation
significance test for the trend using an oo = 0.05 (* = significant) for period and the future scenario period. All values are averages over the
climate variables and ecophysiological and productivity indicators. 782 forest grid points
Variables 1960-2009 2010-2100 A1B 2010-2100 A1B + Prcp 2010-2100 B1 2010-2100 B1 + Prcp
Climate variables

Tonin (°C year™) 0.0533* 0.0419* 0.0419* 0.0234* 0.0234*

Timax (°C year™") 0.0272%* 0.0448* 0.0448% 0.0257* 0.0257*

Prcp (mm year™2) —0.5412 0.5319 0.0499 0.5319 0.0499

VPD (Pa year™") —0.064 2.124%* 2.124%* 1.3431%* 1.3431%*
Ecophysiological indicator

Tr (mm year™2) 0.7281 0.1633 —0.5941%* 0.0789 —0.6606*

Ev (mm year %) —0.1348 0.2571* —0.0275 0.1456 —0.097

WUE (g C mm™" year™") 0.0023* 0.0022* 0.0032%* 9.00E—04* 0.0017*

Psi (MPa year™) —0.0064 —0.0044* —0.0068* —0.0021 —0.0046*

Of (mm year™?) —1.1647 0.1092 0.6729* 0.3071 0.8115%*

Nmin (g N m~2 year ) —0.0015 0.0069* 0.0061* 0.0042%* 0.0032%*
Productivity indicator

LAI (m* m™? year™ ') 0.0117* 0.0076* 0.0021* 0.0032%* —0.002

GPP (g C m~2 year %) 3.0369* 2.4102% 1.2063* 1.0863* —0.0301

NPP (g C m™? year ) 1.6077* 1.015% 0.3209 0.4225 —0.2426

NPP/GPP (year™") —0.0004* —0.0005* —0.0005* —0.0003* —0.0003*

NEE (g C m~? year ?) 1.2695* 0.5364* 0.0621 0.1563 —0.2949

Variables are annual changes of annual average daily minimum temperature (7},;,), annual average daily maximum temperature (7,,x), annual
precipitation (Prcp), annual average vapour pressure deficit (VPD), annual transpiration (Tr), annual evaporation (Ev), annual average water use
efficiency (WUE = NPP/Tr), average June—August soil water potential (Psi), annual water outflow (Of), annual nitrogen mineralisation (Nmin),
annual maximum leaf area index (LAI), annual gross primary production (GPP), annual net primary production (NPP), annual average net
ecosystem exchange (NEE)

Table 2 Climate variables and ecophysiological and productivity indicators averaged over 20-year period during the historic climate obser-
vation period and the future scenario period. All values are averages over the 782 forest grid points

Variables 1960-1979  1990-2009 2081-2100 A1B  2081-2100 A1B + Prcp  2081-2100 B1 ~ 2081-2100 B1 + Prcp
Climate variables
Tinin (°C) 3.7 5.4 8.2 8.2 6.7 6.7
Timax (°C) 13 13.8 17.3 17.3 15.7 15.7
Prcp (mm year™ ') 831 789 836 793 836 793
VPD (Pa) 557 553 732 732 670 670
Ecophysiological indicator
Tr (mm year™") 342 354 391 330 382 323
Ev (mm year’l) 228 226 249 227 241 221
WUE (g C mm™") 1.12 1.21 1.33 1.41 1.24 1.31
Psi (MPa) —0.44 —0.71 —0.89 —-1.09 —0.7 —0.91
Of (mm year™") 262 208 196 236 213 249
Nmin (g N m~2 year™")  3.43 3.37 3.72 3.65 3.53 3.44
Productivity indicator
LAI (m* m™?) 2.9 33 4 3.6 37 3.2
GPP (g C m™2 year ') 605 691 896 800 793 704
NPP (g C m~? year ') 381 424 517 461 471 418
NPP/GPP (-) 0.63 0.61 0.58 0.58 0.59 0.59
NEE (g C m~2 year ') 210 244 295 257 265 229

Variables are annual average daily minimum temperature (7,y,;,), annual average daily maximum temperature (7},,x), annual precipitation (Prcp),
annual average vapour pressure deficit (VPD), annual transpiration (Tr), annual evaporation (Ev), annual average water use efficiency
(WUE = NPP/Tr), average June—August soil water potential (Psi), annual water outflow (Of), annual nitrogen mineralisation (Nmin), annual
maximum leaf area index (LAI), annual gross primary production (GPP), annual net primary production (NPP), annual average net ecosystem
exchange (NEE)
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exhibit an increase for the period of 1960-2009. Among  Discussion

