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Abstract 
 
Soils of Northern Hemisphere forests contain a large part of the global terrestrial 
carbon (C) pool. Even small changes in this pool can have large impact on 
atmospheric [CO2] and the global climate. Soil respiration is the largest terrestrial 
C flux to the atmosphere and can be divided into autotrophic (from roots, 
mycorrhizal hyphae and associated microbes) and heterotrophic (from 
decomposers of organic material) respiration. It is therefore crucial to establish 
how the two components will respond to changing environmental factors. In this 
thesis I studied the effect of elevated atmospheric [CO2] (+340 ppm, 13C-depleted) 
and elevated air temperature (2.8-3.5 oC) on soil respiration in a whole-tree 
chamber (WTC) experiment conducted in a boreal Norway spruce forest. In 
another spruce forest I used multivariate modelling to establish the link between 
day-to-day variations in soil respiration rates and its �13C, and above and below 
ground abiotic conditions. In both forests, variation in �13C was used as a marker 
for autotrophic respiration. A trenching experiment was conducted in the latter 
forest in order to separate the two components of soil respiration. The potential 
problems associated with the trenching, increased root decomposition and 
changed soil moisture conditions were handled by empirical modelling. The WTC 
experiment showed that elevated [CO2] but not temperature resulted in 48 to 
62% increased soil respiration rates. The CO2-induced increase was in absolute 
numbers relatively insensitive to seasonal changes in soil temperature and data on 
�13C suggest it mostly resulted from increased autotrophic respiration. From the 
multivariate modelling we observed a strong link between weather (air 
temperature and vapour pressure deficit) and the day-to-day variation of soil 
respiration rate and its �13C. However, the tightness of the link was dependent on 
good weather for up to a week before the respiration sampling. Changes in soil 
respiration rates showed a lag to weather conditions of 2-4 days, which was 1-3 
days shorter than for the �13C signal. We hypothesised to be due to pressure 
concentration waves moving in the phloem at higher rates than the solute itself 
(i.e., the �13C–label). Results from the empirical modelling in the trenching 
experiment show that autotrophic respiration contributed to about 50% of total 
soil respiration, had a great day-to-day variation and was correlated to total soil 
respiration while not to soil temperature or soil moisture. Over the first five 
months after the trenching, an estimated 45% of respiration from the trenched 
plots was an artefact of the treatment. Of this, 29% was a water difference effect 
and 16% resulted from root decomposition. In conclusion, elevated [CO2] caused 
an increased C flux to the roots but this C was rapidly respired and has probably 
not caused changes in the C stored in root biomass or in soil organic matter in 
this N-limited forest. Autotrophic respiration seems to be strongly influenced by 
the availability of newly produced substrates and rather insensitive to changes in 
soil temperature. Root trenching artefacts can be compensated for by empirical 
modelling, an alternative to the sequential root harvesting technique.  
 
Key words: Auotrophic, Boreal forest, Elevated CO2, 13C, Natural abundance of 
stable isotopes, Picea abies, PLS, Root respiration, Soil respiration. 

Avh_D_Comstedt_1-11_K030408.indd5   5 08-04-03   10.47.20



Avh_D_Comstedt_1-11_K030408.indd6   6 08-04-03   10.47.21



List of papers 
 

This thesis is based on the following papers which are referred to in the text by 
their roman numerals. 
 
I Comstedt D, Boström B, Marshall J D, Holm A, Slaney M, Linder S, 

Ekblad A. 2006 Effects of elevated [CO2] and temperature on soil 
respiration in a boreal forest using ��13C as a labelling tool. Ecosystems 9, 
1266-1277. 

 
II Ekblad A, Boström B, Holm A, Comstedt D. 2005 Forest soil respiration 

rate and �13C is regulated by recent above ground weather conditions. 
Oecologia 143, 136-142. 

 
III Comstedt D, Boström B, Thompson M V, Ekblad A. A link between above 

ground weather conditions and the �13C of forest soil respiration is not 
always observed. Submitted. 

 
IV Comstedt D, Boström B, Ekblad A. Autotrophic and heterotrophic soil 

respiration in a Norway spruce forest – Estimating the root decomposition 
and soil moisture effects in a trenching experiment. Manuscript. 

 
 
Papers I and II are reproduced with permission from the publisher. 

Avh_D_Comstedt_1-11_K030408.indd7   7 08-04-03   10.47.21



Avh_D_Comstedt_1-11_K030408.indd8   8 08-04-03   10.47.21



Contents 
Introduction ...........................................................................................11

The carbon cycle in northern forest ecosystems .....................................11

Soil respiration .......................................................................................12

Separation of the two components of soil respiration ............................12

 Trenching ...........................................................................................13

 Stable isotopes ....................................................................................13

The effect of climate change on northern forest ecosystems .................. 15

 Production and belowground carbon allocation.................................16

 Responses of elevated [CO2] on soil respiration..................................16

 Stomatal conductance ........................................................................17

 Responses of elevated temperature on soil respiration ........................17 

 Methods to study the effect of elevated [CO2] and air temperature ....17
 on carbon cycling in forest ecosystems 

The main objectives of this thesis ..........................................................19

Description of the experimental sites and set up ...................................21

Flakaliden ..............................................................................................21

Brevens bruk ..........................................................................................23

Results and Discussion ..........................................................................25

Elevated CO2 gives increased fl ux of carbon through root .....................25
respiration but no change in root and soil carbon in a nitrogen
limited boreal forest!

