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Abstract The two components of soil respiration,
autotrophic respiration (from roots, mycorrhizal
hyphae and associated microbes) and heterotrophic
respiration (from decomposers), was separated in a
root trenching experiment in a Norway spruce forest.
In June 2003, cylinders (29.7 cm diameter) were
inserted to 50 cm soil depth and respiration was
measured both outside (control) and inside the
trenched areas. The potential problems associated
with the trenching treatment, increased decomposition
of roots and ectomycorrhizal mycelia and changed soil
moisture conditions, were handled by empirical mod-
elling. The model was calibrated with respiration,
moisture and temperature data of 2004 from the
trenched plots as a training set. We estimate that over
the first 5 months after the trenching, 45% of respi-
ration from the trenched plots was an artefact of the
treatment. Of this, 29% was a water difference effect
and 16% resulted from root and mycelia decomposi-
tion. Autotrophic and heterotrophic respiration con-
tributed to about 50% each of total soil respiration in
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the control plots averaged over the two growing
seasons. We show that the potential problems with the
trenching, decomposing roots and mycelia and soil
moisture effects, can be handled by a modelling
approach, which is an alternative to the sequential root
harvesting technique.

Keywords Soil moisture - Picea abies -
PLS - Root respiration - Root decomposition -
Soil temperature

Introduction

The net ecosystem carbon (C) exchange with the
atmosphere is a balance between two large fluxes, the
influx through photosynthesis and the outflux by
ecosystem respiration. Soil respiration is the major
component of forest ecosystem respiration (Lavigne
et al. 1997). Today, temperate and boreal forests act
as sinks for CO, (Dixon et al. 1994; Liski et al. 2003),
though there is uncertainty whether they will persist
as C sinks or become sources due to climate change
(Rustad et al. 2001). A key question in this matter is
whether the two components of soil respiration,
autotrophic respiration (from roots, mycorrhizal fungi
and free-living microorganisms in the rhizosphere)
and heterotrophic respiration (from decomposition of
litter and soil organic matter), will respond differently
to changing environmental conditions (Boone et al.
1998; Epron et al. 2001; Hogberg et al. 2001).
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Accurate estimation of the contribution of each
component is thus needed to evaluate implications
of environmental change on soil C cycling and
sequestration.

The relative contribution of autotrophic respiration
to soil respiration has been shown to vary between
1:9 and 9:1 (Hanson et al. 2000). Although some of
this variability reflects differences among types of
ecosystems and season of the year, a considerable
proportion of it is probably due to the variety of
measurement techniques, each with a unique set of
limitations (Hanson et al. 2000). The methods used to
estimate the contributions of root- and heterotrophic
respiration to total soil respiration include; (1) root
exclusion, (2) component integration of respiratory
components (e.g. litter, SOM, roots, rhizosphere) and
(3) stable or radioactive isotope methods. These
methods have been reviewed by Hanson et al. (2000).