the climate change scenarios, A1B exhibits the highest
increase for all indicators, whereas B1 + Prcp shows no
change. A regional forest map with NPP averaged for
1990-2009 reveals the spatial variation of productivity in
the region (Fig. 8a). Elevation gradients and differences
between mean values for 1990-2009 and 2081-2100 are
apparent (Fig. 9g—i). High productivity is apparent in the
vicinity of Vienna, sub-region NE (Figs. 8a, 9g). A second
map shows the relative changes of the period 2081-2100
versus 1990-2009 for A1B, the scenario with the highest
productivity increase (Fig. 8b). The highest relative
increase of up to 25 % is primarily found in high elevations
(Figs. 8a, 9g—i). Under A1B + Prcp, NPP increases are
less than half compared to the A1B scenario (Table 1;
Fig. 9g—i). We calculated the correlation between the rel-
ative NPP increase (Fig. 8b) and the summer Psi (Fig. 8c).
The correlation coefficient of 0.52 indicates strong
correlation.

Climatic effects

For the last 50 years (1960-2009), an increase in daily
minimum temperature of 2.6 °C and in daily maximum
temperature of 1.4 °C (Table 1) with large regional dif-
ferences in the study area has been evident (Fig. 2). Until
the end of the twenty-first century, climate change sce-
narios project an increase in average temperature of
~4.4 °C (A1B) and ~2.6 °C (B1); however, the projected
changes vary for Ty, and T« along with the seasons
(Figs. 3, 4). Past (1960-2009) precipitation changes were
not significant (Table 1), and CLM did not project strong
Prcp trends for A1B and B1. Therefore, we conducted our
study with unchanged Prcp and with our own Prcp sce-
nario, assuming increased winter and decreased summer
precipitation following assessments of the IPCC for Central
Europe (Christensen et al. 2007).
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Higher temperatures have led to a prolongation of the
growing season in Austria (Hasenauer et al. 1999) and can
partly explain higher productivity in Austrian forests
(Eastaugh et al. 2011). A moderate temperature increase
fastens turnover and mineralisation processes (Lloyd and
Taylor 1994) and therefore potentially increases ecosystem
productivity. Overdieck et al. (2007), for example, show
higher growth rates of juvenile beech trees with higher
temperatures compared to growth rates at elevated CO, in a
non-water-limited system. Temperature responses are rep-
resented by Biome-BGC in many of the modelled steps in
the carbon and nitrogen cycles and include known negative
effect of temperature on the carbon balance (Thornton
1998). For example, autotrophic respiration increases with
temperature. Oxygenation reactions during photosynthesis
(photorespiration) increase faster with temperature than

@ Springer

carboxylation reactions (CO, assimilation, Lambers et al.
2008). Higher maintenance respiration changes the carbon
balance of forests and plays a significant role during the
process of carbon starvation, where prolonged stomatal
closure inhibits photosynthesis and carbon stores are
depleted (McDowell et al. 2011). As an immediate effect of
higher temperature, higher VPD (Tables 1, 2) increases the
evaporative demand, the driving force for ET.

Impacts on ecophysiological indicators

Changes in the ET rates and precipitation patterns modify
the Of (Tables 1, 2). In combination with a projected
decrease in ET, an increase in stand Of is projected for
A1B + Prcp and B1 + Prcp. The analysis of the sub-
regions indicates that in both high and low elevations, our
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«Fig. 8 (a) Mean annual NPP for the period 1990-2009 for the

forested area in the study region and (b) relative annual NPP changes
to the period 2081-2100, (c) and mean summer time (June—August)
soil water potential Psi for the period 2081-2100 with the scenario
A1B; interpolated with ArcGIS Kriging interpolation tools using the
standard settings of ordinary Kriging

assumed Prcp decrease in summer and increase in winter
causes a decrease in ET and Of in summer but an increase in
Of in winter (not shown), causing the increase in annual Of.

The WUE is projected to increase for all the scenarios,
especially for A1B + Prcp (Tables 1, 2). This confirms
results of Forstreuter (2002), who experimentally found
higher WUE for beech under elevated CO, concentrations
and of Peifiuelas et al. (2008), who detected increased
intrinsic WUE with increasing CO, and temperature for
mature beech trees in Catalonia (Davi et al. 2006) also
predict continued increase of WUE for two French beech
forest sites from 1960 to 2100.

We project lowered summer Psi for all but one scenario.
The exception is the B1 scenario because neither Tr nor Ev
are projected to change (Tables 1, 2). Regional differences
in mean summer Psi under higher temperatures (Fig. 8c)
are accompanied by strong elevation trends (Fig. 9d—f).
This means drier soil conditions in low elevations and thus
a stronger climate change impact, especially for the SE (SE
sub-region). An additional decrease in summer Prcp has a
strong negative effect on the soil water status (Fig. 9d—f)
and, in the following, stomatal conductance and thus CO,
uptake are limited (compare following chapter). Low Psi
also limits mineralisation processes. A correlation between
annual Nmin and Psi, however, cannot be directly derived
from our results because different trends in primary pro-
duction and thus litter production disguise this effect.