Day-to-day variations in soil respiration rates are governed to ..............28
a large degree by the availability of newly produced photosynthates
for autotrophic respiration! 

There is a time shift between changes in rates and  δ13C signature ........29
of soil respiration!

An isotopic signal of autotrophic respiration is not always ....................31
expressed in soil respiration!

Soil autotrophic and heterotrophic respiration can be corrected ............33
for the problems associated by trenching, decomposing roots
and mycorrhiza and changed moisture conditions, by using a
modelling approach!

Conclusions ........................................................................................... 35

Acknowledgements ................................................................................37

References ..............................................................................................39
 

Avh_D_Comstedt_1-11_K030408.indd9   9 08-04-03   10.47.21



Avh_D_Comstedt_1-11_K030408.indd10   10 08-04-03   10.47.22



INTRODUCTION  

 

The carbon cycle in northern forest ecosystems 

 
The net flux of C in terrestrial ecosystems is the balance of two large fluxes, an 
influx via assimilation of C through photosynthesis and an outflux of C mainly 
by ecosystem respiration (Figure 1.). Today, Northern forest ecosystems takes up 
a larger amount of CO2 in photosynthesis, than what is released through 
respiration, thus these ecosystems act as a sink for C (Sedjo, 1992; Dixon et al., 
1994; Goodale et al., 2002; Liski et al., 2003). However, since these ecosystems 
contain a large part of the earth’s terrestrial C pool (Dixon et al., 1994), even 
small imbalances in photosynthesis and respiration could have an effect on the 
atmospheric [CO2] and global change. Furthermore, in temperate forest 
ecosystems, respiration has a greater impact on the carbon balance than 
photosynthesis (Valentini et al., 2000) and soil respiration is a major part of 
ecosystem respiration (Goulden et al., 1996; Law et al., 1999; Janssens et al., 
2001; Davidson et al., 2006).  

Photosynthesis Ecosystem respiration

Allocation

StorageRoot

Stem

Leaf

Root respiration

Loss by leaching, erosion

Microbial community

Litter and SOM decomposition

Soil respiration

Fire

Stabilized SOM

 

 
 
Figure 1. The pathways of C in forest ecosystems. Modified from Trumbore (2006). 
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Soil respiration 

 
Soil respiration consists of two components, autotrophic respiration (from living 
roots, mycorrhizal fungi and associated organisms) and heterotrophic respiration 
(from decomposition of litter and soil organic matter, SOM). Soil respiration has 
previously been looked upon as being a heterotrophic process, responding to 
changes in soil temperature and soil moisture (Singh and Gupta, 1977; Raich and 
Schlesinger 1992; Lloyd and Taylor, 1994; Raich and Potter, 1995; Qi et al., 
2002). Generally soil respiration is more sensitive to variation in soil temperature 
at low temperatures, while it is more sensitive to changes in soil moisture at 
higher soil temperatures (Schlentner and Van Cleve, 1985; Lloyd and Taylor, 
1994; Qi et al., 2002; Rey et al., 2002; Reichstein et al., 2002). However, soil 
temperature and/or soil moisture sometimes explain less than 60% of the day-to-
day variation in soil respiration (Schlentner and Van Cleve, 1985; Toland and 
Zak, 1994; Morén and Lindroth, 2000; Sjögersten and Wookey, 2002) suggesting 
that other, unmeasured, factors may be involved (Schlentner and Van Cleve, 
1985). A critical question when interpreting short time variations in soil 
respiration is if its two components respond differently to variations in soil 
temperature or not. Autotrophic respiration has been suggested to bee more 
sensitive than heterotrophic respiration to variations in soil temperature (Boone et 
al., 1998; Epron et al., 2001). However, some other results from trenching (Lee et 
al., 2003) and girdling (Bhupinderpal-Singh et al., 2003) experiments suggest that 
heterotrophic respiration is more soil temperature sensitive than autotrophic 
respiration. The proposed mechanism is that the autotrophic respiration rate is 
regulated by the supply of recently produced photoassimilates, which should be 
mainly regulated by above ground factors (Ekblad and Högberg, 2001; 
Bhupinderpal-Singh et al., 2003). Thus, the contrasting opinions in this matter 
show the need for further studies trying to disentangle the effects of above and 
below ground conditions on soil respiration and its components. 
  

Separation of the two components of soil respiration 

 
The relative contribution of autotrophic respiration to soil respiration has been 
shown to vary between 10 and 90% (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). 
 
