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Abstract Within the framework of an interdisciplinary
project on the effects of climate and forest management
on beech-dominated deciduous forests (Swabian Jura,
south-western Germany), forest meteorological investi-
gations are carried out to analyse the influences of
exposure and canopy density on the microclimate within
various beech stands (Fagus sylvatica L.). This second
paper of the series “Microclimate within beech stands”
focuses on the thermal conditions that exist mainly in
the near-surface layer at different test plots. They were
analysed by air temperature, 7,, (at 1.5 m a.g.l) and soil
temperature, T, at six depths measured continuously in
the period 1999-2003. The main results can be summa-
rized as follows. (1) The thermal situation within the
beech stands described by T, depended primarily on the
turbulent air-mass exchange conditions which were
based on the slope-specific energy balance of the forest
floor and advective heat fluxes. (2) The thermal situation
within the soil described by T at 3 and 20 cm depth was
governed by the molecular heat transport. Therefore, the
heating and cooling rates of T, were always lower than
for T,. Higher T, and T values for the test plots on the
SW slope showed that the thermal conditions within the
beech stands depended primarily on the exposure. (3)
Based on slope-specific differences of daily extremes of
T, and T at 3 cm depth between the silviculturally
treated and control plots, the influence of the more
pronounced height growth of the understorey vegetation
under the near-surface thermal conditions could be
clearly verified for the NE slope.
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Introduction

The climatic conditions of a forest site are determined by
its radiation, heat and water balance as well as by the
balance of nutritional compounds. The main influence is
governed by the synoptic situation and its long-term
development. In complex terrain, the main quantities of
the balance equations are additionally influenced by
exposure and elevation, which leads to a specific climate
at single sites. Silvicultural treatment, such as thinning,
modifies the climatic conditions, and stand-specific
microclimates arise below the canopy (e.g. Geiger 1961;
Lee 1978; Aussenac 2000). Due to their importance for
different forest processes and structures (e.g. stand
regeneration, development of understorey vegetation,
bio-geochemical processes), the microclimatic conditions
below the canopy have been analysed already at various
sites (e.g. Mayer 1979; Chen et al. 1993, 1999; Chen and
Franklin 1997; Carlson and Groot 1997; Friedland et al.
2003), but these experimental investigations rarely
exceeded 1 year. It is known that ecological processes in
forests react on long-term microclimatic conditions,
which, however, can be modified by extreme weather
conditions. Hence investigations on the effects of
microclimate on stand development and biodiversity
need to last significantly longer than one year (More-
croft et al. 1998; Grimmond et al. 2000).

Beech (Fagus sylvatica L.) is the stand-forming tree
species in many natural forest stands throughout cen-
tral Europe, and forest administrations have demanded
a stronger concentration on beech during the past few
years (Hanewinkel 2001; Kenk and Guehne 2001).
Nevertheless, there is a lack of systematic studies on
the microclimate within beech stands, including the
influence of regional climatic change as well as the
consequences of forest management and topographic
effects.
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For these reasons, an interdisciplinary research project
has been started in beech stands on the Swabian Jura, a
mountain range in south-western Germany. The objective
of this project is to quantify the influences of climate and
forest management on beech-dominated deciduous for-
ests (Rennenberg 2001). As part of the project, experi-
ments are being carried out to investigate the dependence
of the microclimatic conditions within the beech stands on
the exposure and density of the canopy. The first paper of
the series ‘“Microclimate within beech stands” dealing
with photosynthetically active radiation (PAR) (Mayer
et al. 2002) showed a distinct dependence of PAR on the
density of the canopy quantified by the plant area index
(PAI). This paper on the thermal microclimate within
different beech stands is based on air temperature, T,, and
soil temperature, T,;. The objective of this paper is to
analyse the spatio-temporal variability of 7, and T within
the beech stands on two opposite slopes which differ in
exposure and in canopy density. As in the study on PAR,
temporal variability of T, and T is discussed by mean
daily (February: month within the leafless period, August:
month within the fully leaved period) and annual cycles
for the year 2001. In addition, the thermal consequences
of the development of the understorey vegetation caused
by a strong shelterwood felling in 1999 are analysed at two
test plots for the period 1999-2003.

Physical basics

. . ey , 00
The temporal changes of the potential temperature %2

within an air volume, i.e. heating or cooling, can be
described by thermodynamic laws as follows (Freytag

1988; Stull 1988; Kraus 2000):

00 90 00 90 0 —0r 0 —
7 " ey Ve ) )
] %)) M (I (1)
0 ——~ 00"
- we) + (1)

where (I) is the three-dimensional advection of sensible
heat (u, v and w are the components of the wind vector
in the directions x, y and z of a three-dimensional
Cartesian coordinate system), (II) is the three-dimen-
sional turbulent exchange of sensible heat (u’, v/, w’ and
© are the turbulent fluctuations of the three wind-vector
components and the potential temperature, respectively)
and (III) is the vertical divergence of the net all-wave
radiation Q*. Near the surface, the potential tempera-
ture © can be approximated by the air temperature, T,
(Stull 1988):

0=r,+7: 2)
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where g is the gravity acceleration, ¢, is the specific heat
of the air at constant pressure (g/c, =0.0098 K/m), and z

is the elevation above the 1,000 hPa-level. Therefore, the
temporal changes of aaTt“ are also determined by the
processes of Eq. (1).

Assuming that soil heat flux Q is the only heat source
and sink within the soil, temporal changes of soil tem-
perature % can be determined by the vertical gradient of
Qs (e.g. Stull 1988; Foken 2003):
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with ¢ being the volumetric heat capacity of the soil.
Considering the approach for Qg
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where aq is the molecular heat conductivity of the soil,
Eq. (3) can be transformed into:
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0T 0*T,
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where v (= ag/c,) 1s the thermal diffusivity coefficient of
the soil. Mean values of ¢, a, and vt for different soil
types are compiled in Stull (1988) and Foken (2003),
considering the dependence on soil moisture.

Therefore, temporal changes of Ty are the result of
molecular heat transport within the soil, whereas tem-
poral changes of T, in complex terrain (van Gorsel et al.
2003) depend on turbulent air-mass exchange caused by
the energy exchange at the surface and advective pro-
cesses due to topographically induced thermal circula-
tions (e.g. combination of catabatic and anabatic winds
as well as mountain and valley winds).

