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Abstract
• Mixed forests feature competitive interactions of the contributing species which influence their re-
sponse to environmental change.
• We analyzed climate change effects on the inter-specific competition in a managed Douglas-
fir/beech mixed forest.
• Therefore, we initialised the process-based forest model 4C with published fine root biomass distri-
butions of Douglas-fir/beech stands and a stand composition originating from yield tables to simulate
forest growth under regional climate change scenarios for a Dutch and a German site.
• The number of days when the tree water demand exceeded the soil water supply was higher for
Douglas-fir than for beech. After 45 simulation years the proportion of basal area covered by beech
increased from one to seven percent. Beech’s competitive strength is mainly explained by the fine
root biomass distributions and is highest under the historic climate and the driest climate change sce-
narios. Higher net primary production (NPP) under warmer/wetter climate but decreased NPP under
warmer/drier conditions confirms Douglas-fir’s high sensitivity to limited water supply.
• Simulated climate change does not substantially alter the interaction of the two species but the
drought-stressed trees are more susceptible to insects or pathogens. The concept of complementary
water use highlights the importance of mixed forest for climate change adaptation.

1. INTRODUCTION

In recent decades, the focus of European forest man-
agement has changed from mono-specific and production-
oriented forests towards mixed forests with special empha-
sis on multifunctionality. Although currently a rare forest
type, silvicultural incentives to increase the area of Douglas-
fir (Pseudotsuga menziesii) / beech (Fagus sylvatica) mixed
forests are increasing in several Central European regions: ei-
ther through conversion of former Douglas-fir plantations or
through an insertion of Douglas-fir into deciduous produc-
tion forests. The use of Douglas-fir in European forestry is
restricted to the ‘coastal’ variety (var. viridis) which has sub-
stantially higher growth rates than the ‘interior’ variety (var.
glauca) but is less drought-tolerant and susceptible to late
frosts (Hermann and Lavender, 1999). Beech constitutes a
large part of the potential natural vegetation in temperate Eu-
rope but the actual forest area covered by beech is comparably
small and limited by historical forest management.

The evidence for climate change and its impacts on for-
est ecosystems have moved to the centre of interest of forest
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science (Aber et al., 2001). Dendroecological studies re-
port that summer precipitation influences the increment of
Douglas-fir in lowland, western Poland (Feliksik andWilczyn-
ski, 2004) whereas radial growth of beech at low altitudes in
continental climate (Dittmar et al., 2003) and in coastal cli-
mate (van der Werf et al., 2007) appears to be relatively insen-
sitive to summer water shortage. In a central European context
we define drought as a day or a sequence of days where the
plant water demand exceeds plant available water. Specifically
for Douglas-fir in the Netherlands, Tiktak and Bouten (1994)
simulated up to 31% reduction of transpiration by drought in
the driest years of the period 1960–1990 and large stand-level
experiments by de Visser et al. (1994) revealed that Douglas-
fir trees in the Netherlands were not growing under optimal
water conditions. At the background of a changing climate and
negative responses of trees to drier conditions, the competition
for water is a major concern, as it may alter competition and
thus stand dynamics in mixed stands.

The available water can determine the growth of trees
(Bréda et al., 2006). A tree’s water status depends on its ac-
cess to soil water and its ability to transport this water to the
leaves. The rooting depth, fine root biomass amount and distri-
bution, and the water uptake efficiency of fine roots (number
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of fine root branches and tips) characterise the access to soil
water of a species (Bréda et al., 2006). During the absorp-
tion of CO2, when the tree’s stomates are wide open, the tree
inevitably loses water through transpiration. In water-limited
situations, the tree minimises such transpirational water loss
by reducing the stomatal conductance. This balance between
maximising growth (i.e. uptake of CO2 and photosynthesis)
and reducing water loss contribute to the competitive strength
of a tree species.

In mixed forests, the fine root biomass distribution of an
individual species differs from those found in mono-specific
forests of the same species. Beech is known to have a
higher total fine root biomass (< 3 mm) than other temper-
ate tree species (Leuschner and Hertel, 2003) and a high be-
lowground competitive capacity, as it actively occupies soil
strata less occupied by its competitors in mixed systems
(Bolte and Villanueva, 2006; Schmid, 2002). Hendriks and
Bianchi (1995) examined root density and root biomass in
Douglas-fir/beech mixed forests in the Netherlands and con-
cluded that despite domination by Douglas-fir in the above-
ground biomass, beech was prevailing in the below-ground
biomass and beech roots dominated in deeper soil layers.
Similar results have been found for forests with a Norway
spruce (Picea abies) and beech mixture (Schmid, 2002; Bolte
and Villanueva, 2006). Apparently, beech has the capability
to withstand phases of domination, compensate for a lesser
proportion of above-ground biomass growth with enhanced
below-ground biomass growth and in doing so partly reverse
the domination.