Different methods have been used to separate soil autotrophic from heterotrophic 
respiration (Hanson et al., 2000). The methods can be categorized into three 
primary groups; (1) physical separation and respiration of each component 
(roots, litter and sieved soil), or only of excised living roots (Thierron and 
Laudelout, 1996; Burton et al., 2002) , (2) root exclusion by trenching (Ewel et 
al., 1987; Bowden et al., 1993; Epron et al., 1999; Lee et al., 2003; Ngao et al., 
2007), gap (Nakane et al., 1996) or girdling (Högberg et al., 2001; Bhupinderpal-
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Singh et al., 2003; Olsson et al., 2005), (3) and isotopic techniques (13C, 14C) 
(Horwath et al., 1994; Andrews et al., 1999; Ekblad and Högberg, 2001). These 
methods have been reviewed in detail by Hanson et al. (2000) and also critically 
reviewed with their specific biases by Subke et al. (2006).  
 

Trenching 

 
Trenching is a simple and commonly used method (Ewel et al., 1987; Bowden et 
al., 1993; Epron et al., 1999; Lee et al., 2003; Heinemeyer et al., 2007; Ngao et 
al., 2007). At the boundaries of a certain area, existing roots are severed to a 
certain depth, ending the connection between aboveground plant parts and the 
roots. A vertical barrier is inserted into the soil to inhibit regrowth of roots into 
the plot. Respiratory contribution from decomposing dead roots and increased 
soil moisture in trenched plots are major artefacts with this method (Ewel et al., 
1987; Bowden et al., 1993; Subke et al., 2006). To reduce the impact of 
decomposing roots, it is common to wait for months or even years between 
trenching and sampling/measurement (Ewel et al., 1987; Bowden et al., 1993) or 
to physically remove the roots by sieving the soil (Hartley et al., 2007).  
 

Stable isotopes  

 
Before going into details how to use variations in the abundance of stable 
isotopes as a tracer to separate soil respiration into its two components, I will 
give some background on stable isotope theory.  
 
There are two stable isotopes of carbon in nature, 12C and 13C. Of all carbon on 
earth about 98.9 atom % consists of 12C and about 1.1 atom % is 13C. However, 
due to the slight difference in weight between 13C and 12C, isotopic fractionations 
against the heavier isotope occur in some biogeochemical reactions causing slight 
variations in their relative abundance in nature (Ehleringer and Cerling, 2002). 
Concurrently, with an increasing knowledge about the processes that fractionate 
and the increasing access to high standard stable isotope laboratories, natural 
variations in the abundance of carbon and other light isotopes has become one of 
the most important tools in various scientific fields such as global change 
(Kennett et al., 2000), the global carbon cycle (e.g. Battle et al., 2000), bird 
ecology (Rubenstein and Hobson, 2004), plant physiology (Farquhar et al., 1989) 
as well as many other scientific areas (Peterson and Fry, 1987; Högberg and 
Ekblad, 1996; Ekblad and Högberg, 2000, 2001; Ehleringer and Cerling, 2002; 
Staddon 2004). The stable carbon isotope composition of a sample is generally 
determined by isotope ratio mass spectrometers. Since variations in isotopic 
natural abundance in most cases are very small, we are looking at differences as 
small as 0.0011 atom %, results are generally reported as differences in per mill 
in the ratio of the heavy isotope to the lighter isotope relative to an international 
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standard (Peterson and Fry, 1987; Ehleringer and Cerling, 2002). Hence, the 
isotope composition �13C is defined by the equation: 
 
�13C = 1000 (Rp � Rs)/Rs (0/00)    (1) 
 
where Rp is the isotope ratio of the sample and Rs is the ratio of the international 
standard PDB, which is a limestone from the PeeDee formation in South 
Carolina. Because the supply of PDB standard has been exhausted, a new 
standard has also been introduced, called VPDB (Vienna Pee Dee Belemnite). A 
more negative �13C means less 13C, or lighter in mass; a more positive �13C means 
more 13C, or heavier in mass. Most natural materials have negative �13C because 
they contain less 13C than the standard.  
 
The carbon isotope composition of atmospheric CO2 is today close to –8 0/00 
(Globalview-CO2C13). However there is a long term decline in this value from a 
pre-industrial value of –6.3 0/00 because of the diluting effect on �13C by the 
increased contribution from isotopically light CO2 from fossil fuel burning and 
deforestation (Francey et al., 1999). 
 
Plants are generally depleted in 13C compared to the source CO2 because of 
fractionation during photosynthetic CO2 fixation. C3 plants have �13C values 
close to –28 0/00, whereas C4 plants have approximately –14 0/00 (Brugnoli and 
Farquhar, 2000). This large difference is because of difference in photosynthetic 
pathways. In C3 plants CO2 is fixed by the action of the enzyme ribulose 
bisphosphate carboxylase (Rubisco), while in C4 plants the CO2 is fixed through 
carboxylation by phosphoenolpyruvate (PEP) carboxylase. In C3 plants, the 
carbon isotope discrimination during photosynthesis (��13C, expressed relative to 
�13C of atmospheric CO2) can be expressed according to Farquhar et al. (1989):  
 
��13C = a + (b-a)(ci/ca)                                             (2) 
 
where a is the fractionation during CO2 diffusion in air through the stomata into 
the leaf (4.4 0/00), b is biochemical fractionation (�28 0/00, Brugnoli and Farquhar, 
2000) during carbon fixation, and (ci/ca) is the ratio of leaf intercellular to 
ambient CO2 concentration. 
 
