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Abstract Studies on soil respiration in mountain
forests are rather scarce compared to their broad
distribution. Therefore, we investigated daily, sea-
sonal and annual soil respiration rates in a mixed
forest (Lédgeren), located at about 700 m in the Swiss
Jura mountains, during 2 years (2006 and 2007). Soil
respiration (SR) was measured continuously with
high temporal resolution (half-hourly) at one single
point (SRuutomateq) and periodically with high spatial
resolution (SR ,anuar) at 16 plots within the study site.
Both, SR, yiomated aNd SR anua showed a similar
seasonal cycle. SR strongly depended on soil tem-
perature in 2007 (R* = 0.82-0.92), but less so in
2006 (R*> = 0.56-0.76) when SR was water limited
during a summer drought. Including soil moisture
improved the fit of the 2006 model significantly
(R* = 0.78-0.97). Total annual SR for the study site
was estimated as 869 g C m~ > year™ ' for 2006 and as
907 g C m~* year ' for 2007 (uncertainty <10% at
the 95% confidence interval, determined by boot-
strapping). Selected environmental conditions were
assessed in more detail: (1) Rapid, but contrasting
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changes of SR were found after summer rainfall.
Depending on soil moisture at pre-rain conditions,
summer rain could either cause a pulse of CO, from
the soil or an abrupt decrease of SR,uomatea due to
water logging of soil pores. (2) Two contrasting
winter seasons resulted in SR being about 60-70%
(31.2-44.6 ¢ C m™?) higher during a mild winter
(2007) compared to a harsh winter (2006). (3)
Analysing SR for selected periods on a diurnal scale
revealed a counter-clockwise hysteresis with soil
surface temperatures. This indication of a time-lagged
response of SR to temperature was further supported
by a very strong relationship (R* = 0.86-0.90) of SR
to soil temperature with a time-lag of 2—4 h.

Keywords CO, pulse - Drought -
Soil CO, efflux - Temperate forest -
Time lag - Winter respiration

Introduction

Soil respiration, the component flux of root-rhizo-
sphere and soil microbial respiration, is the most
important process of carbon loss from terrestrial
ecosystems. On average, soil respiration (SR) can
attribute about 70% to total ecosystem respiration in
temperate forests (Janssens et al. 2001). Thus,
changes in SR can strongly influence net ecosystem
exchange (NEE), i.e., the balance between gross
primary productivity (GPP) and ecosystem respiration
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(Valentini et al. 2000). Higher temperatures as pre-
dicted for the next decades (IPCC 2007) could
increase root-rhizosphere respiration rates (Burton
et al. 2008) and, of major concern, could lead to
faster microbial decomposition rates of soil organic
matter and thus to a positive feedback on global
warming (Jenkinson et al. 1991; Davidson et al.
2000; Knorr et al. 2005; Davidson and Janssens
2006; Heimann and Reichstein 2008). However, this
is still an ongoing discussion (Davidson and Janssens
2006, as other studies did not find such a clear trend
of decomposition rates with mean annual tempera-
tures (Liski et al. 1999; Giardina and Ryan 2000).

To date, SR, the second largest carbon flux in
terrestrial ecosystems after GPP, has been studied in
many ecosystems all over the world (Schlesinger and
Andrews 2000), often in forests (e.g., Janssens et al.
2001), but mostly focusing on rather flat terrain (e.g.,
Longdoz et al. 2000; Pilegaard et al. 2001). How-
ever, in Switzerland, the majority of forests are
located on mountainous areas, with almost half of the
forests (48%) on slopes being steeper than 22°
(Brassel and Brdandli 1999). Despite covering about
one-forth of the forest land globally (about 9.5 mil-
lion km?; UNEP-WCMC 2000), our knowledge of
the magnitudes of SR fluxes in such mountain forests
is rather limited. Furthermore, most often, SR mea-
surements on mountain forest slopes are limited to
the growing season (e.g., Hanson et al. 1993; Kang
et al. 2003), often neglecting non-growing season
fluxes. This is even more surprising, since winter soil
respiration can lead to significant carbon losses from
forest ecosystems, accounting for 10-20% of annual
SR estimates (Zimov et al. 1996; Mast et al. 1998;
Mariko et al. 2000; McDowell et al. 2000; Schindlb-
acher et al. 2007). Therefore, winter soil respiration
can be an important factor in determining NEE,
particularly in mountain forests with a pronounced
snow cover (e.g., Monson et al. 2006).

Providing SR fluxes and assessing their response
to climate change in any terrestrial ecosystem
requires both high temporal resolution as well as
spatially representative measurements over several
seasons. Nowadays, these requirements are typically
achieved by SR being measured either continuously
with high time resolution (e.g., half-hourly) or
periodically (e.g., bi-weekly) but at high spatial
resolution. The calculation of annual estimates of SR
linked to Eddy Covariance (EC) measurements of net
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ecosystem CO, exchange is then done using a site-
specific model, summing up modeled half-hourly or
daily SR rates (e.g., Knohl et al. 2008). However,
such an approach based on periodically measured SR
might be biased. If measurements are not carried out
frequently enough, extreme weather events might be
missed or longer-lasting events such as drought
undersampled and therefore not accounted properly
in the respective model, resulting in under- or
overestimated annual SR totals. Therefore, the com-
bined use of continuous chamber measurements of
SR with manual periodic measurements at many
locations has been discussed as most beneficial,
providing the most detailed picture of the response of
soil respiration to environmental changes (Savage
and Davidson 2003) and being the most reliable
approach to gain annual SR totals. Nevertheless,
studies using this combined approach to address SR
in temperate mountain forests are still scarce.

Therefore, our aims were to determine the annual
carbon dioxide loss from soils and to identify its
dominant drivers at different temporal scales, from
hourly to seasonal to interannual scales in a mixed
mountain forest in Switzerland. We used a combined
measurement approach with SR measured periodi-
cally at 16 plots and SR measured continuously at
one single location within the footprint of an EC
tower on a South-facing slope in the Swiss Jura
during 2 years.