The demand to understand and predict such dynamics of
mixed forests and to assess the impact of changing envi-
ronmental conditions challenges forest modelling approaches:
instead of mono-specific, even-aged plantations under con-
stant environmental conditions, complex mixed-forests un-
der changing environmental conditions need to be modelled
(Burkhart and Tham, 1992). Process-based forest models en-
able assessments and planning of forest growth and yield but
are also applied to simulate stand structure, competition, suc-
cession and other stand dynamics under changing environmen-
tal conditions and allow experiments that could not be carried
out otherwise (Mäkelä et al., 2000a).

Bartelink (1998) developed a model for Douglas-fir/beech
mixed stands but focused on competition for light and sta-
ble environmental conditions. We consider an even-aged, two-
species mixture which is artificially constructed from mono-
species yield tables of beech and Douglas-fir (Jansen et al.,
1996) for methodological reasons: it is a simple mixed for-
est type compared to uneven-aged mixed forests with more
than two species and allows analysing competition under dif-
ferent climates in a two-species mixture. Furthermore, there
are no suitable single-tree, long-term observations of Douglas-
fir/beech mixed forests available. Recent trends in conversions
of Douglas-fir plantations and discussions about an increased
share of Douglas-fir in mixed forests for wood production
however require a more detailed analysis of this mixture.
So far, no studies have evaluated how drier and warmer cli-
matic conditions influence Douglas-fir/beech mixed stands
and how reduced soil water availability might affect their

growth. Therefore, the objective of this study is to analyze the
effects of a drier and warmer climate on inter-specific com-
petition in a managed Douglas-fir/beech mixed forest using a
process-based forest model. Two specific research questions
emerge:

1. How does a drier and warmer climate influence the
drought experienced by Douglas-fir and beech? We expect
that beech will tolerate droughts better than Douglas-fir un-
der a drier and warmer climate. In this sense, we quantified
the drought as perceived by a species as the number of days
where the water demand is higher than the water supply.

2. Which of the two species is more competitive under a
drier and warmer climate? We predict that beech will be more
competitive than Douglas-fir under a drier and warmer cli-
mate. Under such climate change, we therefore expect that the
relative biomass accumulation in the mixed forest stand will
increase in beech and decline in Douglas-fir, compared to cur-
rent conditions.

2. MATERIALS AND METHODS

We simulated the development of Douglas-fir/beech mixed forests
artificially constructed from yield tables under different climate
change scenarios. Therefore, we introduce the two study sites
(Sect. 2.1) and present the forest model 4C, the input data, the model
adjustments (Sect. 2.2) and finally the simulation design (Sect. 2.3).

2.1. Study sites

The two study sites are the Speulderbos (wetter climate, ortic pod-
sol) in the province Gelderland, the Netherlands (Tiktak and Bouten,
1990; Tiktak et al., 1988) and Freienwalde (drier climate, haplic pod-
sol) in Brandenburg, Germany (Riek and Stähr, 2004) (Tab. I; and
supplementary, Fig. S11).

2.2. The forest model 4C

We simulated forest dynamics using the forest model 4C (FORE-
SEE – FORESt Ecosystems in a changing Environment), which was
designed to model the impact of environmental change on forest
ecosystems (Bugmann et al., 1997; Lasch et al., 2005; Suckow et al.,
2001). 4C is based on water, nutrient and carbon fluxes between the
soil, plants and the atmosphere (Fig. S21). Climate, atmospheric CO2-
concentration and nitrogen deposition from real data sets or scenar-
ios drive plant processes such as photosynthesis and growth alloca-
tion according to ecophysiological principles (Bugmann et al., 1997;
Suckow et al., 2001). The 4C photosynthesis submodel (Haxeltine
and Prentice, 1996a) includes a CO2 fertilization response and the
unstressed stomatal conductance operates more efficiently under ele-
vated CO2. Thus, increased atmospheric CO2 has a positive effect on
growth. Furthermore, 4C includes detailed soil and management sub-
models. The physical and chemical soil processes are spatially and
temporally discrete and the soil is divided into layers and simulated
according to the parameterization from measured soil profile data.

1 Supplementary material available online only at www.afs-journal.
org.
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Table I. Characteristics of the Speulderbos and Freienwalde study sites. Precipitation and temperature are mean annual values for the period
1958–2002. The soil information has been aggregated from Tiktak et al. (1988); Tiktak and Bouten (1990) for the Speulderbos and from Riek
and Stähr (2004) for Freienwalde.

Stand Coordinates Region Precipitation Temperature Soil type pH Soil deptha Soil texturea Soil layersa

(mm) (◦C) (cm)
Speulderbos 52.25N; 5.68E Gelderland (NL) 888.9 9.6 Ortic podsol 4.0 309 Silty sand 16
Freienwalde 52.52N; 14.00E Brandenburg (GER) 523.4 8.8 Haplic podsol 3.9 304 Loamy sand 14

a As parameterised in 4C.