Trenching is a root exclusion method, commonly
used in forest ecosystems (e.g. Ewel et al. 1987,
Bowden et al. 1993; Epron et al. 1999; Lee et al. 2003).
With the insertion of a barrier in the soil within a
certain area, the connection between the roots and the
tree is effectively ended and thus also the transport of
photosynthetic products to the roots. A problem with
the trenching method is the influence of residual
decomposing roots (Hanson et al. 2000; Epron et al.
1999; Ngao et al. 2007) and of ectomycorrhizal fungi
(Hogberg and Hogberg 2002), which can result in an
overestimation of the heterotrophic respiration. In a
beech forest the estimated contribution of heterotro-
phic respiration to total soil respiration was reduced
from 73 to 48% when the decomposition of roots was
taken into account (Epron et al. 1999). However, also
this approach has its drawbacks and limitations. The
partitioning calculation is highly sensitive to the pre-
trenching root mass estimate (Ngao et al. 2007). In
addition, to extract roots in a quantitative way can be
difficult due to heterogeneous root-distribution, mak-
ing a root harvest cumbersome, tedious and time-
consuming, in particular in stony soils. Furthermore,
the contribution to respiration from increased decom-
position of extraradical mycorrhizal mycelium is not
taken into account using the root extraction method.
The mycorrhizal mycelium can have a standing
biomass that is similar to that of the fine roots
(Wallander et al. 2001). Increased decomposition of
this mycelium after a tree-girdling treatment was
indicated by increased nitrogen content and a shift
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upwards in the '°N (Bhupinderpal-Singh et al. 2003)
in the leaves of dwarf shrubs in the understory and
also by a decline in microbial C by 60 kg ha™'
(Hogberg and Hogberg 2002). The lifetime of
mycorrhizal rhizomorphs, which is possibly a large
part of the standing biomass, can be as long or longer
than that of individual mycorrhizal root tips (Treseder
et al. 2005; Pritchard et al. 2008). To reduce the
impact of decomposing roots and mycorrhizal myce-
lium, some studies instead allowed several months to
pass between the trenching and the start of soil
respiration measurements (Ewel et al. 1987; Bowden
et al. 1993). Another problem is that trenching
terminates plant uptake of water which potentially
results in higher soil water contents in trenched
compared to control plots (Epron et al. 1999; Hogberg
et al. 2005; Kuzyakov 2006). This soil moisture effect
is in well-drained soils probably most problematic
during seasons with unusually dry and warm weather,
when drought stress may reduce microbial respiration
in the control plots. While in soils with high soil water
holding capacity, long periods of wet weather may
instead hamper gas diffusion in the trenched plots
(Rey et al. 2002).

In this study we applied a novel empirical
modelling approach to estimate the effects root and
mycelia decomposition and treatment differences in
soil water content have on soil respiration rates in the
trenched plots. We used data from the trenched plots
the second season after trenching to calibrate the
model and used this model to generate heterotrophic
respiration rates over two successive years. Our main
aim was to estimate autotrophic and heterotrophic
respiration rates corrected for the artefactual effect of
the trenching treatment.

Methods
Site description

The study was performed in a 22 m tall, Norway
spruce [Picea abies (L.) Karst] forest, planted 1934
on former farmland close to Brevens bruk, southern
Sweden (59°00'N, 15°00'E, 125 m above sea level).
Scattered birch (Betula pendula Roth) trees of
approximately the same height as the spruce trees
occur in the stand. No understory plants or mosses are
found on the ground. The soil is a sandy, washed till
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with a C content, of 13.8% in the upper 2 cm of the
soil profile, decreasing down to 1.6% at 20 cm depth
(Bostrom et al. 2007). Living fine root (<2 mm)
biomass down to 20 cm depth was estimated to about
420 g dry weight m~2 in August 2004, with approx-
imately two-thirds in the upper 10 cm of the soil
(Bostrom et al. 2007). Assuming an exponential
decline with depth, we estimate a root biomass of
38 gm > between 20 and 50 cm depth and
2.8 g m~? between 50 and 100 cm depth. Thus, we
estimate that about 0.6% of a total root biomass of
459 g m~ down to 1 m depth was found between 50
and 100 cm depth.

Plot design and soil respiration measurements

Eight control plots (cross-sectional area 0.0464 m?)
where laid out in 2002, with a distance between each
of 3-5 m (Ekblad et al. 2005). In the beginning of
April 2003, two more plots were added, making it a
total of ten control plots. In addition, ten plots that
later on became trenched were placed at a distance of
a minimum of 2.5 m from each of the control plots,
but always with at least one tree in between the two
types of plots. The trenching was carried out on June
17, 2003 by inserting PVC cylinders (29.7 cm inner
diameter) to a 50-cm soil depth by pushing and
rotating the cylinders.