Methods
Study site and experimental setup

The CarboEurope forest flux site Ligeren (CH-LAE,
47°28'42.0"N; 8°21’51.8"E) is situated 20 km North-
West of Zurich, Switzerland, at a mean altitude of
about 700 m a.s.l. on the South-facing slope of the
Ligeren mountain (866 m a.s.l.), part of the Swiss
Jura. The study site with an altitudinal gradient of
about 100 m and an average slope of 24° (45%),
ranging between 10° and 45°, extends 200 m West
and East, and 150 m North and South of the Lageren
EC tower and thus covers a representative area of the
EC footprint (Fig. 1). The upper slope of the study
site is a nature reserve and comprises a mixed beech
forest unmanaged since 1998, while the lower slope
is still an extensively managed forest according to
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Fig. 1 Map of the Légeren study site fully covered by forest.
The locations of the plots are shown where SR Was
measured bi-weekly. Plots can be identified by their numbers
(see also Table 3). Continuous soil moisture was measured at
the forest floor station. Air temperature and precipitation were

FSC (Forest Stewardship Council) rules. The vege-
tation of the whole study site is typical for a highly
diverse mixed mountain forest. The overstory vege-
tation consists mainly of beech, ash, fir, lime and
spruce trees (Fagus sylvatica L., Fraxinus excelsior
L., Abies alba Mill., Tilia cordata Mill., Picea abies
(L.) Karst., respectively). These species represent
over 80% of the basal area with Quercus robur L.,
Acer pseudoplatanus L., Acer platanoides L., Carpi-
nus betulus L. and Ulmus glabra Huds. interspersed.
The maximum leaf area index (LAI) of the overstory
vegetation varied in the study site from 1.7 to
5.5 m~? over the growing seasons of the 2 years
2006 and 2007. Generally, the understory vegetation
is scarce and consists mainly of Allium ursinum L.
flowering in early spring, except for those areas that
were strongly affected by a winter storm in 1999,
having an often dense understory of blackberry and
raspberry as well as of juvenile beech and ash trees
(about 15% of the study site; Fig. 1).

The main bedrocks of the study site are limestone,
marl and sandstone, with transition zones between
marl and limestone (loamy debris) and marl mixed
with sandstone (loam). The main soil types are rendzic
leptosols (or rendzinas) and haplic cambisols accord-
ing to the World Reference Base of Soil Resources

measured at the EC tower. Unpaved forest roads are represented
by the thick grey lines. The grey colored area shows the part of
the study site most affected by a winter storm in 1999 (80% of
the trees were thrown)

(IUSS Working Group WRB 2007). Since leaf litter
decomposes almost completely within 1 year, the
litter layer is distinct after autumn leaf litter fall
(c. 4 cm) and decreases steadily to the end of summer
(<1 cm). The rendzina soils have higher carbon
(6.5kgC m72) and nitrogen (0.47kg N mfz) stocks
in the upper 10 cm compared to the cambisol soils
(39kg C m™? 0.3 kg N m~? Heim et al. 2009;
Wehrli, unpublished). Since the study site is rather
heterogeneous, 17 plots (10 m x 10 m, at least 25 m
apart from each other) were established, accounting
for the two main soil types and associated vegetation
characteristics, to ensure representativeness of the
plots in the study area (Fig. 1). One litter trap of 1 m*
was placed in each of the 17 plots in October 2005
within 2 m distance to the collars for SR measure-
ments (see below). The traps were emptied monthly
from October 2005 to January 2008, except during
autumn sampling was intensified on a bi-weekly basis.
Litter was sorted into leaves, wood and reproductive
organs, dried (48 h at 65°C) and weighed. Continuous
air temperature and precipitation data were available
from the Swiss National Air Pollution Monitoring
Network (NABEL), measured at the Lédgeren EC
tower. Mean annual air temperature during the
two years of the study was 8.9°C in 2006 and 9.1°C
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in 2007. Annual precipitation was higher in 2006
(1,032 mm) compared to 2007 (914 mm).

Automated soil respiration measurements
(SRautomaled)

Automated soil respiration (SRuomated) Was mea-
sured during 2006 and 2007 on a half-hourly basis, in
one of the plots about 50 m North-East from the
Lageren EC tower (Fig. 1), with first measurements
2 weeks after collar installation (20.3 cm inside
diameter, 11 cm high, PVC). A closed system (LI-
8100, Li-Cor inc, Lincoln, NE, USA), permanently
connected to a chamber (Li-8100-101, Li-Cor inc,
Lincoln, NE, USA) was used, opening in a 180°
vertical arc to allow the soil to be exposed most of the
time to ambient environmental conditions. To prevent
shadow on the collar as well as precipitation exclusion
on the uphill side, the open chamber was oriented to
the North-East. The length of one measurement varied
over the seasons: for high CO, efflux rates, measure-
ment time was set to 60 s, for low CO, efflux rates,
measurement time was expanded to 120 s. Soil
temperatures (HTT thermocouple, OMEGA Engi-
neering, Inc., Stamford, CT, USA) at 1, 5 and 10 cm
depth, as well as soil moisture at 10 cm depth (EC-20,
Decagon Devices Inc., Pullman, WA, USA) were
logged at the same time intervals.

The zero and span gases for CO, and H,O of the
automated and the manual soil respiration systems
were calibrated on an annual basis, since both CO, and
H,0 zero and span calibrations showed only minor
changes (drift of CO, span: 0.03-0.46% at 567.5 ppm)
after 1 year, no data correction was applied. Data
coverage of SR,omatea Was about 70% in both years;
in total 24,479 half-hourly measurements were
included in the analysis. Data gaps occurred mostly
due to equipment or power failure and after heavy
snowfall when snow cover was >10 cm (lid of the LI-
8100-103 did not close). In June 2006, soil cracks
developed which unsealed the collar from the soil;
thus, SR uomatea data were rejected, and a new collar
was installed close-by (within 50 cm).