The water content of each layer is estimated as a function of soil pa-
rameters, air temperature, and stand precipitation. The net stand pre-
cipitation (i.e. throughfall) percolates from one soil layer to the next
soil layer according to a percolation parameter depending on soil tex-
ture. Soil evaporation up to a certain depth and water uptake by roots
in each soil layer are subtracted. In 4C cohorts of trees compete for
light, water and nutrients (Bugmann et al., 1997). Every cohort fea-
tures amongst others specific values for fine root, foliage, and stem
biomass. A large number of species-specific parameters such as max-
imum age, wood density, senescence rates of organs and specific leaf
area derived from intensive literature studies steer the physiological
processes and the development of each species. When the transpira-
tion demand of a cohort exceeds the plant available water (i.e. above
the wilting point) in the soil, the canopy conductance and ultimately
the net primary production (NPP) of that cohort is reduced according
to Haxeltine and Prentice (1996b). This reduction of the NPP corre-
sponds to a partial closure of the stomata and results in a reduction
of growth. In the soil model, the amount of precipitation and the per-
colation rate regulate the water supply (wsup in (mm cohort−1)) in the
different soil layers. The water uptake of each cohort depends on its
water demand and the available water in the soil layers which is pro-
portional to a cohort’s relative share of fine roots in each soil layer.
A cohort’s water demand (wdem in (mm cohort−1)) depends on the
potential evapotranspiration, the interception evaporation and the un-
stressed stomatal conductance. The equations for calculating these
variables do not use species-specific parameters. Species-specific pa-
rameters determine the foliage biomass, the leaf area index and the
leaf respiration of each species but primarily the water demand of
Douglas-fir and beech depends on their share of the canopy. Thus,
the most important and directly relevant species-specific difference
in parameterization of drought (WS) is the species-specific fine root
biomass distribution (see Sect. 2.2.3). WS can be calculated for every
cohort on a daily basis, as a ratio of water supply and water demand:

WS =
wsup

wdem
(1)

Daily drought occurs, when WS < 1. On these days, the lack of water
reduces the stomatal conductance and hence the production. A sensi-
tivity analysis of 4C has been performed in earlier studies (Schaber,
Schaber1998, unpublished report; Kint et al., 2009).

2.2.1. Adjustment of the height growth formulation
of Douglas-fir

The height growth algorithm in 4C was developed by Korol et al.
(1995) and tested by Lindner et al. (1997) and depends on a function
of the growth in foliage mass (Mf in (kg dry mass)) and the rela-
tive irradiance in the crown of the cohort under consideration. The

height growth rate gr (cm y−1) is a function of crown architecture of
free growing trees and acceleration of crown height growth by intra-
canopy shading:

ah =
dH
dMf

=
−a · b · Mb−1

f

(Mb
f + c)2

(2)

gr = ah + ah

(
1

max(tc(m), 0.25)
− 1

)
· (3)

Where H (cm) is height and a, b and c are species-specific, dimen-
sionless parameters. Ic (m) (%) is the relative light intensity at the
top of the canopy layer m of cohort c. In a preliminary analysis,
Douglas-fir showed a strong reaction to the relative irradiance (re-
sults not shown). Therefore, the definition of Ic (m) as the relative
light intensity in the upper third of the crown of a cohort instead of
the top layer of the canopy of a cohort was introduced for Douglas-fir.
This accounts for a different light interception of Douglas-fir’s pyra-
midal crown shape, whereas beech’s spherical crown shape conforms
better to the cylindrical crown shape used in 4C and thus the height
growth formulation for beech remained unchanged. This adjustment
provided less light for Douglas-fir trees, increased their height growth
and improved the simulation of the height growth (results not shown).

2.2.2. Input data

2.2.2.1. Soil data

The Freienwalde soil was parameterized from the profile ‘Johan-
nisberger Tieflehm-Fahlerde’ (Riek and Stähr, 2004). The Speulder-
bos soil data result from earlier studies in the area (Tiktak and Bouten,
1990; Tiktak et al., 1988). Table I summarizes the main characteris-
tics of the two soils. We assumed ample nitrogen availability for both
soils to reduce the effect of site productivity and other differences in
the parameterisation of the two soils. Thus, merely the effect of soil
water availability limits the photosynthesis.

2.2.2.2. Stand data and management routine

The mixed stand used for the analysis was an artificially con-
structed stand from yield table data (Jansen et al., 1996). The stem
number, basal area (BA) and volume from a mono-specific, fully-
stocked, medium-productive stand of beech and Douglas-fir respec-
tively were divided by two. We then combined these stands to pro-
duce the stand values of the mixed stand (Tab. II). The resulting
stand does not consist of equal proportions of the two species since
Douglas-fir features a higher basal area in the mono-specific stand
of the yield table and therefore also covers a higher proportion of
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Table II. Stand characteristics of the mixed stand constructed from yield tables after Jansen et al. (1996). The first two lines indicate the
individual contribution of each species to the Douglas-fir/beech mixture which is displayed in the third line and was initialised in 4C for the
Speulderbos (NL) and Freienwalde (GER).