Impacts on ecosystem productivity indicators

Depending on the scenario, the ecosystem productivity
indicators LAI, GPP, NPP and NEE reveal a continued
increase or preservation of the current productivity level
(Fig. 7; Table 1). For both AIB and B1, the additional
scenario of reduced summer and increased winter precipi-
tation reduces LAI, GPP, NPP and NEE compared to the
no-Prcp change scenarios. This indicates a response to
limited water supply during the growing season corre-
sponding to the lower summer Psi (compare previous
chapter). Spatial patterns in the productivity indicators are
the result of the combined effect of spatially varying
temperature, precipitation, soil properties and nutrient
supply. The highest NPP values for the period 1990-2009
are evident for areas with high nitrogen deposition rates,
such as the forests in the immediate vicinity of the city of
Vienna (Figs. 8a, 9a, g). The analysis of the three sub-
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periods 1990-2009 and 2081-2100 for A1B and A1B + Prcp for

regions (Fig. 1) reveals that responding to decreasing
summer Psi towards lower elevations (Fig. 9d—f), annual
NPP decreases with elevation (Fig. 9g—i). Therefore, the
relative NPP increase (mean 2081-2100 compared to mean
1990-2009, shown for A1B or A1B + Prcp) is smaller in
low elevations (Figs. 8b, ¢, 9g—i). The positive effect of
increasing temperatures on productivity thus is more pro-
nounced in higher elevations, whereas in lower elevations
the productivity increase is limited by the water supply.
The results are consistent with findings from the climate
change impact study by Hlasny et al. (2011). They predict,
using a multi-model approach, that beech forest produc-
tivity will increase in higher elevations but show less
increase or even drought-induced decline in growth in the
lower part of the species distribution range. The decreasing
ratio NPP/GPP (Tables 1, 2) demonstrates a reduction in
the efficiency of plant primary production because more
carbon is required for maintenance respiration with
increasing temperature. NEE (NPP minus heterotrophic
respiration) is positive and increased during the past
50 years (Table 1). Although NEE is projected to further
increase only together with increasing NPP (A1B), results
suggest that the forest will remain a carbon sinks in all
scenarios (Fig. 7). The underlying modelling assumptions
are that timber is extracted during thinnings and final
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selected forest grid points from the sub-regions in the north-east (NE,
a, d, g), south-east (SE, b, e, h) and west (W, ¢, f, i); sub-regions are
defined in Fig. 1

harvest, whereas leaves and roots are left in the forest to
decompose. The detected patterns in GPP and ecosystem
respiration increase are consistent with reports from water
and carbon fluxes of two French EUROFLUX beech sites
(Davi et al. 2006) where in a climate sensitivity study up to
60 % GPP and 100 % NEE increase for the period
1960-2100 are projected.

A debated phenomenon in climate change impact studies
is the downregulation of productivity due to nitrogen or
generally nutrient limitation under CO, enrichment (Oren
et al. 2001; Luo et al. 2004; Iversen and Norby 2008).
Nutrient cycling, as implemented in Biome-BGC as a
detailed nitrogen cycle, is important to detect possible
downregulation of productivity (Medlyn et al. 2011). Our
results show no clear sign of downregulation due to nitrogen
limitation as the relative increase in NPP (Fig. 8b) is similar
inregions with high N deposition (sub-region NE, inside city
boundaries of Vienna, Fig. 9a) and areas with lower N
deposition (e.g. lower elevations of sub-region SE; Fig. 9b).
Also, increasing N mineralisation (Table 1) indicates no
worsening nutrient limitation (Luo et al. 2004). Our results of
no N limitation agree well with the estimated exceeding of
the critical loads of eutrophication-causing nitrogen depo-
sition by up to 15 kg N ha™' year™' in the study region
(Obersteiner and Offenthaler 2008).
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An uncertainty in the forest response to climate change
is the potential limiting effect of elevated CO, on the
stomatal conductance. Such a response is not included in
Biome-BGC due to inconsistent results from field studies
on woody species (Saxe et al. 1998; Norby et al. 1999;
Thornton et al. 2002). Effects vary among plant functional
groups and are generally lower for woody plant species
than for grasses and herbaceous plants (Ainsworth and
Rogers 2007). Also for F. sylvatica, the reports range from
no response to conduction reductions of more than 30 %
(Dufréne et al. 1993; Liozon et al. 2000; Forstreuter 2002;
Keel et al. 2007). Reduced stomatal conductance with
elevated CO, could improve the WUE and increase pro-
ductivity under water-limiting conditions (Saxe et al. 1998;
Medlyn et al. 2011), but opposite results have also been
reported (Warren et al. 2011).