Site

The area under investigation is located near Moehrin-
gen (about 100 km east of Freiburg) and is described in
detail by Rennenberg (2001), GeBler et al. (2001) and
Mayer et al. (2002). In the Krachenbach valley (about
690 m a.s.l., 8°45’E, 47°59’N), two main investigation
sites were set up on the NE-exposed slope of the
“Moechringer Berg” (up to 200 m above the bottom of
the valley) and on the opposite SW-exposed slope of
the “Muehlberg” (up to 180 m above the bottom of the
valley). The slopes of the valley are covered with
70-80-year-old single-layer, beech-dominated (>90%
Fagus sylvatica L.) stands. In the year 2001, the mean
stand height, H, was about 28 m on the NE-exposed
slope and about 26 m on the SW slope. Adjacent test
plots of about 0.5 ha treated in silviculturally different
ways (untreated control plots, weak shelterwood felling
and strong shelterwood felling) were established at
both main investigation sites. All plots consist of a
30x30 m core zone, where various measurements were
carried out, and a peripheral zone of 20 m width,
which was treated like the corresponding core zone.



At both investigation sites, the soil layer is shallow and
can be characterised as terra fusca-rendzina, derived from
limestone with high fractions of rocks and stones. On the
NE-exposed slope, the soil contains 15% rocks and
stones in the uppermost 20 cm of the soil and approxi-
mately 30% below 50 cm (Fotelli et al. 2003; Keitel et al.
2003). On the SW-exposed slope, the soil profile is par-
ticularly rocky, containing more than 40% (volumetric
basis) rocks and stones in the top 20 cm of the soil and
increasing up to 80% below 50 cm. The specific heat
capacity of the dry soil determined experimentally in the
year 2002 amounted to 0.83+0.044 J/(g K) on the NE
slope and 0.93+0.034 J/(g K) on the SW slope. Gravi-
metrical analyses of the soil water potential during
measurement campaigns showed higher levels of the soil
moisture on the NE than the SW slope (Heidenfelder
2002). On a monthly basis, the highest differences of the
soil moisture between test plots of the same silvicultural
treatment on the NE and SW slope were lower than 10%.
Differences of the soil moisture as mean values over 1999
to 2001 amounted to 2% between the control plots
and 8% between the strong shelterwood plots on both
slopes. In the investigation by Heidenfelder (2002), the
local climate is classified as cool-humid on the NE slope
and warm-dry on the SW slope.

Methodology
Measuring method

The transmission of climate data from official stations of
the German Weather Service to the small-scale pattern
of the specific test plots using geo-statistical methods
(e.g. Xia et al. 1999, 2001; Hasenauer et al. 2003) was
not possible in the required spatio-temporal resolution.
Therefore, it was necessary to install specific stations on
the test plots, where the measured meteorological data
ensure the required resolution. Moreover, they enable
the recording of more climate variables, which are fun-
damental for ecological research (e.g. PAR) but are not
measured at official climate stations.

At each of the test plots on both slopes, air temper-
ature, T,, and soil temperature, T,, are recorded
continuously by an identical set of four forest-meteo-
rological near-surface stations. They are located at two
control plots (NE1.0 and SW2.0) and at two strong
shelterwood plots (NE2.2 and SW1.2). Table 1 contains

Table 1 Features of the test plots with forest-meteorological near-
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some features of these test plots. 7, is measured at
z=15ma.gl. by use of a Pt-100 sensor, which is
mounted together with a Humicap-probe for the mea-
surement of the relative humidity into a sensor-head,
type HMP45D produced by Vaisala (Helsinki, Finland).
For the comparative analysis of the thermal conditions
above the canopy, T, values from two meteorological
towers installed at both control plots were used. Mea-
sured 7T, values were taken at the relative height of
z/H=1.30, because it was also the reference height for
the investigation of the PAR conditions above the can-
opy. T, is measured by Pt-100 sensors at depths of 1, 3,
5, 10, 20 and 40 cm. At each test plot, all sensors for T},
and Ty are scanned every 30 s by a micrologger (type
CR23X, Campbell Scientific Inc., Logan, UT, USA) and
30-min mean values are calculated automatically. More
details about the micrometeorological near-surface sta-
tions and measurement towers, e.g. with respect to all
measured variables and sensors, are given by Holst et al.
(2000, 2001).

The plant area index (PAI), determined by measure-
ments with two LAI-2000 Plant Canopy Analyzers
(LI-COR Inc., Lincoln, NB, USA), is used to quantify
the canopy density of each stand. The determination of
PAI was carried out at specific days with homogeneous
sky conditions (uniformly overcast) within the leafless
period and in summer when the canopy is fully leaved
(Holst et al. 2004). The difference in PAI between the
leafless and fully leaved period can be interpreted as leaf
area index (LAI). The PAI results presented in Table 2
are mean values based on up to nine single PAI mea-
surements at 1.3 m a.g.l.

The results of the discontinuously determined PAI
values from February 2000 to May 2003 show only a
slight increase for the canopy of the test plots, which lies
within the measuring accuracy. This may be interpreted
as an indication that the canopy density at the test plots
did not change noticeably during this period. Starting in
July 2002, the additional reference height of 3 m a.g.l.
was introduced for the determination of PAI at the
strong shelterwood plots, because the understorey veg-
etation which developed significantly after the felling in
1999 had exceeded the first measurement height of
1.3 m a.g.l. The different development of the understo-
rey vegetation at both strong shelterwood plots can be

Table 2 Discontinuous determination of the plant area index (PAI)
at 1.3 m above the ground and (in brackets) at 3 m above the
ground at specific test plots

surface stations near Moehringen Test plots

Test plots NEI.0 NE2.2 SW2.0 SW1.2

NEILO NE2.2 SW2.0 SWI1.2  February 2000 (leafless) 1.1 0.5 0.8 0.4

May 2000 (transition period) 3.4 1.1 3.5 1.5

Elevation (m a.s.l.) 820 820 760 750 September 2000 (fully leaved) 5.2 1.7 5.1 2.1
Exposure NE NE SW SW July 2002 (fully leaved) 5.9 2.7(2.0) 5.7 2.4 (2.3)
Inclination 25° 25° 25° 25° September 2002 (fully leaved) 5.5 26(1.4) 63 29 (2.7
Trees (no./ha) 526 123 576 199 April 2003 (leafless) 1.0 0.3(0.3) 1.0 0.5(0.4)
Basal area (m?/ha) 27 11 21 10 May 2003 (leaved) 5.6 2.7(2.1) 58 2.5(2.3)
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estimated from PAI differences between both reference
heights. The understorey vegetation is dominated mainly
by ash seedlings (Fraxinus excelsior L.).