Manual soil respiration measurements (SR ,anuat)
In the center of each of the 16 plots, we installed one

collar, at a location without vegetation (vegetation
within the collars was removed regularly), in average
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about 3 m away from the nearest tree (diameter
breast hight >10 cm), 2 weeks prior to the measure-
ments. The PVC collars (inside diameter of 19.6 cm,
10 cm high) were inserted about 1.5 cm into in the
soil and additionally clamped with 10 cm long tent
pegs to guarantee stability also at steep slopes.
SR manual Was measured campaign-wise at all 16 plots
every two to 3 weeks during 2006 and 2007, using a
closed chamber system with a portable, non-disper-
sive infrared gas analyzer (LI-8100 with LI-8100-103
chamber, Li-Cor inc, Lincoln, NE, USA; except for
measurements in January and February 2006 that
were conducted with a LI-6400 with soil collars that
were 10 cm in diameter and 10 cm high). During
January 2006, only 11 plots could be measured due to
ice on the steep slopes.

For each collar, soil respiration were measured
twice; each measurement lasted on average about 90 s,
separated by 60 s between repeated measurements,
during which the chamber opened and closed auto-
matically, to achieve ambient CO, concentrations. For
later data analysis, SR.nua data was rejected if the
coefficient of variation between the repeated measure-
ments was >25%. In each plot, next to the SR collar,
soil temperature sensors (HOBO Pendant Temperature
Data Logger, Onset Computer Corporation, Bourne,
MA, USA) were installed at 5 cm depth, which logged
soil temperature every 30 min. All manual soil
respiration measurements (SR ,.,ua1) Were accompa-
nied by periodical measurements of volumetric soil
moisture at 6 cm depth (ML2X Theta Probe, Delta-T
Devices, Cambridge, UK). These soil moisture mea-
surements closely followed the seasonal pattern of
continuous soil moisture measurements (10 cm depth;
EC-20, Decagon Devices Inc., Pullman, WA, USA) at
the forest floor station (Fig. 1). Thus, for later data
analysis, only soil moisture measurements from the
forest floor station, synchronized with SR measure-
ments, were used.

During each SR ,,hua1 campaign, which lasted on
average from 10 to 16 h, plots were measured in a
different order to prevent confounding effects by
diurnal trends. Further, potential methodological bias
of the SRyanua campaigns could result from the time
of the measurements, therefore, we compared half-
hourly SR,uomated Tates measured at the campaign
days during 10-16 h to SR,yomatea rates measured
before 10 h and after 16 h at the same days. However,
we found no significant differences between the
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means of SR, uomatea during versus before/after the
SRhanuat  campaigns (paired ¢ test: 2006, P =
0.60, n = 16; 2007, P = 0.82, n = 13). As a control
for the representativeness of the measured flux rates at
one fixed location (collar) per plot, we installed one
additional collar at a random location within each
plot. These collars were measured less frequently
(c. every 2 months) and displaced after each mea-
surement within each plot. Comparing the campaign-
averages of SR a1 Of fixed with those of randomly
displaced collars, showed a strong agreement, near the
one-to-one line (rsq = 0.93, P < 0.001; Fig. 2). Using
a power function (see Davidson et al. 2002; Knohl
et al. 2008) revealed that the campaign-averages of
SRinanuar Were within 10-20% precision at a 95%
confidence interval. On this basis, we considered the
SR nanual Measurements as being representative for the
study site.

Soil respiration models

Soil respiration rates were related to soil temperature
using a non-linear least squares model (model SR,
1), after Lloyd and Taylor (1994):

SRm,l — Rrefe Tret=To  Tsoil—To (1)

where R is soil respiration (umol CO, m~? sfl)
under standard conditions (at T,.¢ = 10°C; about equal
to mean annual soil temperature in 5 cm depth),
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Fig. 2 Campaign-averages of SR .hua from fixed locations
(n = 16) versus soil respiration from varying locations
(n = 16) all measured within the 16 plots of the study. The
linear relationship is shown by the solid black line, the dashed
black line indicates the ideal one-to-one line. Bars are == 1 SE
of the means

E, (Kil) is the parameter for activation energy, T
= —46.02°C, as in the original Lloyd and Taylor
model and Ty is the measured soil temperature at a
given depth.

When SR was limited by water availability, as in
summer 2006, the temperature sensitivity of SR
depended on soil moisture and, therefore, a second
model (SR, ») was used, in which E, was defined as
a linear function of soil moisture (Reichstein et al.
2003):

asMb)(— »177)
SRy = Rrefe< - )( w70 Tsoil 70 )

with SM being the measured volumetric soil moisture
at a given depth, and a and b are the parameters of the
linear function. The coefficient of determination (R2)
for all non-linear least squares models was calculated
as:

Residual SS
RR=1-(—— = 3
( Total SS > ®)

whereby SS are the sums of squares. Although the
theory of R does not totally hold for non-linear least
squared models (the residuals of non-linear least
squares models do not sum up to zero; if the model
totally fails, R* can be negative), we provide the R*
value as an indicator for the goodness of fit for the
models (Kvalseth 1985).

Annual SR estimates and uncertainties

To assess the uncertainties of modeled seasonal and
annual SR estimates, caused by temporal and spatial
integration, Monte Carlo simulations (parametric
bootstrapping) were applied (Knohl et al. 2008). To
estimate annual SR,.,.a for each plot in 2006, we
first calculated the parameters R a and b from
Eq. 2 with their respective standard deviations, using
SR manuar (€ach plot) and continuous soil temperature
(5 cm depth; each plot) and soil moisture (10 cm
depth; forest floor station) measured at the same time.
Then, 5,000 annual sums of SR,,,nua1 Were calculated
based on continuous soil temperature and moisture
measurements for each plot by sampling 5,000 times
triplets of the regression parameters (R, a, b) with
replacement from a trivariate normal distribution,
defined by the regression parameters and the standard
deviations. Based on the distribution of annual sums
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obtained from these 5,000 samplings, we calculated
the mean and 95%-confidence interval for the annual
sums for each plot. To estimate the annual SR,.nua
for each plot in 2007, we followed the same
procedure. First, we fitted the parameters R,; and
Ey in Eq. 1 using SRy,aua and synchronized soil
temperature (5 cm depth; each plot) measurements.
Then, 5,000 annual sums of SR,,,,ua1 Were calculated
based on continuous soil temperature measurements
for each plot by sampling 5,000 times pairs of the
regression parameters (R, Ep) with replacement
from a bivariate normal distribution, defined by the
regression parameters and their standard deviations.
To obtain the total mean and confidence interval
across several plots (e.g, for the whole study site), we
averaged the annual sums from each single of these
5,000 samplings across all plots and reported the
mean and 95% confidence interval of these annual
SR anual Tates.