Species Age N DBH Height Basal area Stem volume Stand
(ha−1) (cm) (m) (m2 ha−1) (m3 ha−1) productivity

Douglas-fir 20 866 12.4 10.8 10.44 62.5 “Groeiklasse 12”
Beech 20 2157 6.0 5.8 6.19 18.0 “Groeiklasse 8”
Douglas-fir/beech 20 3023 9.2 8.3 16.62 80.5 -

Table III. Main characteristics of the climate change scenario realisations and the historic climate for the Speulderbos (NL) and Freienwalde
(GER). The Dutch climate data were provided by the Royal Dutch Meteorological Institute and downscaled at Wageningen University and the
German data set is from the GermanWeather Service and downscaled at Potsdam Institute for Climate Impact Research (PIK). Temperature and
precipitation are mean annual values from 1958–2002 for the historic climate and from 2000–2044 for the climate change scenario realisations.
The column ‘CO2’ provides the rise in atmospheric CO2-concentration associated with the respective climate change scenario realisation or the
historic climate.

Location Scenario Temperature Precipitation CO2 Type
(◦C) (mm)

Speulderbos H 9.6 888.9 Mauna Loaa Historic
Speulderbos G 10.6 903.2 B1b Scenario
Speulderbos G+ 10.8 882.6 B1b Scenario
Speulderbos W 11.1 917.8 A2b Scenario
Speulderbos W+ 11.5 877.8 A2b Scenario
Freienwalde FRWH 8.8 523.4 Mauna Loaa Historic
Freienwalde FRW1 10.1 523.3 A1Bb Scenario
Freienwalde FRW2 10.1 522.2 A1Bb Scenario
Freienwalde/ Speulderbos FRW3/ FRW3* 10.1 518.6 A1Bb /A2b Scenario

a Associated rise in atmospheric CO2-concentration according to the Mauna Loa observatory.
b Associated rise in atmospheric CO2-concentration according to SRES storylines (Nakicenovic et al., 2000).

the BA in the mixed stand. Real Douglas-fir/beech mixed forests
in the Netherlands are not balanced either: Similarly to the con-
structed stands, Douglas-fir dominates (Bartelink, 1998). The same
stand composition was assumed for the two studied sites (Tab. II).
This simple approach substitutes missing long-term single-tree data
from mixed forests and allows simulating exactly the same stand
composition at the two study sites under different climatic conditions.

We applied the same management routine in all model runs in
order to mimic the development of real managed forests in the Speul-
derbos and Freienwalde. The management routine reduces the stem
numbers to the values prescribed by the yield table through thinning
from above. Thus, all simulations featured equal stem densities and
were exclusively controlled by management so that no natural mor-
tality occurred due to low light availability.

2.2.2.3. Climate and climate change scenario data

The Royal Dutch Meteorological Institute (KNMI) provided the
historical climate data for the period 1958–2008 of the ‘de Bilt’
weather station located around 35 km south-west of the Speulderbos
in daily resolution. We smoothed an orographic effect from de Bilt
to the Speulderbos by replacing the precipitation data of de Bilt with
precipitation data from Putten (ca. 3 km from the Speulderbos). For
Freienwalde, we used historical climate data for the ‘Schiffsmühle-
Neutornow’ meteorological station of the German Weather Service
(DWD) from the Potsdam Institute for Climate Impact Research
(PIK) climate database for the period 1958–2002 in daily resolution.

This precipitation station is located 34 km from Freienwalde and cli-
mate parameters other than precipitation have been interpolated to
that location by the PIK.

We used regional climate change scenarios to simulate possible
effects of future climate change (Gerstengarbe and Werner, 2005; van
den Hurk et al., 2006) on the mixed forests. The utilization of dif-
ferent climate change scenarios and scenario realisations covering
a wide array of possible future climatic conditions accounts for the
uncertainty associated with climate change scenarios. The climate
change scenario realisations for the two regions were derived from
simulations of Global Circulation Models and differ from the histori-
cal climate of the two study sites mainly in precipitation and tempera-
ture. The increases in atmospheric CO2-concentration associated with
each climate change scenario realisation do not differ substantially
until 2050 (Nakicenovic et al., 2000). For Freienwalde, the PIK pro-
vided three climate change scenario realisations. They originate from
an ECHAM-5 model run of the Max-Planck-Institute for Meteorol-
ogy (Hamburg) according to the SRES scenario A1B and have been
downscaled for the Elbe-river watershed (Gerstengarbe and Werner,
2005). The climate change scenario realisations for Freienwalde are
characterised by an increase of mean annual temperature by 1.5 K
until 2060 and feature different amounts of annual precipitation as
well as higher precipitation in winter and lower precipitation in sum-
mer (Tab. III). This results in distinct climatic water balances (CWB)
(Fig. 1). The CWB equals precipitation minus potential evapotranspi-
ration which was calculated after Turc-Ivanov. This indicates when
potential drought for the plants occurs. For the Netherlands, the four
climate change scenarios of the KNMI (G, G+, W, and W+) for the
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Figure 1. Deviation of the mean monthly climatic water balance (CWB equals precipitation minus potential evapotranspiration in (mm))
over the simulation period (2000–2044) from the historic climate (1958–2002), zero line)) for the Speulderbos, The Netherlands (left) and
Freienwalde, Germany (right). For the Speulderbos: thick line = FRW3*, thin line =W+, thick dashed line = G+, thin dashed line =W, dotted
line = G. For Freienwalde: thick line = FRW3, thin line = FRW2, dashed line = FRW1.