In 2003 the soil respiration sampling covered the
period April-November and occurred 19 times
from the control plots and 18 times from the
trenched plots, of which in both cases, 11 occurred
after the trenching took place. In 2004 respiration
was sampled eight times over the period June-
October. Soil respiration measurements were at
each occasion carried out during the middle of the
day as previously described (Ekblad and Hogberg
2000). Briefly, an opaque PVC cylinder (cross
sectional area, 0.0464 m?) with a removable lid
was at sampling placed on the forest floor on each
plot creating a 6-1 headspace. Three to five gas
samples (12-ml each) were then withdrawn with a
syringe at intervals over a period of 8-10 min.
Each sample was directly transferred to pre-evac-
uated (within 24 h before sampling) glass-vials
(Labco Exetainer; High Wycombe, Castleford,
England). Analysis of CO, concentrations was
made within less than a week as described by
Ekblad et al. (2005).

Meteorological data

Measurements of temperature and moisture in the
stand were conducted at the time of gas sampling.
Soil temperature at 5 cm depth and air temperature at
1.5 m height were measured using a Tinyview Plus
Temp H with a 14 cm long temperature probe (Intab,
Stenkullen, Sweden). In addition, soil temperature at
5 cm depth was recorded using a Tinytag Plus data
logger. Soil moisture (percentage of d.w.) in the
upper 8 cm of the soil was measured using a Theta
probe type ML2 (Delta-T Devices, Cambridge,
England).

Modelled heterotrophic and autotrophic
respiration rates in control plots

Instead of simply taking the difference between the
two types of plots, we estimated the autotrophic and
heterotrophic respiration in the control plots with an
empirical modelling approach. This was a way to
handle the potential problems with, firstly, soil
moisture differences between control and trenched
plots and secondly, the initial flux of respiration from
decomposition of roots and mycorrhizal hyphae in the
trenched plots. In the modelling we used a multivar-
iate statistical tool called partial least squares projec-
tion to latent structures analysis (PLS; Simca 8.0
program; Umetrix, Umea, Sweden). The PLS-method
is used much in the same way as multiple regression
analysis but an important difference is that PLS can
handle correlated x-variables, which preclude the use
of multiple regression (James and McCulloch 1990).
Since temperature and moisture variables, as used in
our case, often covaries we chose the PLS-method
instead of the more commonly applied multiple
regression analysis (see Ekblad et al. 2005 and
references therein for further information about the
PLS-method). As a calibration set in the modelling
we used data from the trenched plot from 2004 with
soil respiration as a y-variable and soil moisture and
soil temperature as x-variables to generate a PLS-
model. We assumed in this modelling that the
contribution from decomposition of roots and mycor-
rhizal mycelia was minor during this second season
after trenching and that the differences in heterotro-
phic respiration rates between the control and
trenched plots were mainly caused by moisture
differences. In step two of the modelling, we used
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the PLS-model to predict “root-free” heterotrophic
respirations rates in the control plots 2003 and 2004
and in the trenched plots 2003 by using soil moisture
and soil temperature from the respective years and
plots as x-variables. Autotrophic respiration was then
calculated as the difference between the recorded soil
respiration rates in the control plots and the modelled
heterotrophic respiration in the same plots.

Total seasonal respiration was estimated by mul-
tiplying the average respiration rate of two adjacent
measurements with the number of hours passed
between the two measurements. These numbers were
summed up over the whole season.

Statistical analysis

In the PLS-modelling, all the variables were scaled to
unit variance before analysis and logarithmic values
of soil respiration rates (in soil respiration rate) were
used. The explained variance (Q?) of the PLS-model
was calculated by cross-validation (see Ekblad et al.
2005 and references therein for further details on
PLS-modelling).