Observation of the understorey development

Data from observations and measurements of the max-
imum height of the understorey vegetation layer are
available for the description of the development of the
understorey vegetation at the test plots. The height of
the understorey vegetation was below 0.5 m at all test
plots at the beginning of the research project in 1999. It
has remained nearly constant at the control plots on
both slopes up to now.

However, a pronounced growth of the understorey
vegetation is typical of the strong shelterwood plots due to
the pronounced availability of PAR (Mayer et al. 2002;
Weisberg et al. 2003). For the first season after the silvi-
cultural treatments, Keitel et al. (2003) and Fotelli et al.
(2003) reported that at the strong shelterwood plots, the
understorey vegetation had increased by 25% on the NE
slope and by 8% on the SW slope, which was caused by
different amounts of PAR. In June 2000, some shoots
reached about 1 m at NE2.2 and about 0.75 m at SW1.2.
In the year 2001, the understorey vegetation became
denser at NE2.2 and reached a height of 1.6 m at the
whole plot in the growing season, while it was distinctly
lower at the SW1.2-plot with heights of about 1 m.

A height of 2.5 m was observed for the understorey
vegetation at NE2.2 in summer 2002. Since the sensors
of the near-surface stations were installed at 1.5 m a.g.l.,
the measurement of 7, took place well within the
understorey. While the understorey vegetation at NE2.2
could be characterised as a closed and very dense layer,
it was composed of single shoots reaching heights of
about 1.5 m at the SW1.2-plot. The different growth of
the wunderstorey vegetation at the NE2.2 and
SW1.2-plots could be observed also in the year 2003.
The understorey at NE2.2 was dense and reached a
height of 2.8 m, while it was lower (about 2.5 m) at
SWI1.2. Compared to the year 2002, the understorey
vegetation at SW1.2 was more dense and closed in the
year 2003.

Results
Mean daily courses within the leafless and leaved period

Air temperature, T,

In the leafless season, T, differences between the test
plots on the NE and SW slopes may result from their
elevation differences, which is not more than 70 m
(Table 1), and from their opposite aspect. The domi-
nating effect of the exposure in the leafless period is
shown by mean daily courses of 7, within and above
different beech stands in February 2001 (Fig. 1a, b). It

caused higher mean maximum values of T, at the SW
slope (SW2.0: 4.4 °C; SW1.2: 4.6 °C; SW (z/H=1.30):
3.5 °C) than at the NE slope (NE1.0: 2.8 °C; NE2.2:
2.7 °C; NE (z/H=1.30): 2.8 °C). Obviously, the differ-
ence of the mean 7, maximum between z=1.5 m a.g.l.
and z/H = 1.30 was higher on the SW than the NE slope,
which was caused by the increased irradiance on the SW
slope and, therefore, the higher mean T, maximum near
the energy-exchange surface. The T, differences above
the canopy between NE and SW slope were lower than
near the surface due to the more intensive turbulent air-
mass exchange. A surface inversion developed during
the night on both slopes, leading to higher values of T,
above the stands than near the surface. Owing to a less
dense canopy and, therefore, higher amounts of net
long-wave radiation, the mean 7T, values in the night
were lower at both strong shelterwood plots than at the
control plots.

As indicated by the mean daily courses of 7, in Au-
gust 2001 (Fig. 2a, b), i.e. in the fully leaved period, the
thermal conditions in the below-canopy space were
dominated by the differences caused by the exposition of
the sites. The mean maximum 7, values were explicitly
higher on the SW slope [SW2.0: 21.9 °C; SWI1.2:
22.8 °C; SW (z/H=1.30): 21.6 °C] than on the NE slope
[NE1.0: 20.2 °C; NE2.2: 20.2 °C; NE (z/H=1.30):
20.9 °C]. On both slopes, the dense canopy in the
growing season caused pronounced differences of the
extreme 7, values between the strong shelterwood and
the control plots, while they were not significant for
mean 7T, values. According to the exposure of the slopes
and the processes responsible for the heating of the air,
the mean maximum of 7, above the canopy on the SW
slope was lower than the mean maximum 7, values at
SW2.0 and SWI1.2. On the NE slope, however, NE1.0
and NE2.2 had lower mean maximum 7, values than
above the canopy.

The influence of the different exposure on the near-
surface T, conditions can also be seen when analysing
the extreme mean temporal changes of T, taken from
Figs. 1 and 2. In February and August 2001, both mean
maximal and minimal 7, changes were lower for similar
test plots on the NE than on the SW slope (Table 3).
Due to the fully leaved canopy in the growing season
(August 2001), the differences of the mean values of

aoTl”max and OOT[“min between the strong shelterwood and
the control plots were more pronounced on both slopes
than in the leafless season (February 2001). Higher val-
ues of mean heating based on more intense solar irra-
diance could be found with decreasing canopy density
(decreasing PAI values). In addition, net long-wave
radiation in the nighttime increased with decreasing PAI
values, which led to higher rates of cooling of the near-
surface layer at the test plots. On both slopes, the mean
values of ‘907;“ and %T“ . occurred almost at the same

max 't min
time for both months (February and August 2001):

%T;max between 10 and 11 CET and ‘a?min between 18 and

19 CET.
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Fig. 1 Hourly mean values of a 5

the air temperature, T,, within | |
and above different beech T —e—NE1.0
stands (1.5 m a.g.l. and at 4 --0-- NE2.2
z/H=1.30) on the NE slope 1 — X--NE(z/H = 1.30)

(a) and on the SW slope (b) in
February 2001
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Soil temperature, Ty

The mean daily courses of 7 at 20 cm depth showed
almost no variability at all test plots in February 2001
(Fig. 3a, b), while they had the form of a distinct sinu-
soidal wave in August 2001 (Fig. 4a, b). At 3 cm depth,
i.e. closer to the energy-exchange surface, the mean daily
courses of Ty could be characterised by a marked daily
pattern, not only in the growing season (August 2001)
but also in the leafless period (February 2001). In Au-
gust 2001, the higher canopy density caused a more
distinct daily T course, with higher amplitudes at the
strong shelterwood plots than at the control sites.
Comparing both slopes, these differences between the
test plots were more pronounced on the SW than on the
NE slope.