period 2009–2050 (van den Hurk et al., 2006) represent possible cli-
mate trajectories. The scenarios G and G+ feature a temperature in-
crease of 1 K and increasing summer precipitation. The scenarios W
and W+ show 2 K increase in temperature and a reduction in sum-
mer precipitation (Tab. III). The KNMI ‘Transformator programme’
(http://www.knmi.nl/) enabled the downscaling of the Dutch climate
change scenarios to regional-scale climate change scenario realisa-
tions. The driest scenario for Freienwalde (henceforth ‘FRW3’) was
also used for the Speulderbos simulations (abbreviated as ‘FRW3*’)
to simulate very dry conditions in the Netherlands. It accounts for a
temperature increase of 0.5 K but a precipitation reduction of more
than 40% which results in a drastic decrease of the CWB (Fig. 3).
The data have been checked for homogeneity and completeness at
PIK and Wageningen University.

2.2.3. Integration of a species-specific fine root biomass
distribution

The empirical literature on fine root biomass distributions in
mixed forests from different regions in Central Europe shows that
beech fine roots grow into deeper soil layers and have a higher
fine root biomass in deeper soil layers (Bolte and Villanueva, 2006;
Hendriks and Bianchi, 1995; Schmid, 2002). We initialised the
species-specific fine root biomass distribution of beech and Douglas-
fir that Hendriks and Bianchi (1995) found in the Speulderbos in
4C and assumed it to be representative for Douglas-fir/beech mixed
stands in the two study regions (Fig. 2). This accounts for different
fine root biomass distributions in mixed stands rather than in mono-
specific stands. Henceforth, this implementation of a species-specific
fine root biomass distribution corresponds to a realistic formulation
of below-ground conditions in mixed stands.

2.3. Simulation design

2.3.1. Model verification

To assess the validity of the results, we carried out a model verifi-
cation before starting the simulation experiments with climate change
scenario realisations. We ran the model for the mixed stand on the
Speulderbos and Freienwalde sites and compared the simulation re-
sults to the yield table values. Although the yield table values can only

Relativefine root biomass
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Figure 2. Species-specific relative fine root biomass distribution for
beech (dashed line) and Douglas-fir (full line) after Hendriks and
Bianchi (1995) for a Douglas-fir/beech mixed stand as initialised for
the Speulderbos soil. Note that the Freienwalde soil differs slightly in
the soil depths but not in the pattern of fine root biomass distribution.

partly substitute missing single-tree long-term measurements, the de-
viation of the simulated diameter at breast height (DBH), height, den-
sity and stem volume from them helps to assess the accuracy of the
simulations.

2.3.2. Simulation of drought and inter-specific
competition under climate change

We simulated the mixed stand (see Sect. 2.2.2) on the Freienwalde
and Speulderbos sites under the described climate change scenario re-
alisations and the historical climates (Tab. III). In order to assess the
influence of climate change on the drought experienced by the trees
in the Douglas-fir/beech mixed forest, the average number of days
where drought occurs for the simulation time was calculated from
Equation (1) by counting the number of days on which WS was less
than one over the simulation period. This number indicates the av-
erage number of days where the stomatal conductance and the tree
growth are reduced. Furthermore, the effect of climate change on the
inter-specific competition in the Douglas-fir/beech mixed forest was
tested in Freienwalde and in the Speulderbos. The basal area of each
species in relation to the total stand basal area has proven to be an ef-
fective indication of competitive processes (Oosterbaan et al., 1999).
Therefore, the proportion of basal area covered by the two species
after 45 simulations years was compared to the starting proportions
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Figure 3. Comparison of simulated and yield table values of stand characteristics of the Douglas-fir/beech mixed stand in the Speulderbos
(a–d) and Freienwalde (e–h) (after Jansen et al., 1996). The lines indicate simulated values for Douglas-fir (dashed line) and beech (full line)
and the symbols represent yield table values for Douglas-fir (squares) and beech (diamonds).

at the time of initialisation. Additionally, the development of the NPP
of beech and Douglas-fir in Freienwalde was analysed for the histor-
ical climate and the FRW1 and FRW3 climate change scenario reali-
sations. The simulation experiment lasted 45 years: from 2000–2044
for all climate change scenario realisations (FRW1, FRW2, FRW3, G,
G+, W, W+, FRW3*) and from 1958–2002 for the historical climates
(FRWH, H).

3. RESULTS

3.1. Model verification

The simulated tree numberswere identical with the yield ta-
ble values (Figs. 3c, 3g). The difference between yield table di-
ameter values and simulated diameters was low (Figs. 3d, 3h),

but the height growth of beech was overestimated in all simu-
lations and the simulated values deviated from the yield table
values. For Douglas-fir the height growth fitted the yield table
values (Figs. 3b, 3f). The stem biomass is closely related to
height and diameter and therefore biomass simulation values
that diverged from yield table values were explained by impre-
cise simulations of height growth (Figs. 3a, 3e). However, in
general the simulated values followed the same pattern as the
yield tables.