Equation (2) implies that there is a negative linear relation between the openness 
of stomata (ci/ca) and the discrimination against 13C during photosynthesis in C3 
plants (Farquhar et al., 1989). Thus, increased vapour pressure deficit (vpd-.dry 
conditions), which typically causes a reduction in stomatal conductance (reduced 
ci/ca), will result in decreased isotopic fractionation during photosynthesis and 
hence an increase in the �13C of photoassimilates (Figure 2.). As a result, leaf 
carbon �13C varies between –21 0/00 and –30 0/00 with the higher values occurring 
during dry conditions (Farquhar et al., 1989).  
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Stable isotope techniques have been used to separate soil respiration into its 
components with a minimum of disturbance. One way is to grow C3 plants on 
previous C4 soils or vice versa (Rochette et al., 1999), thus taking advantage of 
the specific differences in �13C between the plants of different photosynthetic 
systems. Another way is to fumigate the plants with isotopically labelled CO2 as a 
pulse label or continuous label (e.g. Horwath et al., 1994; Andrews et al., 1999; 
Högberg et al., 2007). Also, natural variations in the abundance of 13C can be 
used (Ekblad and Högberg, 2001). The latter case exploit the fact that �13C of 
photoassimilates varies with openness of stomata, while �13C of heterotrophic 
respiration varies less. Thus, a correlation between recent weather conditions and 
�13C can be followed as a signal from phloem sap soluble sugars (Pate and 
Arthur, 1998; Scartazza et al., 2004), to soil respiration (Ekblad and Högberg, 
2001; McDowell et al., 2004) and ecosystem respiration (Bowling et al., 2002, 
McDowell et al., 2004; Knohl et al., 2005). 
 

0.0 0.2 0.4 0.6 0.8 1.0
-40

-30

-20

-10

0

StomataClosed Open

�13C (0/00)

Ci/Ca

��1313CCphotosynthatesphotosynthates

Isotopic 
discrimination 

 

��1313CCairair

Figure 2. The dependence of �13C of photosynthates on stomata openess. Model from 
Farquhar et al. (1989). 

 

The effect of climate change on northern forest ecosystems 

 
Global average atmospheric [CO2] has risen from 280 ppmv over the past 200 
years to 379 ppmv in 2005 and is today increasing with about 1.9 ppm per year, 
as a result of fossil fuel burning and land-use change (IPCC, 2007). Climate 
change models suggest that by the end of this century, as a result of increased 
atmospheric concentrations of CO2 and other greenhouse gases, the average 
global temperature is projected to increase globally by 1.1-6.4 oC (IPCC, 2007). 
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Changes in [CO2] and temperature are believed to have a profound effect on the 
carbon cycle in temperate and boreal forests (Hyvönen et al., 2006).  
 

Production and belowground carbon allocation 

 
Elevated atmospheric [CO2] are known to lead to increased rates of net 
photosynthesis (Saxe et al., 1998) and leaf area in trees (Kellomäki and Wang, 
1997; Saxe et al., 1998; Norby et al., 2005). The stimulation of photosynthesis by 
elevated CO2 in long-term studies was similar for conifers (62%) and deciduous 
trees (53%) (Saxe et al., 1998). Free-air CO2 enrichment FACE experiments 
suggest that the response of forest net primary production NPP to elevated [CO2] 
is highly conserved across a broad range in productivity, with a stimulation at the 
median of 23 % (Norby et al., 2005). However, nutrient cycle studies as well as 
simulation modelling suggest that progressive N limitation will at some point 
truncate the observed increases in growth and nutrient uptake with elevated CO2, 
unless external inputs of N are increased by either N2-fixation or atmospheric 
deposition (Johnson, 2006).  
 
Trees are known to increase their below ground C allocation in response to 
elevated [CO2] (Matamala and Schlesinger, 2000), which have been shown to 
result in increased root biomass (Allen et al., 2000), increased production of EM 
fungal biomass (Fransson et al., 2005) and increased soil respiration (see further 
below). Elevated [CO2] could also result in increased production of both above 
ground and belowground litter (Pregitzer et al., 1995). 
 

Responses of elevated [CO2] on soil respiration 

 
Elevated [CO2] often results in increased soil respiration rates (Zak et al., 2000; 
Niinistö et al., 2004, Bernhardt et al., 2006). The CO2-induced respiration rates 
could stem from increased autotrophic/root-rhizosphere respiration (Lin et al., 
2001) due to increased specific respiration rates of roots or increased production 
of roots (Janssens et al., 1998). Heterotrophic respiration could be stimulated by 
the increased production of both above and belowground litter due to elevated 
CO2 (Allen et al., 2000) that provide additional carbon supplies to decomposers 
(Zak et al., 2000). In addition to changes in the amount of litter produced, a 
change in quality in plant tissues under elevated CO2 could affect decomposition 
rates (Cotrufo et al., 1994). Also, some of the C that is allocated to the roots is 
exuded by the living roots and may stimulate C turnover of SOM close to the 
roots, a process known as priming (Kuzyakov, 2002).  
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Stomatal conductance 