To gain annual or seasonal estimates for SR,.-
mateds W€ had to gap-fill the data. First, we divided
each year into a growing season (1 April to 31 Oct)
and a dormant season (1 Jan to 31 March and 1 Nov
to 31 Dec), because parameters of the Lloyd and
Taylor model may change between seasons (Janssens
and Pilegaard 2003). Then, we calculated the param-
eters of the models (Egs. 1 and 2) with their
respective standard deviations using SR,uomatea With
synchronized soil temperature (5 cm depth) and, if
Eq. 2 was used, soil moisture measurements (10 cm
depth). To estimate annual and seasonal sums as well
as their uncertainties, we used Monte Carlo simula-
tions, described above for the SR,,,nua Mmeasure-
ments. However, uncertainties were estimated only
when missing data was replaced by modeled data.

Furthermore, we analysed the influence of autocor-
relation of the residual error on annual (seasonal) sums
and uncertainties by recalculating all annual sums
assuming no (0) and high (0.9) autocorrelation. Even if
with the assumption of high (0.9) autocorrelation the
effect on the annual sums and uncertainties was
negligible (1%) similar as reported by Knohl et al.
(2008). Hence, here we report conservative estimates
of annual and seasonal SR sums and their uncertainties
for SR uomateds presuming high autocorrelation of the
residual error. All statistical calculations were per-
formed using R version 2.6.1 (R Development Core
Team 2007), extended by the MASS package for
parametric bootstrapping (Venables and Ripley 2002).
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Results
Seasonal course of soil respiration

The seasonal course of air and soil temperatures was
very pronounced at our study site with lowest
temperatures in January and highest temperatures in
July in 2006 and 2007 (Fig. 3a, b, e, ). However,
both years showed contrasting annual precipitation
patterns. Spring 2006 was rather moist compared to a
much drier spring 2007, while summer 2006 (June—
July) was dry compared to a moist summer in 2007
(Fig. 3a, b). The SR rates measured over the 2 years
showed a strong seasonal course, following changes
in soil temperature (Fig. 3c, d). Using the manual
approach of measuring soil respiration (SR ,anuar) tO
characterize the spatial heterogeneity within the study
site, resulted in a minimum campaign-average of
0.41 umol CO, m s~ ' at 1 February 2006 and a
maximum campaign-average of 4.74 pmol CO,
m2s~' at 17 July 2007. In addition, using the
automated approach to capture the temporal variation
at one location (SR,uomateq)s Showed a minimum
daily average of 0.30 umol CO, mZs~' at 21
January 2006 and a maximum daily average of
5.71 pmol CO, m™2 s~ ! at 5 September 2006. Thus,
SR measured with both approaches showed the same
seasonal pattern (Fig. 3¢, d), with the means of
SRutomatea being within the range observed for the
SR, anual Measurements.

Soil respiration was typically very strongly related
to soil temperature at 5 cm depth (Fig. 4). However,
low precipitation (only 82.4 mm in June and July
2006, Fig. 3a) and a decline of soil moisture to a
minimum of about 11% (about 40% relative soil water
content, Reichstein et al. 2003) caused a strong water
limitation on soil respiration. The threshold for this
water limitation was at about 15% soil moisture
content (about 55% relative soil water content;
Fig. 4a—c). In 20006, soil temperature alone expla-
ined 76% of campaign-averages of SRanua (Eq. 1,
SR anual: B2 = 0.76, P < 0.001, n = 20;SRuomated:
R* = 0.56, P < 0.001, n = 12142). Thus, taking this
water limitation threshold into account and including
soil moisture improved the explained annual variation
of all campaign-averages of SR ,anua1 in 2006 tremen-
dously (Eq. 2, SRanuar R*>=0.97, P <0.001, n =
20; SRuuomaea: RZ = 0.78, P < 0.001, n = 12142).
In 2007, SR was strongly related to soil temperature
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Fig. 3 Time-series of air temperature, precipitation, SR,o-
mated> SRmanuals S0l temperature and soil moisture for 2006 and
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the air temperature range within 14 days maximum and
minimum represented by the dashed black lines. Precipitation
summed over 14 days is shown by the grey barplots. ¢, d:

(SR nanuar: B2 = 0.92, P < 0.001, n = 20; SR uiomated:
R*=0.82, P <0.001, n = 12337; Fig.4b and f,
respectively). Even though precipitation in April 2007
was <1 mm and soil moisture declined from 22% to
about 13% (Fig. 3b, ), no water limitation on SR
could be detected in 2007.

As for the data over the entire year, the depen-
dence of half-hourly SR, yomateq rates on soil temper-
ature was also strong during dormant seasons, while
it was less pronounced during growing seasons of
both years (Table 1). In 2006, the temperature
relationship of SR was particularly weak during the
growing season (Eq. 1, R? = 0.29, P < 0.001,
n = 8436), but could be substantially improved
including soil moisture (Eq. 2), resulting in 59% of
the variation of half-hourly SR,uomaced rates being

campaign-averages of SR, are represented by the black
dots and bars (£1 SE). Daily means of SR,yomaea With
standard deviations are represented by the thick grey line.
Missing SR, uomatea data was modeled using Eqs. 1 and 2 (see
Table 1). e, f: daily means of soil temperature (5 cm depth) and
soil moisture (10 cm depth) are shown with their respective
standard deviations.

explained (Table 1). During the growing season in
2007, only 50% of the variation of SR, yomatea could
be explained by soil temperature, but including soil
moisture did not improve the model either.