3.2. Influence of climate change on drought
experienced by Douglas-fir and beech

We assessed the effect of a drier and warmer climate on
the drought experienced by the two species. The number of
days when the cohort water demand exceeded the soil water
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Figure 4. Annual course of the water supply and water demand ratio (WS) of beech and Douglas-fir at the Freienwalde site in the year 2010 of
the FRW3 scenario realisation with the species-specific fine root biomass distribution. (Full line = beech; dashed line = Douglas-fir; DOY =
Day of the year).

supply was higher for Douglas-fir than for beech under most
scenario realisations on both sites; the sole exception being an
almost equal number of dry days in the historical climate of
the Speulderbos (Fig. S31). As an example of an extreme year,
Figure 4 displays the annual course of WS in the extremely dry
(291.4 mm of annual precipitation) simulation year 2010 of
the FRW3 scenario realisation. In the summer (between days
of the year 150–270, i.e. from June to September) the average
WS on the water-limited days in this year (WS < 1, i.e. wsup <
wdem) equalled to 0.48 for beech and 0.38 for Douglas-fir. In
this year, both species experienced drought and there was not
enough water available for the fine root water uptake to satisfy
the water demand in the transpiring canopy and hence stomatal
conductance and ultimately growth were reduced.

3.3. Inter-specific competition under climate change

In the core of this study we assessed the competition be-
tween Douglas-fir and beech under different climate scenario
realisations in terms of basal area and NPP. The basal area
of the initialised mixed stand consisted of 37% beech and
63% Douglas-fir at the age of 20. After 45 y, the proportion
of basal area covered by beech increased by 1% to 7% in all
scenario realisations and the historic climates (Fig. S41). The
increase of beech coincided with an equal decrease of basal
area covered by Douglas-fir. The increase in the proportion of
the basal area covered was highest under the historic climate
and the driest scenario realisation (Freienwalde scenario real-
isations FRWH, FRW3 and Speulderbos scenario realisations
H, FRW3*). In the warmer but not substantially drier scenario
realisations (FRW1, FRW2, G, G+, W, W+) the change was
lower. More specifically, the increase in basal area of beech in
the historic climate was highest and slightly lower in the driest
scenario realisation in Freienwalde whereas the extreme dry
scenario realisation showed the highest basal area covered by
beech in the Speulderbos (Fig. S41).

The analysis of the simulated NPP in Freienwalde revealed
a stronger increase in productivity of beech than of Douglas-fir

(Figs. 5a, 5b).The NPP of beech increased from the historic
climate to the FRW1 scenario realisation and was highest un-
der the FRW3 scenario realisation (Fig. 5a). For Douglas-fir,
the historic climate showed the lowest NPP and the FRW1 sce-
nario realisation had a higher NPP than the FRW3 scenario re-
alisation (Fig. 5b). The average NPP of both species increased
with higher stand age but the increase was less for Douglas-fir
than for beech (Fig. 5a). Furthermore, the NPP of both species
showed larger variations under the climate change scenario re-
alisations than under the historic climate (Figs. 5a, 5b).

4. DISCUSSION

We expected that different fine root distributions would ren-
der Douglas-fir more sensitive to dry periods as compared to
beech, and that beech therefore would gradually outcompete
Douglas-fir under the warmer and drier climate change sce-
narios. To test these hypotheses, we implemented a species-
specific fine root biomass derived from a root excavation study
(Hendriks and Bianchi, 1995) in the model 4C. The results
show that 4C simulates basal area changes of both species over
time accurately, but that the model is less precise for height or
biomass in beech. Therefore, we evaluated the dynamics of
basal area under different climate change scenario realisations
and compared those with dynamics under current climate con-
ditions.

4.1. Model verification

The 4C model has been evaluated with volume growth and
survival graphs (Mäkelä et al., 2000b) and several studies fo-
cussed on the validation of the management (Lasch et al.,
2005) and the soil submodel (Suckow et al., 2001). In this
study, the simulations of DBH yielded similar values and pat-
tern to those displayed in the yield table which is important for
the calculation of a realistic basal area.
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Figure 5. NPP of beech (a) and Douglas-fir (b) in Freienwalde under the historic climate (dark grey line), the FRW1 scenario realisation (dashed
line) and the FRW3 scenario realisation (bold line). For a better comparison the NPP of beech and Douglas-fir in the Freienwalde stand under
the FRW3 scenario realisation are displayed together in sub-graphic c (light grey line = Douglas-fir; black line = beech).

The simulated height growth was not always congruent
with the yield table values. For Douglas-fir, an improved for-
mulation of the height growth function by changing the ef-
fect of the irradiance (cf. Sect. 2.2.1) showed a good fit for
height growth. For beech however, height growth was overes-
timated for the following reasons: the beech trees were shorter
than the Douglas-fir trees in the beginning of the simulation
and may not have received enough light. The formulation of
the height growth in equation (3) shows that in shaded condi-
tions, when the denominator approaches its minimum value of
0.25, the height growth can be four times higher than under
an unrestricted light regime, when the denominator would be
at its maximum value of one. This explained beech’s strong
height growth as a response to low light availability in com-
parison with the height growth predicted from yield tables of
mono-specific beech stands. As a consequence of the impre-
cise height growth simulation, the volume simulations also did
not reproduce the yield table values in beech. Basal area was
much better predicted for both beech and Douglas-fir and was
therefore used as the comparative measure of production and
competitive ability of both species under future climate sce-
narios.