 
Plants are known to respond to increased [CO2] concentrations with reduced 
stomatal conductance which can enhance plant water-use efficiency (WUE) 
(Drake et al., 1997), and thereby potentially result in higher soil moisture than at 
ambient [CO2] (Field et al., 1995). Thereby, reduced stomatal conductance could 
have a direct effect on the water balance in terrestrial ecosystems and on the 
continental river runoff (Gedney et al., 2006). On the other hand, plants under 
elevated [CO2] could increase their leaf area which may increase the water 
consumption (see Saxe et al., 1998 and references therein) and most coniferous 
species have shown small or non-significant responses of stomatal conductance to 
CO2 in the field (see Saxe et al., 1998 and references therein).  
 

Responses of elevated temperature on soil respiration 

 
Increased temperature may lead to an increase in primary production, particularly 
at high latitudes where frozen soils hamper tree growth for a long period of the 
year (Bergh et al., 2003). The effect of higher temperature may be mostly indirect, 
by increasing the length of the growing season and the availability of mineral 
nutrients and water (Jarvis and Linder, 2000). Higher temperatures could lead to 
increased soil respiration rates (Rustad et al., 2001), however soil-warming 
experiments indicate that this temperature effect on soil respiration rates decrease 
with time (Strömgren, 2001). This has been hypothesised to be caused by a 
decrease in SOM quality in the elevated temperature-treated plots due to a 
depletion of easily decomposable SOM from an initially accelerated 
mineralization of labile C pools (Eliasson et al., 2005).  
 

Methods to study the effect o  elevated [COf r2] and air temperatu e on carbon 

cycling in forest ecosystems 

 
Several approaches have been applied in elevated [CO2] experiments of trees and 
forest ecosystems, including branch bag (e.g. Roberntz, 1999), open-top 
chambers (e.g. Whitehead et al., 1995), closed-top chambers (Pajari et al., 1995; 
Kellomäki et al., 2000; Niinistö et al., 2004; Slaney et al., 2007) and free air CO2 
enrichment (FACE) systems (Allen et al., 2000; King et al., 2004; Norby et al., 
2005; Pregitzer et al., 2006). Each technique has its particular set of advantages 
and disadvantages (Saxe et al., 1998). It should be pointed out that there are only 
a few studies on the combined effect of elevated [CO2] and temperature on large 
coniferous trees (Pajari et al., 1995; Kellomäki et al., 2000; Niinistö et al., 2004; 
Slaney et al., 2007). 
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THE MAIN OBJECTIVES OF THIS THESIS 

 
��

��

��

Evaluate whether elevated [CO2] and temperature will affect autotrophic and 
heterotrophic respiration rates of boreal Norway spruce forest, using �13C 
labelled CO2 as a marker for autotrophic respiration. 
Explain the day-to-day variations in rates of soil respiration and �13C 
signature of soil respiration by help of multivariate modelling using above and 
below ground abiotic factors. 
Separate autotrophic and heterotrophic respiration using a trenching 
experiment and estimate the artefactual effects of the trenching treatment on 
root decomposition and on changes in soil moisture conditions.  

 
I hypothesised that over the growing season: 
A. Autotrophic respiration rates should be more dependent on above ground 

factors regulating the rate of photosynthesis such as [CO2] and above ground 
climatic conditions, than on below ground temperature and moisture 
conditions. While heterotrophic respiration should be mainly regulated by soil 
temperature and soil moisture. 

 
B. Day-to-day variations in soil respiration rate should be largely regulated by 

changes in autotrophic respiration rates. 
 
C. A consequence of A and B is that natural variations in �13C of soil respiration 

should reflect changes in air humidity and air temperature, factors important 
for the regulation of stomatal conductance. 
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DESCRIPTION OF THE EXPERIMENTAL SITES AND SET UP 

 

Flakaliden 

 
Flakaliden experimental research site in northern Sweden (64o07�N, 19o27�E, 
310–320 m a.s.l.) was established as a nutrient-optimization experiment in 1986 
in a Norway spruce (Picea abies (L.) Karst) stand that was planted in 1963 
(Figure 3). The Flakaliden site has a boreal climate with a mean annual air 
temperature of 2.3 oC and a mean monthly temperature varying from –7.3 oC in 
February to 14.6 oC in July (mean for the period 1990-2004). Annual mean 
precipitation is 600 mm with about one-third falling as snow, which usually 
covers the frozen ground from mid-October to early May (Slaney et al., 2007). 
The soil at the site is a podzolic, glacial, loamy till with a mean depth of 120 cm 
and a mean humus layer depth of 30-40 mm (Bergh and Linder, 1999). The 
ground is covered by mosses, and the field layer is dominated by Vaccinium 
myrtillus L. and V. Vitis-idaea L. For further details about treatments and stand 
properties, see Linder (1995) and Bergh et al. (1999).  
 