Impact of rain events on SR in two contrasting
summers

The two years of the study differed substantially in
summer weather conditions. While 2006 was charac-
terized by a drought with only 255.5 mm rain during
June—August, 2007 was rather wet with 477.5 mm
rain during June—August (Fig. 3a, b). This offered the
opportunity to study responses of SR to rain events.
During the drought spell in July 2006, when SR was
water limited and soil moisture was at 13%, a strong
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Fig. 4 Relationships
between soil respiration and
soil temperature (5 cm
depth) for 2006 and 2007.
The Lloyd and Taylor
model (Eq. 1) and the R?
are given for soil respiration
versus soil temperature (in
a, ¢ and e only if soil
moisture >15%) with the
best fit indicated by the
solid lines. The inserted
smaller panels show the
deviation from the best fit of
the model versus soil
moisture. a, b: Campaign-
averages of SR anual, bars
indicate £1 SE. ¢, d: daily-
averages of SR yomated; € f:
half-hourly rates of
SRautumated
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(f) SR=1.08 6368.6((1/56.02)—1/(T—46.02))‘:

0 5 10 15

Soil temperature [°C]

20 0 5

Soil CO,, efflux [umol m2 s7']
SRmanual

Soil CO, efflux [umol m2 s"1]
SRautomated

Table 1 Model parameters to gap fill SR,,omated fOr dormant (1 Jan to 31 March and 1 Nov to 31 Dec) and growing seasons (1 April

to 31 Oct) of 2006 and 2007

Year Season Rt Ey R? n Model
2006 Dormant 2.44 + 0.02 447 £+ 6.57 0.67 3,706 Eq. 1
Growing 2.69 + 0.01 a=4049 + 0.54 0.59 8,436 Eq. 2
b = 404.38 £ 8.51
2007 Dormant 2.29 + 0.03 525 + 6.57 0.61 4,523 Eq. 1
Growing 2.15 + 0.09 299 + 3.65 0.50 7,814 Eq. 1

In the 2006 growing season, soil moisture (SM) was included in the model using Eq. 2. All modeled parameters were highly

significant (P < 0.001)
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Fig. 5 Impact of heavy rain events on soil respiration. bf a, bf
b: the time series of half-hourly SR,yomatea and the amount of
precipitation for 2006 and 2007, respectively are shown. bf c,

rain event (16 mm) rewetted the soil and increased
soil moisture to about 19% (Fig. 5a, c). Almost
simultaneously, within 2 h, this caused a pulse of CO,
from the so0il, SR,uomateq iNCreased by a factor of 3
from about 2 to 6 pmol CO, m>s~' (Fig. 5a).
During the following 3 h, SR uomatea Tates decreased
again to about 4 umol CO, m™~ s~', but remained
significantly higher than prior to the rain event. In
contrast, during the wet summer of 2007, when SR
was not water limited, we found a very different
response of SR,yomated tO Vvery large rain events
(>10 mm in 30 min). The first rain event increased
soil moisture from 16 to 22%, while the second rain
event increased soil moisture only slightly from 21 to
24% (Fig. 5b, d). However, in both cases, SR uomated
decreased by more than 50%, from about 4 to about
1.5 pmol CO, m™2 s~ ' almost instantaneously, prob-
ably caused by water logging of the soil pores. Despite
such large responses of SR to individual rain events,
we did not include them in the modelling of annual SR
rates since such impacts of rain on SRuyomated
occurred only very sporadically at our study site.

Impact of temperature on SR in two contrasting
winters

Not only rain events but also cold temperature and
snow affect SR during the course of a year.

21 June 22 June

bf d: the time series of half-hourly soil moisture (10 cm depth)
and soil temperature (5 cm depth) are given

Comparing the coldest months at our site, i.e.,
January, February and March (JFM) of 2006 and
2007, offered the opportunity to examine two
contrasting winter seasons. While the harsh winter
in 2006 was characterized by a distinct snow cover
and air temperatures mostly below zero degrees, the
winter in 2007 was rather mild with hardly any snow
cover and air temperatures mostly above zero degrees
(mean air temperature —1.03°C in 2006 vs. 3.96°C in
2007; mean soil temperature at 5 cm depth 1.35°C in
2006 vs. 5.04°C in 2007). On average, soil temper-
atures were about 4 K higher during winter 2007 than
winter 2006 (Fig. 3e, f).

Since SR,anua measurements during JFM were
not frequent enough, SR and soil temperature (5 cm)
measured during the dormant season of each year was
used to calculate the soil CO, loss during these
contrasting winter seasons using Eq. 1 (SRuuomated:
see Table 1; SR anuai: 2006: R*> = 0.98, P < 0.001,
n="717 Rues=267, Ey=446; 2007: R>=0.72,
P <005 n=5,R. = 2.32, Ey = 426). The result-
ing cumulative flux of SR,uomatea during JEM 2007
was with 80.8 g C m2 (95% confidence interval of
[75.3, 86.4]) about 63% higher than in 2006 with
49.6 g C m 2 (95% confidence interval of [39.0,
61.6]). Thus, the winter months JFM contributed
about 6% in 2006, but 11% in 2007 to the annual
SRautomatea €Stimate (see Table 2). The same pattern
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was observed for the modeled cumulative flux of
SR hanuai- The carbon loss in 2007 was with 106.5 g C
m ™2 about 72% higher than in 2006 with 61.9 g C
m 2, while the amount of leaf litter fall during the
previous autumn seasons was similar (2005: 307.5 +
28.4 g m 2, 2006: 284.3 + 19.1 g m ). Thus, an
increase in soil temperature of about 4 K in 2007
increased the cumulative CO, loss from soils by
about 60-70% compared to 2006. One could spec-
ulate that a soil temperature increase of about 5-6 K
might double winter soil respiration at our study site
if not limited by substrate supply.

Annual soil respiration estimates

Plot-wise modeling of SR, data resulted in
annual SR estimates for the footprint area ranging
from 638 to 1237 g C m~2 year ' in 2006 and from
701 to 1290 g C m~2 year ' in 2007 (Table 2). In
general, plots with high annual SR rates in 2006
showed also high annual SR rates in 2007. Annual
averages of SR anua1 across all plots in the study site
were not significantly different in 2006 (869 g C
m~? year ') compared to those in 2007 (907 g C
m 2 year '), as well as leaf litter input did not differ
between the 2 years (Table 2). Variations among the
16 plots in SR were large, but could not be explained
by differences in mean annual soil temperature,
maximum LAI, leaf litterfall or fine root biomass
(data not shown). Comparing the two different soil
types present at our site using a ¢ test, we found no
significant differences in annual SR rates, although
leaf litter fall was significantly higher for the rendzina
soils than for the cambisol soils (2006: t = —4.64,
P <0.001; 2007: t= -=3.70, P = 0.002). The
annual SR, omatea €Stimate was 868 g C m> year_1
for 2006, well within the 95% confidence interval of
the annual SR ,.,.. estimate for our study site.
However in 2007, the annual SR,yomateq €Stimate of
729 ¢ C m~? year™' was about 20% lower than the
SR nanual €stimate (Table 2).