Results
Temperature and soil moisture

Air temperature measured on the day of sampling
ranged between 6 and 27°C in 2003 and between 10
and 20°C in 2004, with the highest values recorded
July 15 and June 2 (Fig. 1). A similar seasonal pattern
was observed for soil temperature, ranging between 6
and 19°C in 2003 and between 9 and 15.5°C in 2004,
with the highest values recorded July 15 and August
17. The diurnal variation in soil temperature (at 5 cm
depth) was =£0.6°C and the recorded mid-day
temperature was close to the diurnal mean (data not
shown). Soil moisture content in control plots showed
no clear seasonal trends, varying between 16 and
27% in 2003 and 17 and 27% in 2004 (Fig. 1). After
trenching, soil moisture content in the trenched plots
increased by 4% (p < 0.05) after 6 days compared to
the control (June 23) and was thereafter significantly
higher in the trenched plots than in the control
(»p < 0.05) by 3-7% in 2003 (except on November 6)
and by 4-10% in 2004.
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Soil respiration in control plots

Soil respiration rates from the control plots were
generally low in April to early June, ranging between
37 and 78 mg C m~> h™' (Fig. 1). In June 2003 and
July 2004, there was a sharp increase in respiration
rates. In fact, total soil respiration rates increased by
more than 300% within less than 3 weeks in 2003.
Respiration peaked on June 30 in 2003 (162 mg
Cm2h™") and on July 20, 2004 (229 mg C
m2 hfl). The rates decreased towards the end of
each season to values ranging between 72 and
122 mg C m™ > h™', which was slightly higher than
that recorded during April to early June.

Soil respiration in trenched plots

Before the trenching on June 17, 2003, there were no
significant differences (p > 0.05) in soil respiration
rates between the control and the plots that became
trenched (Fig. 1). After trenching, respiration rates in
the trenched plots were significantly (p < 0.05) lower
than the control by 53 mg C m 2 h™' (33%) after
13 days. In the remaining part of 2003, the difference

between the treatments varied from 6 to 38 mg C
m 2 h™! (6-32%), while in 2004 the difference varied
from 4 to 98 mg Cm > h~' (7-43%). For both
seasons, the greatest difference in respiration rates
between trenched and control plots coincided with the
seasonal peak in soil respiration rates (June 30, 2003
and July 20, 2004). Integrated for each season (June
18—November 6, 2003 and June 2—October 5, 2004),
the difference in soil respiration between trenched and
control plots was 19% (69 g C m_2, p < 0.05,
n = 10) in 2003, and 37% (163 g C m~2, p < 0.05,
n = 7) in 2004. Sporocarps of ectomycorrhizal fungi
were found in two of the trenched plots in October
2004, while no roots were found in the soil inside the
cylinders at this time.

Modelled autotrophic and heterotrophic
respiration in control plots

Soil moisture or soil temperature alone explained
only about 50% of the variation in soil respiration
from the trenched plots in 2004 (Fig. 2a, b). Taken
together in the PLS-modelling of the calibration set
(data from the trenched plots 2004), soil temperature
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and soil moisture together explained as much as 90%
of the temporal variation in respiration rates (Fig. 2c;
cross-validated explained variance; Q7).

This PLS-model generated heterotrophic respira-
tion rates in the control plots that varied seasonally
between 28 and 82mg Cm > h™' in 2003 and
between 33 and 90 mg C m~2 h™' in 2004 (Fig. 3).
The autotrophic respiration rates, calculated as the
difference between the recorded soil respiration rates
and modelled heterotrophic respiration rates, showed
a large range between the highest and lowest value in
both growing seasons. Thus, the rates varied between
6 and 99 mg C m~2 h™' in 2003 and between 28 and
139 mg C m > h™! in 2004. The autotrophic respi-
ration rates were generally low in spring and early
summer (April to early June) and peaked in late June
to July. The temporal variation in autotrophic respi-
ration rates followed that of total soil respiration
closely, which was particularly obvious in 2003,
when the sampling was more frequent (Fig. 3).