In comparison to the values of Table 3, the mean
extreme temporal changes of T, at 3 and 20 cm depth
(Table 4) show that heating and cooling of the soil by
molecular energy transport proceeded much more slowly

6 9 12 15 18 21 24
time (CET)

than those of the air in the near-surface layer. In con-
trast to February 2001, in August 2001 the mean abso-
lute values of %max and %min at 3 cm depth were
significantly higher at the strong shelterwood than at the
control plots on both slopes. This was mainly caused by
the less dense structure of the canopy (lower PAI) at the
strong shelterwood plots. The differences of the mean
extreme heating and cooling of the soil were less pro-
nounced at 20 cm depth. Compared to the mean extreme
temporal changes of T,, mean extreme temporal changes
of T, occurred after a 1-4 h-delay at the single depths,
depending on the specific silvicultural treatment.

Mean T tautochrones enable clear information to be
gathered on the direction of the heat transport within
the soil and the mean daily amplitude of Ty at single
depths. In February 2001 (Fig. 5a, b), heat was trans-
ported from the soil towards the soil surface at all plots.
Vertical gradients of T, did not vary significantly be-
tween the plots. In February 2001, T was up to 0.8 °C
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Fig. 2 Hourly mean values of a 23
the air temperature, T,, within | |
and above different beech T —e—NE1.0
stands (1.5 m a.g.l. and at --0-- NE2.2
Z/H: 130) on the NE SlOpe 21 —X--NE(z/H = 1.30)
(a) and on the SW slope (b) in
August 2001
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Table )3 Mean extreme mean temporal changes of the air temper-
T,

ature 57 (1.5 m a.g.1) at the test plots in February and August 2001
Month Test plot %mﬂx (°C/h) %mm (°C/h)
February 2001  NEI.0 0.75 —-0.65
NE2.2 0.76 —-0.66
NE (z/H=1.30) 0.53 -0.54
SW2.0 1.28 -1.09
SW1.2 1.53 -1.25
SW (z/H=1.30) 0.75 -0.78
August 2001 NEI1.0 1.15 -0.78
NE2.2 1.72 —-0.99
NE (z/H=1.30) 1.12 -0.95
SW2.0 1.39 -1.35
SW1.2 1.83 -1.70
SW (z/H=1.30) 1.33 -1.33

lower at NE2.2 than at NEI.0 at all observed times
(Fig. 5a). For all depths at the test plots on the opposite
slope (Fig. 5b), T was slightly higher at SW1.2 than at
SW2.0. In August 2001, the heat transport was directed
from the soil surface into the soil (Fig. 6a, b). As in

winter, vertical gradients of T did not vary significantly
between the plots in the deeper soil levels. Differences of
the canopy density led to higher Ty values at the strong
shelterwood plots. Despite comparable PAI differences,
T, differences between the strong shelterwood plot and
the control plot were less pronounced on the NE slope
(Fig. 6a) than on the SW slope (Fig. 6b).

Altogether, the influence of the exposure on 7T could
be demonstrated in several ways. (1) In both months
discussed, the thermal level was higher on the SW slope
than for comparable depths on the NE slope. Thus mean
maximum 7 values at 3 cm depth were higher on the
SW slope (February 2001: SW2.0: 2.9 °C, SWI1.2:
3.0 °C; August 2001: SW2.0: 16.8 °C, SW1.2: 18.7 °C)
than on the NE slope (February 2001: NE1.0: 1.2 °C,
NE2.2: 0.4 °C; August 2001: NE1.0: 16.1 °C, NE2.2:
17.0 °C). (2) In February 2001, hourly means of T at the
test plots on the NE slope were always higher at 20 cm
than at 3 cm depth. On the SW slope, however, hourly
means of Ty at 3 cm depth were higher than at 20 cm
depth within a short time in the evening. (3) In August
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Fig. 3 Hourly mean values of a 36
the soil temperature, T (depths:
3 and 20 cm) for different beech
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2001, differences of the mean maximum 7, values in
similar depths between the strong shelterwood and the
control plots were caused by the different canopy den-
sities. Due to the opposite exposure of both slopes, those
differences were more pronounced on the SW than on
the NE slope.

Mean annual courses

Daily mean values of T,

The strong shelterwood plots showed increased ampli-
tudes of the mean daily courses of 7, compared to
similar test plots. Therefore, it could be assumed that
daily mean values of T, differ only by tenths of degrees
C between different plots. This assumption was con-
firmed by results from correlation analysis performed
for daily mean values of T, in the year 2001. The com-
paratively high values for the coefficient of determina-
tion were mainly caused by the annual course of daily

6 9 12 15 18 21 24
time (CET)

mean 7T, values, which was similar for all test plots.
Compared to PAR (Mayer et al. 2002), the effects by
exposure and canopy density were distinctly lower.

Due to the different exposure of the slopes, daily
mean 7, values were higher at SW2.0 than NEI1.0
(Table 5 in consideration of the regression coefficient b).
Regressions between mean daily 7, values measured at
the test plots SW2.0 and NE1.0 near Moehringen and
those from the nearby Tuttlingen climate station of the
German Weather Service (hereafter referred as to
DWD) point out influences of different elevations
(DWD Tuttlingen climate station: 648 m a.s.l.), expo-
sure and canopy density. These regression analyses have
been performed to investigate the alternative of a long-
term data transfer from an official climate station.

The effect of different canopy densities on daily mean
T, values could be identified only for the SW slope,
where they were somewhat higher at SW1.2 than at
SW2.0 (Table 6). A partitioning of daily mean 7, values
into daily mean T, values for the daytime and those for
the nighttime proved to be more convenient to show the
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Table 4 Mean extreme temporal changes of the soil temperature ‘)3—7;

at 3 and 20 cm depth at the test plots in February and August 2001

Month Test plot %max (°C/h) %mm (°C/h)
-3cm -20ecm -3 cm  -20 cm

February 2001 NE1.0 0.10 0.01 -0.05 -0.01
NE2.2 0.05 0.01 -0.02 -0.01
SW2.0 0.16 0.02 -0.08 -0.01
SW1.2 0.16 0.03 -0.08 -0.02

August 2001 NE1.0 0.23 0.04 -0.14 -0.04
NE2.2 0.58 0.05 -0.20 -0.04
SW2.0 0.23 0.05 -0.13  -0.03
SW1.2 0.66 0.07 -0.25 -0.05

physical effects of different canopy densities on the
thermal conditions in the near-surface layer. The
regression coefficients a and b (Table 6) indicate that for
higher thermal levels, i.e. in the growing season, the
mean daytime 7, values were higher at the strong
shelterwood than at the control plots. The differences
depended on the exposure and were more pronounced
on the SW than NE slope. In contrast, the differences of

time (CET)

the mean nighttime T, values between the warmer con-
trol plots and the cooler strong shelterwood plots
reached higher amounts on the NE than on the SW
slope. The main reason was the comparatively higher
difference of stand density (Table 1) between NE1.0 and
NE2.2 than between SW2.0 and SW1.2, which induced a
higher difference of the net long-wave radiation between
the strong shelterwood plot and the control plot on the
NE slope.