 

 
 
 
Figure 3. The whole-tree chambers (WTCs) in Flakaliden (Paper I; Photo Ann-Sofie 
Morén). 
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In 2001, 12 closed-top whole-tree chambers (WTCs) were installed around 
individual trees (average height of 5.6 m) in an untreated plot (control) from the 
nutrient-optimization experiment (Figure 3 and 4). The aim was to study the 
long-term physiological responses of field-grown Norway spruce to ambient and 
elevated CO2 (C) concentrations and air temperatures (T). A combination of two 
temperature (TA = ambient, TE = elevated) and two CO2 concentration (CA = 
ambient, CE = elevated) treatments was arranged in a 2 x 2 factorial design. The 
CO2 concentration and temperature treatments were randomly assigned within 
each group. Three reference trees, R, without WTCs were also randomly selected 
and in total 15 trees were assigned to five treatments (TACA, TACE, TACE, TECE, 
R). The trees were exposed to the treatments all year round, commencing in mid-
August 2001 and ending in late September 2004.  
 
In WTCs, the [CO2] was maintained at 365 	mol mol-1 and 700 	mol mol-1, 
respectively. In the WTCs with elevated temperature, the monthly temperature 
elevation was based on simulations made by the Swedish Regional Climate 
Modelling Programme, SWECLIM (compare Christensen et al., 2001; Räisänen 
et al., 2001), using the latitude of Flakaliden and a CO2 concentration of 700 
μmol mol-1. The temperature elevation was highest during December (+5.6 oC 
above ambient) and lowest during July and August (+2.8 oC above ambient). For 
information about the WTCs design and performance, see Medhurst et al. (2006). 
 
 

CO2

Soil respiration ([CO2], 13CO2)

Org 13C � bulk
   � sugar

               � starch
Needles

Chamber air (13CO2)

 
 
 
Figure 4. The whole-tree chambers (WTCs) at Flakaliden showing from which 
compartment of the WTCs the needles and gas samples for analysis of soil respiration 
and chamber air were collected. The white arrows indicate the circulation and ventilation 
of air in the WTCs and the black arrow to the left indicates the CO2-supply from a tank 
outside the WTCs. The figure is published in Paper I. 
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To maintain CO2 concentration [CO2] at set target in the WTCs, pure CO2 was 
supplied from a set of tanks (AGA, Sweden) containing liquefied CO2, which had 
a �13C of about –35 0/00. This resulted in �13C values in the WTCs ranging from –
13 0/00 to –8 0/00 (mean –10.4 0/00) in ambient and –27 0/00 to –16.5 0/00 (mean –
20.7 0/00) in elevated WTCs, respectively (Paper I). Theoretically, more 13C 
depleted CO2 in elevated CO2 treatments should result in incorporation of more 
isotopically depleted photoassimilates through photosynthesis. Since 
photoassimilates is transported in the phloem to the roots leading to a lower 
abundance of 13C in CO2 from root respiration than in CO2 from decomposition 
of soil organic material this could function as an isotopic tracer for root 
respiration.  
 
Gas samples for analyses of [CO2] and �13C of soil respiration were collected in 
the soil compartment of the WTCs (Figure 4) eight times (May to September) in 
2002 and five times (April to September) in 2003 (Paper I). The sampling was 
conducted at night to minimize C uptake by understorey plants. Also, needles 
were collected for �13C analyses of carbohydrates in connection with the start of 
the CO2 treatment in August 2001 and during a period in the summer of 2002. 
See Paper I for further description of sampling and analyses. 
 

Brevens bruk 

 
Brevens bruk experimental site is situated in southern Sweden (59o00�N, 15o35�E, 
125 m a.s.l.) on previously agricultural land that was planted with Norway 
spruce (Picea abies (L.) Karst) in 1934 (Figure 5). In the stand, there occur birch 
(Betula pendula Roth) trees of similar size as the spruce trees, while no 
understorey plants or mosses are found on the soil surface. The soil is a washed 
till dominated by sand. Brevens bruk site has a nemo-boreal climate with an 
annual mean air temperature of 5.8
C and annual precipitation of 550 mm. See 
Paper II for further details about the site. Except Papers II, III and IV, other 
studies of importance for this thesis at the site have been conducted on the �13C 
signatures of CO2 produced by fungal sporocarps and of CO2 produced from the 
decomposition of soil organic matter sampled from soil profiles (Boström et al., 
2007, 2008). 
 
The soil respiration rate and its �13C was followed in control plots over three 
successive growing seasons (Papers II, III and IV) and in trenched plots following 
a trenching experiment that started during the 2nd growing season (Papers III and 
IV). The number of gas sampling occasions varied between growing seasons from 
8 to 17 times. For a detailed description of the sampling and determination of 
CO2 concentrations and 13C abundance of the CO2 in the vials see Paper II. 
 