The relative contribution of modelled autotrophic
respiration to total soil respiration was low and
variable during the early part of each season (April
to early June) ranging from 0% to 43% (Fig. 3). After
this, the relative contribution from autotrophic respi-
ration increased and ranged from 35 to 72% from mid
June onwards. The yearly increase in relative contri-
bution to total soil respiration coincided with the steep
increase in total soil and autotrophic respiration rates

observed in June, which also coincided with a period
when a rapid growth of fine roots was found (D.
Comstedt, personal observation). The peaks in relative
proportion of autotrophic respiration occurred in late
August and September at 63% in 2002, 66% in 2003
and 72% in 2004. Integrated over the seasons, the
relative contribution of modelled autotrophic respira-
tion (Rgp) to control soil respiration (RC) was 55% in
2003 (calculated from the time of trenching and
onwards) and 64% in 2004.

Estimating the effect of root decomposition
and increased water content on respiration
in trenched plots

Integrated over the period June 18 to November 6
in 2003, respiration in the trenched plots was
299 ¢ C m which was only 69 ¢ C m™> or 19%
lower than the 368 g C m ™2 in the control plots (Fig. 4).
This is significantly less than what would be expected
since the modelling estimated the heterotrophic respi-
ration to contribute with about 165 g C m™~2 or 45% of
soil respiration in the control plots over that period
(Fig. 4). This difference between the estimated hetero-
trophic respiration in the control and recorded respira-
tion from the trenched plots of 134 g C m~ is mainly
due to root and mycelia decomposition and differences
in soil moisture conditions. Thus, 45% of the respiration
in the trenched plots was an unwanted artefact of the
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trenching. By using the PLS-model and the soil moisture
and temperature data of the trenched plots we estimate a
“root-free” respiration in the trenched plots of
252 ¢ C m™2, which is 87 g C m™? higher than the
estimated heterotrophic respiration in the control. This
water effect account for 29% of the recorded respiration
from the trenched plots (Fig. 4). Thus, the contribution
from root and mycelia decomposition is estimated to
47 ¢ C m 2 or 16% of the recorded respiration in the
trenched plots.

Discussion

Effect of increased C supply from decomposing
roots and increased soil water content on soil
respiration in trenched plots

While a post trenching increase in respiration from
the flush of decomposing roots has been estimated in
several studies by sequential harvesting of roots (e.g.
Epron et al. 1999; Lee et al. 2003; Ngao et al. 2007),
the effect of differences in soil moisture conditions is

400
§ 300
£ Aut. 55% Root decomp. 16%
(&
2 2%
g 200 — Water effect / 29%
£ T
5 | IbA-—————-4 _
% Het.
[0 100 Het. 45% 55%

0
Control Trenched

Fig. 4 The contribution of autotrophic and heterotrophic
respiration to soil respiration in the control plots and from
root decomposition and soil moisture changes in the trenched
plots integrated over the first 5 months after root trenching in
June, 2003. In the control plots, autotrophic respiration (open
bars) was calculated as the difference between soil respiration
and modelled heterotrophic respiration (diagonal lined bars).
In the trenched plots, root decomposition (crossed-hatched
bars) was calculated as the difference between soil respiration
and modelled “root free” heterotrophic respiration in these
plots. The effect of increased water content (water effect) was
calculated as the difference between modelled heterotrophic
respiration in the trenched plots and heterotrophic respiration
in the control plots. Error bars show 95% CI for the predicted
heterotrophic respiration using the PLS-model

often neglected in trenching experiments. In this
paper we used an empirical modelling approach to
estimate both these artefacts of the trenching treat-
ment. Without taking them into account, we would
have overestimated the heterotrophic contribution to
total soil respiration by 36% (81% instead of the
corrected 45%) in 2003 and by 27% (63% instead of
the corrected 36%) in 2004. Our results are compa-
rable with those found in a beech forest in which the
heterotrophic contribution to total soil respiration was
reduced from 73 to 39% after removing the effect of
root decomposition and soil water differences (Epron
et al. 1999).