Daily mean values of Ty

Similar to the results for the daily mean T, values, daily
mean T values in the year 2001 differed slightly between
the test plots. Caused by the same physical processes (e.g.
annual pattern of solar irradiance), linear regression
analyses of daily mean 7§ values between the single test
plots showed a marked coefficient of determination
(Table 7). The effects of exposure and canopy density
were summarized into the regression coefficients a and b.
Throughout the year 2001, the daily mean 7 values in
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Fig. 5 Tautochrones of the soil a
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both depths (3 and 20 cm) were higher on the SW than on
the NE slope. Considering both control plots as example,
the differences between SW2.0 and NE1.0 decreased with
increasing daily mean T values at both depths.

On the NE and SW slope, different canopy densities
caused higher mean daily 7y values at the strong shel-
terwood than the control plot (Table 7), but this was
limited for T, recorded at 20 cm depth on the NE slope
to mean daily 7 values of over 1 °C. In contrast to the
influence of the exposure, the differences of the daily
mean T values between the strong shelterwood and
control plots increased with higher daily mean T values
for both slopes. This was caused mainly by the pro-
nounced PAI differences between both types of test plots
during the growing season.

Monthly mean values of T,

The analysis of the monthly mean values of T, in the
year 2001 is limited to the effects of different exposure.
At the control plots, the mean 7, values above the

canopy (z/H=1.30) were up to 0.5 °C higher on the SW
than on the NE slope from January to March and from
September to December (Table 8). With respect to the
strong shelterwood plots, 7T, reached higher monthly
mean values throughout the year 2001 on the SW than
on the NE slope. This difference was generally higher in
the wintertime and peaked with 0.8 °C in March. In
June and July, no differences of monthly mean 7, values
occurred between both control plots on the opposite
slopes, which points out the influence of the closed
canopy in the growing season. Except for June and July,
monthly mean 7, values at SW2.0 were up to 0.7 °C
(January) higher than those at NE1.0. Comparing plots
with different canopy densities on the NE slope, monthly
mean T, values were up to 0.2 °C higher below the dense
canopy (NE1.0) than at the thinned plot NE2.2, while
on the SW slope, mean 7, values from May to Sep-
tember were up to 0.2 °C higher below the less dense
canopy (SW1.2) than at the control plot SW2.0.
Monthly mean values of T, calculated separately for
nighttime (7, ,) and daylight hours (7}, q), strengthen the
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Table 5 Linear regressions y=a-x+b for daily mean values of air
temperature 7, (°C) in the year 2001 between (1) the test plots
NEI1.0 and SW2.0 near Moehringen as well as (2) the Tuttlingen
climate station of the German Weather Service (DWD) and the test
plots NE1.0 and SW2.0, respectively; a and b are regression coef-
ficients, R is coefficient of determination

y X a b R

T, (SW2.0) T, (NE1.0) 0.992 0.52 0.9967
T, (NE1.0) T, (DWD) 1.048 -0.93 0.9781
T, (SW2.0) T, (DWD) 1.023 —0.41 0.9815

effects of different exposure and canopy densities (see
also Figs. 1 and 2) because the influences of solar irra-
diance as a source of energy during daylight hours and
net long-wave radiation as a sink of energy during the
night are much more pronounced than for monthly
mean T, values calculated for the whole day. Due to the
favourable exposure, monthly mean 7,4 values were
generally higher on the SW than on the NE slope
(Table 8). The differences reached higher values for the

strong shelterwood plots (up to 1.2 °C in October 2001)
than for the control plots (up to 0.8 °C in January,
February and October 2001). With respect to the SW
slope, mean T, 4 values were generally higher at SW1.2
than at SW2.0. The peak difference of 0.5 °C in July
2001 was caused mainly by the increased influence of the
fully leaved canopy. On the NE slope, mean 7, 4 values
at NE2.2 exceeded those at NE1.0 (up to 0.3 °C) only
during the growing season (May to September), when
the influence of the PAI differences revealed its maxi-
mum. In the leafless season (January to March and
October to December), however, mean T, 4 values were
higher at NE1.0 (up to 0.2 °C).

The effect of different canopy densities (i.e. PAI val-
ues) was more pronounced for monthly mean T, ,, values
than for monthly mean T, 4 values (Table 8). Due to an
increased net long-wave radiation in the near-surface
layer at the strong shelterwood plots, monthly mean 7, ;
values were higher at the control plots for almost the
whole of 2001. On the NE slope, the peak difference of
0.8 °C between the control and strong shelterwood plot



Table 6 Linear regressions y=a-x+b for daily mean values of air
temperature 7, (°C) at 1.5 m a.g.l. in the year 2001 between dif-
ferent test plots; a and b are regression coefficients, R? is coefficient
of determination

y X a b R?
Daily mean values

T, (NE2.2) T. (NE1.0) 0997  —0.14  0.9996
T, (SW1.2) T, (SW2.0) 1.000  0.02 0.9987
T, (NE (z/H=1.30)) T, (NEL.0) 1.017  -0.10  0.9984
T, (SW (z/H=1.30)) T, (SW2.0) 1.025  -0.32  0.9973
Mean values for the daylight hours

T, (NE2.2) T, (NEL.O) 1013 —0.13  0.9995
T, (SW1.2) T, (SW2.0) 1.010  0.17 0.9991
T, (NE (z/H=1.30)) T, (NEL.0) 1.026  -0.18  0.9956
T. (SW (z/H=1.30)) T, (SW2.0) 1.033  -0.53  0.9971
Mean values for the nighttime hours