Because the two components of soil respiration may be affected by both above 
and below ground abiotic factors I applied multivariate statistics. In Papers II and 
III, the relationship between x-variables (weather variables and soil temperature 
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and soil moisture) and y-variables (soil respiration and �13C of soil respired CO2) 
were analysed using PLS modelling (partial least squares to latent structures) (see 
references to the method in Paper II). The PLS method is used very much like 
multiple regression analysis, but unlike multiple regression analysis, the PLS 
method can handle correlated x-variables (James and Mc Culloch, 1990) and is 
therefore an ideal method for multivariate modelling when more or less 
correlated weather variables are used as x-variables. In Paper IV, soil respiration, 
soil temperature and soil moisture data from the trenched plots in 2004 was used 
as a calibration set to generate a PLS-model. With this PLS model, ”root-free” 
heterotrophic respiration rates in the control plots from 2002 to 2004 and in the 
trenched plots 2003 were predicted using soil moisture and soil temperature as x-
variables. 
 

 
 
Figure 5. The experimental site close to Brevens bruk, a Norway spruce forest planted in 
1934. I spent many hours together with my friend and colleague, Björn Boström, in this 
nice forest (Photo May 2003 by Alf Ekblad). 
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RESULTS AND DISCUSSION 

 

Elevated CO2 gives increased flux of carbon through root respiration but no 

change in root and soil carbon in a nitrogen limited boreal forest! 

 
In Paper I a 48 to 62% CO2-induced increase in soil respiration under elevated 
CO2 was found in the WTCs at Flakaliden during the two growing seasons of gas 
sampling. This is within the range of a 5-102% increase reported previously in 
CO2 fumigation experiments of various tree species in boreal and nemoral forests 
(Table 1). A CO2-induced increase in soil respiration could stem from increased 
autotrophic respiration caused by increased specific respiration rates of roots 
or/and increased biomass of roots (Janssens et al., 1998). Heterotrophic 
respiration could also be stimulated by elevated [CO2] because of an increased 
production of both above and belowground litter (Pregitzer et al., 1995; Allen et 
al., 2000) which provide additional supply of C to decomposers (Zak et al., 
2000). However, in the Flakaliden WTC experiment, above ground litter from 
the chamber trees was not added to the soil compartment. Also, the contribution 
from increased production of root litter should be minor, at least during the 1st 
year of the study (Allen et al., 2000). In fact, the CO2-induced increase in soil 
respiration rate was in absolute numbers of similar magnitude throughout the 
first growing season (Figure 6), despite a large soil temperature range. This 
suggests that the rate of soil respiration was strongly influenced by the availability 
of substrates for autotrophic respiration. This conclusion was corroborated by 
the results from the modelling of soil respiration rates and �13C (Papers II and III), 
and by the results from the trenching experiment (Paper IV) in the forest at 
Brevens bruk (see further discussion below). In addition, the �13C signature of soil 
respiration (Figure 6) sampled in the soil compartment of the WTC supported 
that the increased soil respiration was of autotrophic origin (Paper I).  
 
In line with the soil respiration results, unpublished data from the WTCs show a 
CO2-induced increase in photosynthesis rates of the similar magnitude as the soil 
respiration increase (G. Wallin, pers. comm.). In addition, after four years 
exposures to the treatments no treatment difference in above ground biomass (B. 
D. Sigurdsson, pers. comm.), fine root biomass or SOM (Ottosson, 2007) was 
found. Taken together, these results from the WTC at Flakaliden suggest that 
elevated [CO2] did cause an increased flux of carbohydrates into the trees and 
down to the roots but this C was rapidly respired and did not, at least during 
course of this experiment, cause any detectable changes in the C stored in 
biomass or in SOM. However, at other locations where the availability of mineral 
nutrients is higher, the response of climate change to C storage in the ecosystem is 
expected to be larger.  
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Table 1. Soil respiration increase under elevated [CO2] compared to ambient [CO2] for 
tree species grown in field. 
 

Species CO2 
fumigation 
technique* 

Age of 
trees 

Period of 
Measurement 

CO2 exposure 
(umol mol-1) 

Increase 
(%) 

Reference 

 
Coniferous 

      

       
Pinus sylvestris OTC 20-30 

years 
2 years  500-550 22-102 Pajari et al., 1995 

       
Pinus sylvestris CTC 20 years 4years, May-Oct 700 23-37 Niinöstö et al., 

2004 
       
Pinus taeda FACE 15 years 7 years 565 10-19 Bernhardt et al., 

2006 
       
Picea abies CTC 40 years 2 years, May-Oct 700 48-62 Paper I 
       
Deciduous       
       
Acer rubrum* OTC 4 years 1.5 years 700 27 Edwards and 

Norby, 1999 
       
Acer saccharum* OTC 4 years 1.5 years 700 5 Edwards and 

Norby, 1999 
       
Populus tremuloides FACE Seedlings 6 years, May-Oct 534 8-26 Pregitzer et al., 

2006 
       
Populus tremuloides FACE Seedlings 4 years 523-549 24 King et al., 2004 
       
Betula papyrifera-
Populus tremuloides 
 

FACE Seedlings 4 years 523-549 54 King et al., 2004 

 

*OTC = Open-top chambers; CTC = closed-top chambers; FACE = Free air CO2 
enrichment. 
 