In our study, the effect of differences in soil water
content was about twice as large as the effect of root
and mycelia decomposition in 2003 (Fig. 4). This
contrasts to the results from two studies from beech
forests in which the major effect was from root
decomposition and only a minor part was estimated to
derive from differences in soil water content (Epron
et al. 1999; Ngao et al. 2007). Differences in the
relative importance of soil moisture in trenching
experiments may be caused by site differences in
precipitation patterns, differences in soil water holding
capacities as well as differences in root densities.
Since the water holding capacity is relatively low in
the sandy soil of our forest, water uptake by roots has
caused significant differences in soil moisture contents
between the control and trenched plots. The effect of
treatment differences in water content on heterotro-
phic respiration rates is likely to be relatively more
important during sunny, warm and dry years than
during cloudy, cool and wet years.

A response to the trenching is not only an
increased decomposition of roots, but also probably
an increased decomposition of extraradical ectomy-
corrhizal mycelia (Hogberg and Hogberg 2002). The
contribution to respiration from this component is
probably smaller when the trenching occurs in June,
as in our case, compared to if the trenching had
occurred in the end of August. This is because the
mycelial production is mainly in the second half of
the growing season (Wallander et al. 2001; Bostrom
et al. 2007). The respiration from this decomposition
is probably passed much faster than for root decom-
position. As much as 20-80% of dry matter was lost
after 1 month incubation in a forest soil of mycelia
enclosed in litter bags (Koide and Malcolm 2009). As
a comparison, the half life of decomposing roots in a
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beech forest was about 2 years (Epron et al. 1999).
The decomposition rates in Koide and Malcolm
(2009) are based on mycelia that contained only
single hyphae. However, forests in seasonally dry
habitats, as in the present study, are dominated by
rhizomorph forming fungi (Unestam 1991). Living
rhizomorphs may have a lifetime that is similar to or
even longer than that of the mycorrhizal tips
(Treseder et al. 2005; Pritchard et al. 2008). Severed
rhizomorphs probably decompose more slowly than
single hyphae due to a smaller specific surface area,
and possibly a lower nitrogen concentration. Some of
them may be hydrophobic, which may retard decom-
position significantly (Koide and Malcolm 2009).

Factors governing the autotrophic respiration

That the autotrophic respiration rates showed great
temporal variations which were strongly correlated to
total soil respiration rates in the control plots (Fig. 3),
while the heterotrophic respiration rates followed
instead a seasonal pattern, suggests that autotrophic
respiration had a major impact on temporal variations
in soil respiration rates. This is in line with results
from multivariate modelling of the relation between
aboveground climatic conditions and recorded soil
respiration rates and its 6'°C signatures presented
elsewhere (see Ekblad et al. 2005).

The steep increase in autotrophic respiration in June
(Fig. 3) probably coincides with a flush in fine root
production which is known to peak shortly after shoot
growth has ceased (Majdi et al. 2001). The relative
contribution of autotrophic respiration to total soil
respiration peaked at 63—72% in August—September
which was the period with the highest autotrophic
respiration rates in two girdling experiments in
northern Sweden (Hogberg et al. 2001; Bhupinder-
pal-Singh et al. 2003; Olsson et al. 2005). This period
also coincides with the time of the growing season
when the production of extramatrical mycelium of
mycorrhizal roots is believed to be largest (Wallander
et al. 2001).

Possible uncertainties with the applied method
In our modelling we assumed the contribution of root
decomposition to soil respiration in the trenched plots

to be minor during the second growing season after
the trenching and that the difference between control
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and trenched plots at that time mainly was caused by
treatment differences in soil moisture conditions. It is
possible that decomposition of dead roots contributed
somewhat to respiration in the trenched plots also
during the second season after trenching. If we
assume an exponential decay with a decay constant of
0.3, which is a typical value for conifer roots (Silver
and Miya 2001), and a C utilization efficiency of 0.5
(Six et al. 2006), we estimate a contribution from fine
root decomposition over the period of soil respiration
measurements the second season after trenching to be
~7 ¢ Cm 2 This corresponds to ~2.5% of the
estimated accumulated respired CO, from the
trenched plots over that period. However, it is not
obvious that our approach will result in a slightly
overestimated heterotrophic respiration in the control
since in this treatment, dying roots contribute with
litter to the heterotrophs each year while this is not
the case in the trenched plot. For example, in a cool-
temperate deciduous forest the contribution of root
turnover in the control was estimated to amount to
0.5-5% of total soil respiration (Lee et al. 2003).