T, (NE2.2) T, (NEL.0) 0965 —-0.17  0.9985
T, (SW1.2) T, (SW2.0) 0977 -0.14  0.9964
T, (NE (z/H=1.30)) T, (NEL.0) 1.013  0.05 0.9980
T, (SW (z/H=1.30)) T, (SW2.0) 1.022  -0.16  0.9952

Table 7 Linear regressions y=a-x+b for daily mean values of soil
temperature 75 (°C) at 3 and 20 cm depth between different test
plots in the year 2001; a and b are regression coefficients, R* is
coeflicient of determination

y X a b R?
Depth: 3 cm

T, (SW2.0) T, (NE1.0) 0.965 1.28 0.9916
T, (NE2.2) T, (NEL.0) 1.032 0.21 0.9862
Ts (SW1.2) T, (SW2.0) 1.049 0.23 0.9950
Depth: 20 cm

Ts (SW2.0) T, (NEL.0) 0.982 1.14 0.9952
T, (NE2.2) Ts (NE1.0) 1.054 —-0.06 0.9900
T, (SW1.2) Ts (SW2.0) 1.063 0.18 0.9966

was obtained during the growing season from June to
August, while the corresponding difference on the SW
slope occurred with 0.7 °C in October. A systematic
effect of the exposure on monthly mean T,, values
could not be verified, since the mean T,, values at
NE1.0 were up to 0.6 °C (August) higher than those at
SW2.0 from May to August. At the strong shelterwood
plots, a tendency of higher monthly mean T, values
during winter (up to 0.5 °C in January and March) at
SW1.2 than for NE2.2 could be found.

Comparing monthly mean 7,4 and T,, values
(Table 8), peak differences were determined for all test
plots in summer. In August 2001, they amounted to
4.4 °C at SW1.2, 3.8 °C at SW2.0, 3.5 °C at NE2.2 and
2.5 °C at NE1.0, i.e. they were higher (1) at the SW slope
and (2) at the strong shelterwood plots on both slopes.
In the leafless period, the differences between monthly
mean 7,4 and T, values reached higher amounts at all
test plots than for the differences between monthly T,
and T,, values. On average over the leafless period
2001, these differences were slightly lower on the NE
slope (NE2.2: 0.8 °C) than on the SW slope (SW1.2:
1.2 °C). In the growing season, however, the differences
between the monthly mean 7, and T,, values were
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dominating. On average over the growing season 2001,
they reached 3.5 °C at SW1.2, 2.8 °C at SW2.0, 3.0 °C
at NE2.2 and 2.1 °C at NE1.0. The main reasons for
these results were the imbalance between nighttime and
daylight hours during summer and the increased net
long-wave radiation at the strong shelterwood plots
which led to lower night 7, values than at the control
plots.

Monthly mean values of T

In the year 2001, the monthly mean values of T at 3 and
20 cm depth were higher on the SW slope (Table 9) due
to its favourable exposure. Analysing similar test plots
on both slopes, mean peak T differences occurred in
February 2001 (2.2 °C between SW1.2 and NE2.2 at 3
and 20 cm depth). In accordance with these results, the
differences of monthly mean T values (at 3 and 20 cm
depth) between similar test plots were up to 0.3 °C
higher (between SW2.0 and NE1.0 at 3 cm depth and
between SW1.2 and NE2.2 at 20 cm depth) in the leaf-
less period (November to April) than in the growing
season (June to September).

Differences of mean T, values between the strong
shelterwood and control plots caused by the opposite
exposure were (1) higher in the growing season (SW
slope: 1.1 °C at both depths; NE slope: 0.8 °C at both
depths) than in the leafless period (SW slope: 0.3 °C at
3 cm depth, 0.4 °C at 20 cm depth; NE slope: 0.2 °C at
3 cm depth, no difference at 20 cm depth), (2) slightly
higher on the SW slope (maximum: 1.3 °C in August
and September at both depths) than on the NE slope
(maximum: 1.1 °C in May at 3 cm depth; 1.0 °C in June
at 20 cm depth) and (3) reached its maximum on the NE
slope earlier in the year than on the SW slope. Higher
monthly mean T, values during the growing season at
the strong shelterwood plots on both slopes could be
interpreted as an influence of the less dense canopy than
at the control plots, leading to an intensified solar irra-
diance in combination with prolonged daylight hours in
summer compared to winter. As the exchange of heat
within the soil is caused by molecular transport, the
daily amplitude of 7§ at the strong shelterwood plots
was less pronounced than for the near-surface T,.

Impact of the dynamic of the understorey vegetation

Besides canopy density and exposure, the vertical
distance from the energy-exchange surface is important
for the thermal conditions below the canopy. At the
strong shelterwood plots, this surface was shifted away
from the forest floor due to the fast development of the
understorey vegetation. Slope-specific differences of
daily extreme 7, and 7, values are suitable for the
analysis of the impact on the thermal conditions within
the beech stands on the opposite slopes resulting from
the different increase of the understorey height.
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Table 8 Monthly mean values of the air temperature, T, (mean), as well as monthly mean values of 7, during the daylight hours (day) and
nighttime hours (night) within and above different beech stands (1.5 m a.g.l. and at z/H=1.30) on the NE and SW slope near Moehringen

in the year 2001

T, (°C)