In this climate change impact study, we did not model
the risks of an increase in storm damage and the spread of
forest-damaging agents (pathogens, insects), on the one
hand, because storms and biotic disturbances are not part of
the Biome-BGC model. On the other hand, susceptibility to
storm damage is low for beech, compared to other domi-
nant tree species, for example, Norway spruce (Schiitz
et al. 2006; Thom et al. 2013). Beech is also considered
less susceptible to biotic damaging agents, although several
different beech pests and pathogens are known (Steyrer
2009; Tomiczek et al. 2011). They include a number of
secondary damaging agents (that follow drought periods
and wind damages), which research pays special attention
to at the xeric edge of the natural distribution range of
beech (Lakatos and Molnar 2009, Rasztovits et al. 2013). A
recent study in the biosphere reserve Vienna Woods,
however, found no bark beetle damage even on wind-throw
sites (Steyrer and Wieshaider 2010).

Forest management planning may be influenced by
drought effects and require heightened attention to stand
structure, harvesting regimes and (ground-) water man-
agement in the future (Lindner et al. 2010; Seidl et al.
2011; Hlasny et al. 2014). For this study, we did not con-
sider alternatives to our implemented forest management
routine. A careful adaptation of the shelterwood system
may be necessary under climate change for Chakraborty
et al. (2013) report a higher risk of crown dieback and even
total mortality in dry years for beech regeneration in the
understory of adult trees due to competition for water.
Since Biome-BGC does not simulate different tree layers,
this effect could not be tested. Alternative future manage-
ment scenarios could also include increased biomass
extraction for energy production (e.g. fine branches or
leaves), consequently changing NEE and the nutrient cycle,
or shortened rotation periods to make use of the increasing
productivity. Shortened rotation periods could reduce the
risk of red heartwood in the beech stems that develops with

age (Knoke 2003) and also reduce the risk of disturbances
(i.e. storms).

Impacts on welfare and recreation

The projected impact of climate change on ecophysiology
and productivity and thus on forest functions of the Vienna
Woods may have implications on welfare and recreation.

The projected reduction in transpiration (Tables 1, 2) will
reduce evaporative cooling in the canopy. The extent to
which this cooling in the canopy will effect potential cooling
effects within a forest stand is difficult to assess (Oke et al.
1989). Changes in the ET rates, precipitation patterns and
WUE are projected to influence Of and thus potentially
drinking water sources (Tables 1, 2). Our projections of
stable productivity (see Fig. 7; Table 1) fulfil the very
general requirement of stable forests for sustainable drinking
water supply (Richards et al. 2012). The preservation of
beech forests is beneficial because of its high effectiveness
in filtering out nitrates that typically harm drinking water
quality (von Wilpert et al. 2000). Following Bartsch (2000),
problems with drinking water quality cannot be excluded,
where forests on shallow soils are disturbed and low pH in
the surface soil increases nitrate leaching and hinders fast
vegetation growth after gap creation.

The projected increase in LAI (Table 2) may have
several positive implications: (1) a high LAI is important
for flood protection because water is intercepted, evapo-
rated and transpired, and thus, run-off rates are reduced
(Badoux et al. 2006; Potzelsberger and Hasenauer 2015);
(2) a well-developed canopy provides shade for recreation
seeking visitors; (3) a high LAI guarantees continued litter
production, and therefore, an organic-rich well-structured
soil that filters, adsorbs and transforms pollutants and
therefore is important for clean drinking water supply
(Dudley and Stolton 2003; Blume et al. 2010). Such a well-
developed soil, in combination with a dense canopy and
litter layer, is also more resistant to erosion (Brang et al.
2001; Salles et al. 2002).

NEE is projected to stay positive under all climate
change scenarios and of unaltered forest management,
implying that these forests act as carbon sinks and thus help
mitigating climate change. In a strict sense, this climate
change mitigation effect applies to a situation, where the
extracted wood is stored permanently and is not burned or
left to decompose somewhere outside the forest.

Conclusion

With biogeochemical mechanistic ecosystem modelling,
we were able to project changes in ecophysiological and
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productivity indicators for the Vienna Woods under two
different temperature scenarios combined with two variants
for precipitation (increased winter and decreased summer
precipitation, or no change). Changes in the carbon, water
and nutrient pools and fluxes are diverse due to multiple
feedback loops and different temperature dependencies of
biological and geochemical processes. Changes in precip-
itation pattern plus temperature increase are projected to
decrease annual ET, increase the WUE and increase water
Of in winter. Annual NPP and NEE are projected to
increase for one of the four scenarios. Lower summer soil
water potentials especially in lower elevations limit the
productivity increase. Overall, we project that the Vienna
Woods will continue to fulfil their key forest functions.
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