An inherent problem with both trenching experi-
ments and girdling experiments is that the treatment
terminates all interactions between living plant roots
and their mycorrhizal partners on one side and the
abiotic and biotic environment around them on
the other. If this has, in our case, had any effect on
the respiration coming from decomposition of soil
organic matter by heterotrophs is unknown. Results
in the literature show increased litter decomposition
(e.g. Gadgil and Gadgil 1971; Moorhead et al. 1998)
as well as reduced microbial activities (e.g. Cheng
et al. 2003; Subke et al. 2004; Gottlicher et al. 2006;
Cheng 2008), in response to the absence of root
activities. Which direction such effects take may be
controlled by the availabilities of nitrogen and C
(Kuzyakov 2002) but soil moisture may also play a
role (see further below).

Another possible problem with root trenching
possibly causing a slight overestimation of the
heterotrophic component is a re-colonization of roots
and mycorrhizal mycelia into the trenched area. We
did not expect extensive root or mycelium coloniza-
tion within the course of this study because of the
very low root biomass below the depth of the root
barrier. While re-colonization of roots did not take
part over the time-frame of this study, the appearance
of mycorrhizal sporocarps in October 2004,
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16 months after the trenching, suggest that mycor-
rhizal mycelium has colonized the plots at a higher
rate than roots. A similar colonization rate was found
in a detailed study of mycelial colonization into
16 cm diameter circular plots, trenched to 25 cm
depth in a Norway spruce forest (Wallander et al.
2001). Thus, despite a trenching depth of 50 cm in
our case, colonization by ectomycorrhizal mycelium
had obviously taken part at about the same rate as in
the example mentioned. Based on the harvest of
hyphal ingrowth mesh bags placed at five depths in
the same forest stand (Bostrom et al. 2007), and in
plots trenched to a depth of 20 cm (Comstedt et al.,
unpublished), the growth of mycorrhizal mycelium
into the trenched plots in the present study was
mainly in the later part of the second season after
trenching.

An uncertainty in our modelling is that the range in
soil moisture and temperature conditions of the
calibration set did not cover the whole range of soil
moisture and temperature conditions recorded over
the two growing seasons (Fig. 1). In our modelling a
log-linear relation between the y and x-values gave
the best fit (see Methods section). Laboratory studies
of decomposition (Kitterer et al. 1998) as well as
studies from trenching experiments (Epron et al.
1999) show that there is an exponential relation
between soil temperature and heterotrophic respira-
tion over an even larger temperature range than was
covered in the present study, which is an indirect
validation of our method. However, the relation
between heterotrophic respiration and soil moisture
conditions is more difficult to establish with certainty
due to the confounding effects of co-variations with
soil temperature. Recently, this confounding effect
was removed in a prolonged drought experiment in
which roofs excluded the throughfall over prolonged
periods in a temperate deciduous forest (Borken et al.
2006). Differences in soil respiration rates between
control and drought treated plots were positively
correlated to treatment differences in soil gravimetric
water contents in the O horizon (Borken et al. 2006)
which would give support to the use of our method.
However, other studies suggest that there exist
threshold soil moisture conditions below which soil
moisture strongly regulates the microbial activity.
This threshold was found to be 12% (v/v) in a
temperate hardwood forest (Davidson et al. 1998) and
20% (v/v) in a Mediterranean Oak forest (Rey et al.

2002). In our forest the volumetric water content was
never below 14% (estimated from our data and data
on bulk density, Bostrom, pers. comm.). Thus, it is
possible that heterotrophic soil respiration rates are
somewhat overestimated during dry soil conditions in
our study. However, this would only marginally
affect our seasonal integrated estimates. This since
respiration rates are low during days with dry soils
and an error in the partitioning of respiratory fluxes
during such days would have only minor effects on
the integrated fluxes.