The results of the model verification differed from those of
Bartelink (1998), who found that the development of mixed
Douglas-fir/beech stands is not linearly related to the initial
basal area proportions of the two species and that the two
species together perform differently than yield tables from
mono-specific stands suggest. In his study, however, Bartelink
(1998) only considered competition for light and did not con-
sider species-specific fine root distributions, which may partly
explain the good fit for observed and predicted basal area pat-
terns in our simulations. In the following, we therefore focus
on our basal area predictions for Douglas and beech in mixed
stands under a variety of climate scenarios.

4.2. Change in drought conditions

In 4C, drought can be expressed as the number of days
with water deficit. The results of the analysis of the num-
ber of simulated drought days indicate that Douglas-fir per-
ceived the climate as drier compared to beech, because of the
species-specific fine root biomass distribution. Although the
climate change scenario realisations increased the NPP of the
two species in comparison to the historic climate, the climate
change scenarios involved more days on which drought oc-
curred for both species, but in particular for Douglas-fir. The
limited soil water availability reduced the NPP in extreme
years below the level of the historic climate such as in the
year 2010 (i.e. age 30) (Fig. 5). In that year, the stomatal con-
ductance decreased less severely in beech than in Douglas-fir
(Fig. 4) and, as a result, NPP decreased more strongly in the
latter species (Fig. 5c). This finding is consistent with the hy-
pothesis that beech is more drought-tolerant than Douglas-fir
in mixed forests due to the species-specific fine root biomass
distribution. Beech maintained its growth rate whereas the
growth of Douglas-fir slowed down. Besides the high shade
tolerance of beech trees this is another advantage that qualifies
beech as a strong competitor in mixed forests. Furthermore,
such a rooting strategy shows a complementary use of the
site’s resources and indicates a positive effect of competition
on growth in mixed stands in comparison with mono-specific
stands (Burkhart and Tham, 1992; del Río and Sterba, 2009;
Kelty and Cameron, 1994). This differentiated functioning of
mixed forests highlights their importance for adapting forests
and forest management to climate change. The exceptionally
strong response to very dry years in both species (Fig. 4) which
can affect the growth and competitive strength of tree species
for several consecutive years (Lebourgeois, 2007) indicates
the importance of extreme years in assessing the sensitivity
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of forests to climate change. Furthermore, there are ecophysi-
ological differences between the two species that may be rel-
evant for growth in dry conditions but not accounted for in
4C: firstly, the version of 4C used in this study does not fea-
ture different responses to vapour pressure deficit. Alterna-
tives for the used evapotranspiration calculation after Turc-
Ivanov that integrate the vapour pressure deficit such as the
Penman-Monteith equation are implemented in 4C and could
be applied in a comparative study testing responses to vapour
pressure deficit. Secondly, Douglas-fir is less vulnerable to
cavitation than beech (Bréda et al., 2006). This can be com-
pensated by higher allocation to sapwood and greater sapwood
storage (Stout and Sala, 2003) and thus does not necessar-
ily entail a higher drought tolerance of Douglas-fir. Serious
damage from cavitation occurs after several months of drought
(Cruiziat et al., 2002) but these are different conditions from
those simulated in our analysis.

4.3. Inter-specific competition under climate change

Both species were predicted to have a higher productiv-
ity under climate change. Beech however always achieved a
greater share in the basal area at the stand level (Fig. S41),
suggesting that beech is more competitive than Douglas-fir
in all cases. Basically, this competitive advantage for beech
is attributed to a species-specific fine root biomass distri-
bution penetrating deeper soil layers. While only referring
to competition for radiation, Bartelink (1998) suggested that
beech would disappear from the mixture. Here, the initialised
species-specific fine root biomass according to Hendriks and
Bianchi (1995) represents a more realistic below-ground
biomass distribution of the two species and suggests an oppo-
site trend with declining proportions of Douglas-fir. Further-
more, this finding confirms the idea of Hendriks and Bianchi
(1995) on an above-ground domination of Douglas-fir which
reverses itself over the stand development. The photosynthesis
of Douglas-fir is reduced by drought, hence beech has a rel-
atively higher NPP and more carbon is allocated to the stem.
The slow increase of the NPP of Douglas-fir under the climate
change scenario realisations and the historic climates (Fig. 5b)
illustrates that Douglas-fir faces less favourable growing con-
ditions than beech.