NE slope SW slope

z/H=1.30 NEI1.0 NE2.2 z/H=1.30 SW2.0 SW1.2

Mean Day Night Mean Day Night Mean Day Night Mean Day Night Mean Day Night Mean Day Night
January -09 -03 -13 -10 -03 -14 -1.1 -05 -1.6 -04 03 -09 -03 05 -09 -04 06 -I1.1
February 0.9 1.8 04 0.8 1.8 0.2 0.7 1.6 0.0 1.2 22 0.5 1.3 26 04 1.2 2.7 0.0
March 3.9 46 3.3 4.0 48 3.3 3.8 4.7 3.1 4.3 50 3.6 4.6 55 3.8 4.6 5.6 3.6
April 5.2 5.8 4.1 4.6 56 33 4.5 56 3.2 4.6 54 3.5 5.0 6.1 3.6 5.0 6.3 34
May 134 142 11.7 134 142 11.7 133 143 11.2 134 145 112 135 146 11.3 136 150 11.0
June 128 13,5 11.3 127 133 11.3 126 136 105 127 13.6 109 127 13.6 109 129 14.0 10.5
July 16.6 174 152 16,5 17.3 151 163 17.5 143 166 17.7 148 165 17.5 147 167 18.0 143
August 17.6 185 158 174 181 156 17.2 183 148 17.5 188 153 175 188 150 17.6 189 14.5
September 9.1 9.9 8.0 9.0 9.7 8.1 8.9 9.8 7.7 9.2 10.1 8.2 9.4 10.3 8.3 9.5 10.6 8.0
October 11.7 12,6 10.6 11.4 123 10.5 11.0 12.1 9.9 11.8 13.1 104 11.6 13.1 102 114 133 9.5
November 0.5 1.1 0.1 0.6 1.3 0.2 0.4 1.1 -0.1 0.7 1.5 0.1 0.9 20 03 0.9 2.2 0.1
December -3.0 -26 -3.5 -29 -24 -33 -30 -25 -35 -27 -21 -32 -24 -17 -3.0 =23 -1.5 -=-3.0
Nov.-Apr. 1.1 1.7 0.5 1.0 1.8 04 0.9 1.7 02 1.3 2.1 0.6 1.5 2.5 0.7 1.5 2.7 0.5
June-Sept. 14.0 149 12,6 139 146 125 137 148 11.8 140 151 123 140 150 122 142 154 119
Year 2001 7.3 8.1 63 7.2 8.0 6.2 7.1 8.0 58 7.4 83 6.2 7.5 8.6 6.2 7.6 8.8 59

Based on the differences of the daily extreme T, val-
ues between the strong shelterwood and control plot on
the NE slope from September 1999 to July 2003
(Fig. 7a), the following results can be derived. (1) In
spite of the annual course, a tendency of increasing
differences of daily 7, maxima between both types of
test plots could be detected until the growing season
2001, which was caused by the decreasing distance
between the active surface for the energy exchange and
the measuring height of 7, (1.5 m a.g.l.) at NE2.2. (2)
During the fully leaved season 2002, the T, sensor was
located within the regularly dense understorey, i.e.
below the active surface. As a consequence, the differ-
ences of the daily 7,, maxima between NE2.2 and NE1.0

remained unchanged. (3) A decline of these differences
was observed in the growing season 2003. (4) Due to
the same reason as for (2), the amounts of the differences
of the daily T, minima between NE2.2 and NEI1.0
increased until the growing season 2001, remained
unchanged during the fully leaved period 2002 and
decreased slightly in the growing season 2003.

The results for the test plots on the SW slopes can be
summarized as follows (Fig. 7b). (1) Due to the delayed
growth of the understorey at SW1.2, the differences of
the daily 7, maxima between SWI1.2 and SW2.0 in-
creased until the growing season 2002 and showed a
decreasing tendency during the growing season 2003,
when the T, sensor was located within the understorey.

Table 9 Monthly mean values

of the soil temperature, T, at 3 T (°C)

and 20 cm depth for different

beech stands (f)n the NE and SW NE slope SW slope

slope in the year 2001 NEL.0 NE2.2 SW2.0 SW1.2

-3 cm -20 cm -3 cm -20 cm -3 cm -20 cm -3 cm -20 cm

January 0.2 1.1 0.2 1.0 1.4 2.1 1.6 2.3
February 0.9 1.4 0.3 0.8 2.4 2.8 2.5 3.0
March 3.7 3.5 3.8 34 4.4 4.3 4.8 4.7
April 4.7 4.6 5.7 5.3 5.7 5.7 6.5 6.4
May 10.9 9.8 12.0 10.7 11.9 10.9 12.7 11.8
June 11.3 10.7 12.3 11.7 12.2 11.7 13.2 12.8
July 14.2 13.3 14.9 14.0 15.1 14.3 15.8 15.1
August 15.4 14.7 16.0 15.3 16.2 15.5 17.5 16.8
September 9.6 10.1 10.5 11.0 10.4 10.9 11.7 12.2
October 11.0 10.9 10.7 10.7 11.8 11.7 12.4 12.4
November 3.1 4.6 34 4.6 4.8 6.0 5.1 6.3
December 0.7 1.8 1.0 1.9 1.6 2.7 1.9 3.0
Nov.—Apr. 2.2 2.8 2.4 2.8 34 39 3.7 4.3
June—Sept. 12.6 12.2 13.4 13.0 13.5 13.1 14.6 14.2
Year 2001 7.1 7.2 7.6 7.5 8.2 8.2 8.8 8.9
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(2) The differences of daily T, minima between SW1.2
and SW2.0 revealed neither an annual course nor a
dependence on the height of the understorey until the
fully leaved period 2002.

Since the understorey became higher and denser at
NE2.2, the differences of the daily 7y maxima at 3 cm
depth between NE2.2 and NE1.0 decreased during the
growing seasons (Fig. 8a). The differences of the daily T
minima between NE2.2 and NEI1.0, however, did not
show any trend. While their maximum amounts were
lower than the comparable values of the daily 7y maxima
during the growing seasons 1999, 2000 and 2001, the
amounts of the differences of the T, minima corresponded
approximately to the differences of the daily 7y maxima
between NE2.2 and NE1.0 during the growing seasons
2002 and 2003. The distinct negative differences of the
daily Ty maxima in February/March were caused by snow
at NE2.2, while at NE1.0 it melted some days before.
Similar effects could not be observed on the SW slope,
because the more intensive solar irradiance led to higher
soil temperatures and, therefore, a faster melting of snow.

ol -
244 304 364 59 119179 239 299 359 53 113173 233 293 353 48 108 168 228 288 348 43 103 163
DOY 1999-2003

The results for the SW slope (Fig. 8b) show negative
differences of the daily T, maxima between SW1.2 and
SW2.0 at the beginning of spring 2000, which were a
consequence of different effects of the solar irradiance at
test plots with various canopy densities. Since the ele-
vation angle of the sun is already high in March and
April, solar irradiance at SW2.0 was large enough to
warm the soil despite the more dense, but still leafless,
canopy. At the same time, nighttime cooling at SW1.2
was higher than at SW2.0 due to the lower canopy
density. With the unfolding of the leafs of the beech
canopy at the beginning of May, solar irradiance at
SW2.0 was reduced significantly leading to a positive
difference T max (SW1.2)=T max (SW2.0). Similar con-
ditions occurred in spring 2002 and 2003 in a less pro-
nounced way. KirchgidBner (2001) observed the positive
influence of a higher canopy density in terms of in-
creased near-surface air and soil temperatures on the
phenological evolution of the herbaceous vegetation on
both test plots. As a consequence, the development of
the herbaceous vegetation at SW2.0 was about 1 week
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ahead compared to SW1.2. As on the NE slope, the SW
slope showed also the tendency that the differences of
the daily 7, maxima between SW1.2 and SW2.0 de-
creased in the growing seasons.