Diurnal variations of soil respiration

Diurnal variations of SR calculated as differences
between daily maximum and daily minimum values
varied during the course of the years. In general,
periods with greater diurnal variations in SR,ycomated
rates coincided with high daily temperature
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variations. Monthly averaged diurnal variations of
SR.utomatea for the two study years increased linearly
with monthly averaged diurnal variations of air
temperature (R2 = 0.78, P < 0.001), but less so with
soil temperature (1 cm depth: R?> =043, P <0.01;
5 cm depth: R* = 0.40, P < 0.01).

To learn more about the relationships between
diurnal variations of SR,utomateq rates and soil tem-
peratures, we selected periods using the following
criteria: (1) periods with more than 10 days of
continuous soil respiration data, (2) pronounced
diurnal variation of surface soil temperature (1 cm
depth) > 1.5 K, and (3) no major rain event (<5 mm
in 30 min). Only four periods met these strict criteria:
07-27 July 2006 (July), 14-27 August 2006 (Aug),
01-25 September 2006 (Sep) and 15 April to 3 Mai
2007 (April). During these periods, the diurnal
variations of surface soil temperature were quite
pronounced (1.8-3.3 K), decreasing with soil depth
to about 0.6 K at 10 cm. At the same time, diurnal
variations of SR were about 0.4-0.8 umol CO,
m~? sfl, with lowest SR rates between 9-12 h
and highest SR rates between 17-19 h, following
the course of soil temperature with some delay
(Fig. 6b—h). However, this was not the case during
the July 2006 period, when SR was water limited
(Fig. 6a, e). During this period, SR increased during
the night, while soil temperatures still decreased.
Therefore, a counterclockwise hysteresis of SR was
found after plotting SR,uomatea @gainst soil temper-
ature for Aug, Sep and April (Fig. 7a), i.e., the soil
respiration rates lagged soil temperature (1 cm depth)
by several hours and were generally higher during the
night compared to the day at the same soil temper-
ature (Fig. 7a, grey dot represents SR at 1:00 h). To
further test the hypothesis of a time-lag in SR to soil
temperature, we investigated the relationships of
SR utomatea Shifted forward between O and 12 h with
soil temperature at different depths using Eq. 1, and
compared the models with Akaike’s Information
Criterion (Table 3). While the relationship between
non-lagged SR (0 h forward shift) and soil temper-
ature in 1 cm depth was weak (R* between 0.04 and
0.36), the strength of the relationship increased with
depth where soil temperature was measured (R>
between 0.48 and 0.83). However, also the temperature
sensitivities increased, resulting in unrealistic high
temperature sensitivities of SR with Ey > 1, 000 K~!
for soil temperatures at 10 cm depth (data not
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Fig. 6 Diurnal variations of soil respiration for selected
periods. Shown are hourly rates of SR,yomaed @veraged over
the respective period in 2006 and 2007 (a—d). Hourly air
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Fig. 7 Diurnal variations and time-lag of soil respiration
versus soil temperature for selected periods. Hourly SR, uomated
rates averaged over the periods 7-27 July 2006 (July), 14-27
August 2006 (Aug), 1-25 September 2006 (Sep) and 15 April
to 03 May 2007 (April) are plotted against soil temperature
(1 cm depth). In a SR at 1:00 h is represented by the grey dots
and the direction of the hysteresis is indicated by the arrows. In
b SR.uomaea 18 plotted with a time lag of 4 h versus soil
temperature (SR lagging soil temperature) and the R* of the
relationship, as well as the best fit are given by the solid grey
lines (Eq. 1)
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temperature (AirTemp), soil temperature (ST) in 1 and 5 cm
depth as well as soil moisture in 10 cm depth are also given
(e-h). Bars are =1 SE

shown). Comparing all regression models, the best fit
(smallest AIC) of SR to soil temperature was found for
SR with a 2—4 h lag compared to soil temperature at 1
and 5 cm depth. With a 4 h time lag, the hysteresis of
SR with soil temperature disappeared (Fig. 7b). For
the drought period in July 2006, we found a clockwise
hysteresis, i.e., the diurnal course of SR was lagged by
soil temperature (Fig. 7a, b). To investigate the
consequences of these findings over longer time
scales, we analysed SR,uomaea data (dormant and
growing season) assuming time lags of SR of 14 h.
However, the thereby resulting models did not
improve in comparison to the models from Table 1.
Thus, the time lag of SR to soil temperature was not
consistent at shorter and longer time periods but
occurred only when diurnal variations of surface soil
temperatures were pronounced.

Discussion
Seasonal course of soil respiration

Highly different seasonal and diurnal courses of SR
were observed during 2006 and 2007 in a mixed
mountain forest on a South-facing slope in the Swiss
Jura. Soil respiration could be modeled using soil
temperature as single predictive variable with a high
coefficient of determination, if soil water was not
limiting (Fig. 4). Including soil moisture into the
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Table 3 Coefficients of determination for non-lagged and lagged diurnal variations of soil respiration with soil temperature in 1, 5 or
10 cm depth (ST) for the three periods: 1427 August 2006 (Aug 06), 01-25 September 2006 (Sep 06), and 15 April to 03 May 2007

(April 07)

R? for non-lagged soil respiration R? for lagged soil respiration

ST (1 cm) ST (5 cm) ST (10 cm) ST (1 cm) ST (5 cm) ST (10 cm)
Aug 06 0.36 0.71 0.83 0.90% 0.89@ 0.74®
Sep 06 0.23 0.65 0.83 0.86% 0.87@2 0.85®"
April 07 0.04™ 0.48 0.73 0.89s 0.87® 0.83"

Only the R? of the best fit (smallest AIC) of time lagged SR,uomatea 18 given for each soil temperature; numbers in parenthesis
indicate the hours of the time lag (all regressions were significant (P < 0.05) if not otherwise stated)

# Best fit over all temperatures

model (Eq. 2) allowed us to predict SR rates also
very accurately during the 2006 summer drought.
However, not all temporal variations in SR could be
explained by soil temperature and soil moisture,
indicating that temporal variations of SR were
coupled to further environmental drivers such as
substrate availability, photosynthesis and precipita-
tion (Kirschbaum 2004; Tang et al. 2005a; Buch-
mann et al. 1997).