In order to test the effect of the species-specific fine
root biomass, we ran the simulations again but switched
the species-specific fine root distribution, associating the ini-
tialised Douglas-fir fine root biomass distribution to beech
and vice versa. This simple model input change inversed the
competition pattern found earlier and Douglas-fir increased in
basal area covered whereas beech decreased. This effect grad-
ually increased with warmer and drier climate change sce-
nario realisations (results not shown) and confirms the effect
of the species-specific fine root biomass distribution on the
inter-specific competition in Douglas-fir/beech mixed forests.
However, the model parameterization and simulation set-up do
not entail substantial changes in the interaction of beech and
Douglas-fir under climate change.

4.3.1. Effect of higher temperatures

The results suggest that the competitive strength of beech
was highest under the current climate. Under the warmer but
not substantially drier conditions (scenario realisations FRW1,
FRW2, G, G+ and W, W+) beech was not as competitive as
under the historic climate (Fig. S41). In 4C, warmer tempera-
tures increase the productivity through enhanced photosynthe-
sis and longer vegetation periods and have a feedback on the
water demand through increased potential evapotranspiration
and higher unstressed stomatal conductance. The positive ef-
fect of higher temperatures of these scenario realisations was
not constrained by a severe reduction in precipitation or even
enhanced by higher precipitation, leaving enough water for the
two species. Hence these scenario realisations influenced the
interaction of Douglas-fir and beech less and the changes in
basal area remained below 3% in Freienwalde and the Speul-
derbos. In these scenarios, the climatic conditions even im-
proved the competitive status of Douglas-fir to a certain ex-
tent in comparison with the historic climates (Fig. S41) and
increasing NPP of Douglas-fir explains the small changes in
basal area (Fig. 5).

4.3.2. Effect of higher temperatures and reduced
precipitation

If the temperature increased and the summer precipitation
decreased such as indicated by the lower mean CWB in July
(Fig. 1) in the scenario realisations FRW3 and FRW3* com-
pared with the historic climate, the proportion of basal area
covered by beech increased. Douglas-fir’s decreasing NPP un-
der the warmer and drier FRW3 scenario realisation in com-
parison to the warmer but not drier FRW1 scenario realisa-
tion suggests that it is primarily the lower production level of
Douglas-fir than the higher productivity of beech that shifts
the competition (Fig. 5b). The species-specific fine root distri-
bution and the resulting improved water supply favour beech
and disadvantage Douglas-fir. Beech’s basal area increased
by more than 3% (Fig. S41) and a decrease in the CWB of
June/July fromFRW1 to FRW3, which reflects a changing sea-
sonal distribution of precipitation (Fig. 1), entailed more than
2% increase in basal area covered by beech. Therefore, only
slight decreases in precipitation in the summer may worsen the
situation for Douglas-fir in water-limited regions and disable
benefits from warmer temperatures (Boisvenue and Running,
2006). This is especially important with regard to projected
increases in winter precipitation and decreases in summer pre-
cipitation (Gerstengarbe and Werner, 2005). For the generally
wetter Speulderbos site, such extremely dry summer condi-
tions only occurred under the drastic climate change scenario
FRW3* (Fig. S41).

4.3.3. Further effects under changing climate

Although the simulated impact of drought was low and nei-
ther of the two species declines beyond a critical level, drought
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contributes to tree death by increasing the predisposition to
other disturbances and stressors such as insects, pathogens,
or fire (Bréda et al., 2006). Such a higher vulnerability may
threaten Douglas-fir in reality, especially since the main in-
sects damaging Douglas-fir (Dendroctonus pseudotsugae and
Orgyia pseudotsugae) do not yet occur in Europe but are likely
to prosper under future climates (Verkaik et al., 2009). Such
amplifying mechanisms are not included in 4C and aggravate
the real impact of drier conditions. Additionally, this analysis
only accounts for changes in competition of managed stands.
In stands that are not regulated through management, the stem
densities are higher, the competition for water thus more in-
tense and this increases the effect of climate change on com-
petition. However, Douglas-fir stands are managed for wood
production and show a structure and a biogeochemistry dis-
tinct from unmanaged stands (Hall and Marchand, 2010) and
since we were interested in the response of managed forests to
climate change, we only considered managed stands.

5. CONCLUSION

In this model analysis with 4C two hypotheses were tested
and confirmed: (1) Beech experiences less drought and (2) is
more competitive than Douglas-fir under all climate change
scenario realisations. The beech’s competitive strength in the
model is related to improved drought tolerance resulting from
high fine root distribution in lower soil layers. The simulated
climate changes neither entail a decline of either of the two
species nor substantially change their interaction. In reality
however, the drought-stressed trees can be more susceptible
to insects or pathogens. This and other synergistic impacts of
climate change-related phenomena may amplify or override
the mere effect of increasing temperatures and decreasing pre-
cipitation but are yet to be modelled. The complementary use
of rooting space in mixed forests highlights the importance of
mixed forest in adapting forest management and forest ecosys-
tems to climate change. Further research may determine if
growing tree species in mixed forests enables their mainte-
nance in areas where their distribution as a monoculture is
questioned under future climatic conditions, clarify the inter-
specific competition of tree species by studying rooting depth
and water relations in mixed stands and improve the mechanis-
tic modelling of mixed stands under changing environmental
conditions.
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