Discussion

In contrast to similar investigations at other forest sites
(e.g. Geiger 1961; Mayer 1979; Chen et al. 1993, 1999;
Chen and Franklin 1997; Morecroft et al. 1998; Grim-
mond et al. 2000; Friedland et al. 2003), this experimental
study is designed for long-term forest-meteorological
measurements at different test plots in complex terrain.
Therefore, it was possible to investigate not only the
impacts of varying canopy densities, but also the conse-
quences of two opposite exposures and the effects of
the understorey dynamics under differing silvicultural
treatments.

The results for different cycles of 7, and T, (mean
daily courses, mean annual courses based on daily

DOY 1999-2003

means, daily extremes, monthly means and monthly
means for the daylight and nighttime hours, respec-
tively) attained in this study can be characterised by a
generally higher thermal level at the test plots on the SW
slope. Hence it follows that the thermal microclimate
within the beech stands depends strongly on the expo-
sure throughout the year. This was expected regarding
the physical processes for heating and cooling the near-
surface air in complex terrain. The additional influence
of the different canopy densities during the fully leaved
period could be proved only for results of T, and T,
which are separately related to periods with dominating
solar irradiance (daylight hours) or net long-wave radi-
ation (nighttime). Since the thermal impacts of different
canopy densities in both periods are similar, daily and
monthly means of T, and T; showed almost no influence
of the canopy density on the thermal near-surface
microclimate. However, it could be clearly detected
when mean daily courses per month, daily extremes and
monthly means for the daylight and nighttime hours of
both thermal variables are analysed (see also Mayer



1979; Aussenac 2000; Grimmond et al. 2000; Potter et al.
2001). The contributions of the canopy density on T,
and T were always lower than differences of 7, and T
between similar types of test plots caused by the orien-
tation of the slopes.

Compared to the magnitude of order of PAR differ-
ences due to different canopy densities, 7, and T, dif-
ferences between the single test plots were distinctly
lower, even if their dependence on the timescale is con-
sidered. Based on the physical laws of the energy ex-
change within the near-surface atmosphere in complex
terrain, the differences of 7, and T at the test plots were
(1), with respect to the influence of the canopy density,
comparable to similar results from other investigations
(e.g. Mayer 1979; Carlson and Groot 1997; Morecroft
et al. 1998; Potter et al. 2001; Prévost and Pothier 2003)
and (2), with respect to the significance of the exposure,
typical of the topoclimate in mountainous regions in
central Europe covered with forests (e.g. Freytag 1988).

One reason for forest-meteorological studies lies in
the great importance of the microclimate for the bio-
logical environment, i.e. soil-biological and plant-phys-
iological processes and conditions. In general,
differences of the microclimatic conditions support bio-
diversity in forests (e.g. de Freitas and Enright 1995).
Structural, anatomic, morphological and physiological
properties of trees depend on the respective microcli-
matic conditions (e.g. Aussenac 2000); these properties
are adjusted to the microclimate, at least partially. The
thermal microclimate controls biochemical conversions
and, therefore, the forest’s supply of nutrition. Air
temperature acts as a catalytic converter, which controls
the rates of processes such as respiration, transport of
water and nutrition, soil formation and soil transfor-
mation. Different thermal conditions influence the
development of seedlings and shoots (e.g. Frey et al.
2003). An experimental investigation on beech trees
(Hurst 1988) showed that lower soil temperatures re-
stricted the uptake of water as well as the growth of the
roots and led to less foliage mass as well as decreased
radial growth. Grimmond et al. (2000) pointed out that
the climatic conditions are decisive for litter decompo-
sition and soil respiration. They emphasised their sig-
nificance for ecosystem research and the carbon cycles of
forests.

Contemporaneous biological investigations at the test
plots near Moehringen indicated the significance of the
microclimatic results in a complex context. The additive
effect of varying growth conditions at the single plots,
which include the different thermal conditions, was
analysed by KirchgéBner (2001) applying phenological
observations on the test plots during the years 1999 and
2000. With respect to the soil, Heidenfelder (2002)
ascertained that the nitrogen transformation rates and
the content of nitrogen in the microbial biomass were
higher on the warmer SW slope than on the cooler NE
slope. Evaluating the consequences of the silvicultural
treatments on the microbial processes in the soil, which
are involved in the nitrogen transformation rates, the
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combination of the variables of soil temperature and soil
moisture, which are related to each other, turned out to
be an important complex of factors. Fotelli et al. (2003)
found a statistically significant dependence between §'*C
in the wood of beech seedlings and soil temperature.
Keitel et al. (2003) obtained a strong link between sto-
mata conductance and air temperature, which resulted
in a relationship between air temperature and transpi-
ration of beech stands. Analysing the dynamics of radial
stem variance and radial growth of beech trees at the test
plots, Hauser (2003) observed that air temperature and
soil temperature were relevant for the explanation of the
varying daily radial stem variances.

Concluding remarks

Summarising the results on the thermal microclimate
and PAR (Mayer et al. 2002) within different beech
stands, the working hypothesis of the interdisciplinary
research project on beech-dominated deciduous forests
near Moehringen (Rennenberg 2001) can be prelimi-
narily reviewed. (1) A specific contribution was made to
eliminate the lack of systematic investigations on the
microclimate within beech stands. (2) The general esti-
mation of the SW slope as the warmer one could be
confirmed by the near-surface air temperature and soil
temperature. (3) Differences of the microclimate condi-
tions in beech stands between control plots and silvi-
culturally treated plots caused by differing canopy
densities could be verified dependent on exposure. (4)
The simulation of expected future climatic conditions
was possible to some extent by the use of test plots on
two opposite slopes with differing aspect. On the spatial
scale of topoclimate, the differences of the near-surface
air temperature 7, due to this experimental design were
in the lower range of retrospective changes of annual
means of T, at climate stations of the German Weather
Service on the Swabian Jura during the past 50 years
(KirchgidBner 2001). However, new results of regional
climate simulations by suited models show a higher
increase in 7, for the coming decades, which can be
simulated more precisely by use of experimental sites in
different regional climates.
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