Impact of rain events on soil respiration

It is commonly observed in many ecosystems that SR
can be enhanced after rain (e.g, Birch 1958; Lee et al.
2004; Jarvis et al. 2007) although other authors report
SR being suppressed when soil pores become water
logged (e.g, Buchmann et al. 1997; Bowden et al.
1998; Hirano et al. 2003). However, to our knowl-
edge, this is the first study in which both contrasting
effects of rain on SR were observed within one
ecosystem. Rapid rewetting after soil drying often
yields a pulse of CO, from the soils (Birch 1958; Xu
et al. 2004; Jarvis et al. 2007). Different reasons
could come into play: (1) The replacement of CO,
rich soil air by rain water could explain this pattern.
However, assuming a CO, concentration of
2000 ppm in soil air and CO, evolving from the
upper 20 cm of the soil, the replacement of 6% of soil
air would have created a pulse of 0.6 pmol
CO, m%s™" during 30 min, directly after soil
rewetting. (2) Most probably, soil microbes are
responsible for producing this pulse, due to mineral-
ization of destabilized soil organic matter during
drying and rewetting cycles, or due to additional
mineralization of microbial C, which becomes

available after microbial cell lyse and/or by the
release of osmoregulatory solutes (e.g., Fierer and
Schimel 2003; Jarvis et al. 2007). Such pulses of CO,
can significantly alter the net annual carbon gain of
Mediterranean ecosystems (Jarvis et al. 2007). How-
ever, this is very unlikely for our study site as these
pulses were very scarce.

On the other hand, SR can also be suppressed by
moderate to high soil moisture, because CO, diffu-
sion out of the soil and O, diffusion into the soil are
limited, decreasing aerobic autotrophic and hetero-
trophic respiration. In a soil incubation experiment,
Bowden et al. (1998) found that SR increased with
increasing soil moisture, but declined at water
holding capacity >80%. In our study, we observed
a fast decrease of SR, uiomaea Of about 50% after a
strong rain event (>10 mm in 30 min) at moderate
soil moisture conditions (16%). The same response
was observed in an Amazonian rainforest, where SR
rates were found to decrease by about 40% after
heavy rain (Buchmann et al. 1997). Similar findings
are also reported from a deciduous forest in Japan,
where SR was measured continuously using a CO,
concentration profile (Hirano et al. 2003). After rain,
diffusion was low, CO, concentration increased in the
soil pore space and SR decreased by about 15%
during and directly after the rain event. This
comparatively small reduction could be due to the
less intense rain event (<5 mm h™!) and the low
respiration rates before rain. In general, the direct
effects of summer rain on SR observed in our study
might be of concern for those measuring SR manually
to generate models, since measurements made after
such rain events could significantly bias modelled
seasonal or annual soil respiration.
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Winter soil respiration

During winter, when tree activity is strongly
reduced, SR is typically dominated by heterotrophic
respiration (Tang et al. 2005b; Schindlbacher et al.
2007; Ruehr and Buchmann submitted), thus
increasing winter temperatures mainly enhances
decomposition of litter and soil organic matter.
Winter air temperatures (January—March) at our
study site were about 5 K higher during the mild
winter in 2007 compared to the harsh winter in
2006, while soil temperature (5 cm depth) increased
only by 4 K, probably due to snow cover and its
thermal insulation of the soil. Nevertheless, carbon
dioxide loss increased by about 60-70% from winter
2006 to winter 2007, most likely due to enhanced
microbial decomposition caused by higher temper-
atures since substrate availability estimated from
leaf litter fall and its species composition (data not
shown) of the two previous autumn seasons (2005
and 2006) were very similar. The SR rates measured
during both winter seasons at soil temperatures
below 5°C were in good accordance to other studies
in forest ecosystems (e.g., Hirano 2005; Schindlb-
acher et al. 2007).

Since temperate ecosystems act as a carbon source
to the atmosphere during winter periods (e.g., Malhi
et al. 1999), monitoring winter carbon loss will
become more important in a warmer world. In
subalpine forests, the amount of carbon lost during
winter can be as much as 50-90% of the carbon
gained in the previous summer (Monson et al. 2005).
For our study site, the longterm (1987-2007) mean
air temperature during January to March is about
1.5°C. In the future, a mild winter like the one in
2007 might become more regular, as a temperature
increase of about 0.9-3.4 K is predicted for this
region until 2050 (OcCC 2007). However, the effects
of increasing temperatures on litter and soil organic
matter decomposition and their potential feedback on
climate change are still a matter of debate (Davidson
and Janssens 2006). On the one hand, soil respiration
is thought to be more sensitive to temperature than
primary production, and thus climate warming should
increase the net loss of carbon from soils to the
atmosphere (Jenkinson et al. 1991). On the other
hand, decomposition rates could also become limited
due to depletion of readily decomposable substrate
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(Kirschbaum 2004). However during winter, a large
amount of easily decomposable organic matter is
typically available to soil microbes after leaf litter fall
in temperate deciduous and mixed forests, therefore
decomposition should not be limited by substrate
availability but rather by temperature in these forests.
Thus, enhanced carbon loss from soils of mixed and
deciduous mountain forests is very likely in future
winters.

Annual soil respiration estimates

Despite pronounced differences in temperature and
precipitation during winter and summer seasons of
the two study years, mean annual temperatures and
amounts of precipitation as well as annual SR .nua1
rates were comparable between the two study years.
While we found annual SR, ;omatea Tates in 2007 to be
about 15% lower compared to 2006 (and 20% lower
than annual SR,,,,ua1 rates in 2007). This decrease in
SRutomatea rates could have probably resulted from a
“chamber installation effect”, since we did not
change the location of the collar and the chamber
since June 2006. The Li-8100-101 chamber is
mounted on a frame to hold free from the soil
surface. But this frame is still covering the soil
surrounding the collar by about 5 cm wide just like a
tiny roof. When the chamber is open (c. 90% of the
time) another about 350 cm? of the adjacent soil is
covered. This might have reduced precipitation and
litter input to the soil, and thereby contributed to the
lower estimates of SR,uiomateq i1 2007.