The use of mid-day measurements to integrate the
seasonal soil respiration rates may be criticized from
the view that there might be diurnal variations that are
not captured in our data. Significant diurnal variations
in soil respiration rates have been found in some cases
(e.g. Tang et al. 2005; Heinemeyer et al. 2007) but not
in others (e.g. Betson et al. 2007). Diurnal variations
could potentially be caused by fluctuations in the
availability of substrates used in autotrophic respira-
tion or by fluctuations in soil temperatures or both.
That the mid-day soil temperature was close to the
diurnal average soil temperature, and that the diurnal
variations in soil temperature were very small, suggest
any error caused by diurnal temperature variations to
be minor. This implies that diurnal variations in soil
respiration rates in the trenched plots, which should be
driven mainly by soil temperature changes, are
probably minor. In the control plots, substrate avail-
ability could potentially cause diurnal variations in
autotrophic respiration. In our forest, night lengths are
relatively short (<8 h for most of the growing season),
the trees were large and understory plants are lacking,
facts that speak against large substrate availability
effects on diurnal variations (Betson et al. 2007).
However, there are more and more evidence that there
is often a tight link between canopy photosynthesis
and below ground autotrophic respiration (e.g. Ekblad
and Hogberg 2001; Ekblad et al. 2005; Comstedt et al.
2006; Comstedt 2008; Mencuccini and Holtta 2009;
Kuzyakov and Gavrichkova 2010). Indeed, autotroph-
ic respiration in northern temperate forests may be
more regulated by substrate availability than by soil
temperature (Ekblad et al. 2005; Comstedt et al. 2006;
Comstedt 2008). But, in these tall trees the lag time
between changes above and below ground activities is
between 1 and 4 days (Ekblad et al. 2005; Comstedt
2008), speaking against substrate driven diurnal
variations in autotrophic respiration.
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How problematic is the fact that our estimated
cumulative respiration rates are based on relatively
few data points? We tested how robust our estimated
cumulative respiration rate is by repeatedly removing
four of the 19 days sampled from the control plots
over the 2003 growing season. When doing this
analysis, we did never deviate more than 12 g C m™>
from the estimated total of 459 g C m_z, even if we
systematically removed the days with the four highest
or lowest respiration rates from the data. This simple
analysis suggests that the number of data points in the
present study were sufficient to receive a good
estimate of the accumulated respiration rate.

Applicability of the current method

The method used here is applicable in all kinds of
root trenching and tree girdling experiments. It is
particularly useful in situations when tree root
harvesting is difficult to achieve due to e.g., deep-
rooted trees, high stone content or high density of
roots from plants in the understory. We recommend
the use of PLS instead of multiple regression analysis
to calibrate the model, because of the fact that soil
temperature and soil moisture often covaries (see
further in the Methods section). The robustness of
the method is much determined by how good the
calibration set is. Ideally this should cover all the
temperature and soil moisture ranges found in
the control plots. A large calibration set is of course
better than a small and data collected over more than
one growing season may improve the model. How-
ever, ingrowth of mycorrhizal mycelia, as in the
current study, or roots may make a longer sampling
period than one growing season problematic to
achieve when the trenched plots are relatively small.
In girdling experiments and when the trenched plots
are large this is probably not a major problem.

Conclusions

In this study we have shown that the inherent root
trenching artefacts, increased root and mycelia
decomposition and soil moisture changes, can be
compensated for by using a simple empirical
PLS-modelling method. We estimate that, integrated
over the first 5 months after the trenching, 45% of the

@ Springer

recorded respiration in the trenched plots was an
artefact of the treatment of which two-thirds was
derived from increased soil moisture and one-third
from root decomposition. Our method is an alterna-
tive to the sequential root harvesting technique (e.g.
Epron et al. 1999). Both methods have similar
shortcomings but our method simplifies the task, in
particular at sites where quantitative root harvesting
is difficult.
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