Nevertheless, the Ligeren forest lost on average
about 900 g C m ™2 year™ ' via soil respiration during
the two study years (Table 2; with an uncertainty
<10% at the 95% confidence interval), well within the
range of estimates of other beech-dominated forests in
Europe (Table 4), except the youngest (Hesse) and the
most Northern forest (Lille Boegeskov), which had
much lower annual SR rates. Compared to a spruce
dominated forest (Weidenbrunnen), comparable in
altitude and stand age to our study site, the beech
forests showed much higher annual SR rates, due to
vegetation type, higher mean annual temperature and/
or to differences in SR measurement techniques
(Table 4). These findings indicate that similar pro-
cesses underlay SR in beech-dominated forests on
mountain slopes as on flat terrain.
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Table 4 Annual estimates of soil respiration for beech and mountain forests in Europe

Site Elevation  Slope  Age Temp  Precip  Period SR References
(m a.s.l.) (%) (years) (°C) (mm)

Liageren (CH)™ © 700 45 50-150 84 930 2006 869  This study
2007 907

Collelongo ()™ © 1,550 - 90 74 1,100 1996-1997 879  Matteucci et al. (2000)

Vielsalm (BE)™ © 450 3 60-90 7.5 1,000 1997-1998 870  Longdoz et al. (2000)

Hainich (D)* ¢ 445 3-5 0-250 7.8 800 2000 908  Knohl et al. (2008)
2001 919
2002 896

Hesse ()™ © 300 0-5 30 9.2 820 1996 575  Epron et al. (1999)
1997 663

Lille Boegeskov (DK)™ ¢ 40 0 80 8.1 600 1996 368  Pilegaard et al. (2001)
1997 457

Weidenbrunnen 2 (D)* © 760 2 112 6.0 1,019 1997 497 Subke et al. (2003)
1998 566
1999 592
2000 586

Elevation, average slope, mean stand age, air temperature (Temp) and precipitation (Precip) as well as annual soil respiration

estimates (g C m~? year’l) are given

—, no prevalent slope, variable topography

# Overstory dominated by Fagus sylvatica

® Qverstory dominated by Picea abies
Closed chamber (manual)

Closed chamber (campaign-wise automatic)

Open chamber (semi-automatic)

Time lags of SR vs. soil temperature

During periods when SR was not water-limited, a
pronounced counterclockwise hysteresis between SR
and surface soil temperature was observed, similar to a
study from Gaumont-Guay et al. (2006) for a boreal
aspen forest. In their study, soil respiration peaked
3.5-5 h later than soil temperature at 2 cm depth
while soil moisture did not change over the day.
However, they did not find SR to lag soil temperature
at 10 cm depth, but similar to our study—an unusually
high temperature sensitivity—of this relationship
(Q10 > 150) was reported. Such an unrealistic tem-
perature sensitivity of SR arises because CO, produc-
tion from the upper soil layers is compared to a
relatively small temperature change in 10 cm depth.
Therefore, we argue that surface soil temperature
(1-5 cm depth) is most suitable to model diurnal
variations in SR,yomatea With a time-lag of 2—4 h (if
respiration is not limited by water availability).

The reason for the observed lag of SR to soil
temperature could either be (1) a physically driven
process from the production of CO, to its diffusion
from the soil surface (e.g., Jassal et al. 2004), (2) a
biologically driven process caused by direct supply of
the root-rhizosphere with recently assimilated carbon
as some studies indicate (e.g., Tang et al. 2005a) or
(3) a combination of physical and biological processes
(Riveros-Iregui et al. 2007). At our study site, photo-
synthesis reached its maximum at around midday
(S. Etzold 2008, personal communication), 6-8 h
earlier than SR, omated- A similar pattern was found in
an oak-grass savanna where the peak in SR lagged
photosynthesis by about 7-12 h (Tang et al. 2005a).
Tang et al. (2005a) concluded that the short time lag
may not be due to the real transport of carbohydrates
in the phloem translocation stream, but due to the
propagation of pressure and concentration fronts,
which arrive much faster in the sink organs than in the
solution itself (Thompson and Holbrook 2004).
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For a montane conifer forest, Riveros-Iregui et al.
(2007) found the degree of hysteresis between soil
CO, production and soil temperature to decrease
with declining water content during the growing
season. In contrast, we found still a strong hysteresis
effect under water-limited conditions, although in
the opposite, clockwise direction (i.e., SR increased
before soil temperature) during the drought spell in
July 2006. Then, SR,uomatea increased during the
night (when soil temperature decreased) and peaked
at midday. The reasons are less clear: Trees mostly
refill their stem water reserves during night, when
transpiration is low. Water uptake during night can
also lead to hydraulic redistribution of soil water
from deeper and moister soil layers to the more
shallower drier soil via the root system (Caldwell
et al. 1998) and could therefore increase both root-
rhizosphere and microbial respiration (see Carbone
et al. 2008). Using dendrometers at an ash tree next
to the SR,uomateda Measurements (within 2 m), we
observed a distinct diurnal variation of the trunk
diameter during the drought period in July 2006.
Tree trunk diameter increased during the night until
the next morning, caused mainly by water uptake
and storage, followed by a decrease in the late
morning due to enhanced transpiration (Ruehr,
unpublished data). However, no significant change
of soil moisture was seen during the diurnal cycle
(Fig. 6), suggesting that only the water content of
roots and their adjacent rhizosphere was enhanced
which could not be detected in the bulk soil where
soil moisture was measured. Thus, increasing night-
time SR during the 2006 summer drought might be
the result of water redistribution from deeper soil
layers to shallower fine roots, which would cause
root-rhizosphere respiration to increase. However, to
provide further evidence detailed research on soil-
plant water interactions is needed.
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