The difference between the treatments in soil respired �13C varied over the 
growing seasons and during the middle of each growing season there was small 
differences between treatments (Figure 6). We identified four possible reasons to 
this observation, (i) reduced stomatal conductance in response to elevated CO2 
concentrations during the middle of the season, (ii) a variable contribution from 
autotrophic respiration, (iii) variable isotopic fractionation during autotrophic 
respiration, and (iv) variations in the �13C of the chamber CO2. We concluded 
that factors that affected the isotopic signature of photosynthates to be the most 
likely explanation to the small treatment difference in �13C of soil respiration 
(Paper I). This contrast to the general view that the stomatal responses to a 
change in CO2 concentrations are considered to be smaller in conifers than in 
deciduous trees (Medlyn et al., 2001).  
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Figure 6. Soil respiration and isotopic composition (�13C) of CO2 evolved from soil 
respiration in WTCs with different [CO2] treatments at Flakaliden (Paper I), for the years 
2002 and 2003. a. Soil CO2 efflux of ambient [CO2] WTCs (CA) and elevated [CO2] 
WTCs (CE) and the difference between treatments; and b. �13C of soil respiration from 
WTCs with ambient, and elevated [CO2], and �13C of heterotrophic respiration (short 
dashed line). Values show mean and error bars � SE for n = 6 WTCs. The figure is 
published in Paper I. 
 
Elevated air temperature resulted in earlier bud development and earlier initiation 
and termination of shoot growth by two to three weeks (Slaney et al., 2007), 
which was the only detectable effect of elevated air temperature. Elevated air 
temperature (2.8-3.5 oC) did not result in increased soil respiration rates in the 
Flakaliden WTCs during the periods of measurement (Paper I). The results of the 
Flakaliden study contrast to the results from a study conducted in a boreal pine 
forest in Finland, where soil respiration rates increased by 27-43% in respons to a 
3-6oC increase in air temperature (Niinistö et al., 2004). One of several reasons 
(see Paper I) could be that in the Flakaliden study, the elevated air temperature 
was about 1 oC lower in the soil compartment (were gas samples were collected) 
of the WTCs, compared to the above ground compartment. Thus, the difference 
in soil temperature in the upper soil horizons between the two temperature 
treatments may have been too small to have a detectable effect on soil respiration 
rates. However, as mentioned in Paper I, decomposition (Giardina and Ryan, 
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2000) and soil respiration (Jarvis and Linder, 2000) may not always respond to a 
change in soil temperature.  
 
Even though the results from the Flakaliden study support that elevated [CO2] 
stimulates soil respiration rate over a few years, less is known whether 
stimulation persist over many decades. The Duke Forest Free-Air CO2 
Enrichment (FACE) experiment (established in 1996) in a Pinus taeda forest is the 
longest lasting CO2 enrichment study. So far, the effect of elevated CO2 
concentration on soil respiration has been reported for sevens years of treatment. 
Over these years, a sustained increase in annual net primary production (NPP) 
between elevated and ambient plots (Finzi et al., 2006), while declining positive 
effect on soil respiration, has been reported (Bernhardt et al., 2006). This pattern 
was suggested to be due to a progressive nutrient limitation on ecosystem 
responses to rising CO2 (Finzi et al., 2006). In northern coniferous forests, the 
trees are mainly limited by N (Tamm, 1991). Nitrogen fixation is the main source 
of natural N input in terrestrial ecosystems. However, N2 fixation can be limited 
by the availability of other nutrients such as P, K and Mo (van Groenigen et al., 
2006). It has been suggested that without external inputs of N by either N2-
fixation or atmospheric deposition progressive N limitation will set a bound to 
the observed increases in growth and nutrient uptake with elevated CO2, 
(Johnson, 2006). 
 

Day-to-day variations in soil respiration rates are governed to a large degree 

by the availability of newly produced photosynthates for autotrophic 

respiration!  

 
Variation in soil respiration rate has previously been treated as a heterotrophic 
process, responding to variation in soil humidity and temperature (Raich and 
Potter, 1995). Variations in soil temperature have been shown to relate to 
variations in soil respiration rate (Buchmann, 2000; Rey et al., 2002; Reichstein 
et al., 2002). However, increasing numbers of studies have shown that day-to-day 
variations in soil respiration rate is mainly governed by autotrophic respiration 
driven by the supply of newly produced photoassimilates (Ekblad and Högberg, 
2001; Högberg et al., 2001). All papers included in this thesis show results 
suggesting that soil respiration is strongly influenced by the availability of 
substrates and rather insensitive to changes in temperature. In the following I will 
shortly bring up these evidences. In Paper I, the CO2-induced increase in soil 
respiration rate, which most likely was caused by an increased autotrophic 
respiration, was in absolute numbers of similar magnitude throughout the two 
growing seasons over a wide range in soil temperatures (see above). In Papers II 

and III, when using multivariate modelling, recent above ground weather (2-4 day 
lag; vpd and air temperature) explained more of the day-to-day variations in soil 
respiration rates for two out of three growing seasons than soil moisture and soil 
temperature did. In Paper IV, the day-to-day variation in modelled autotrophic 
respiration correlated to total soil respiration for each growing season (r2=0.79-
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0.95, p< 0.05), while did not correlate to soil temperature or soil moisture (r2 = 
0.12, p > 0.05). In comparison to autotrophic respiration, heterotrophic 
respiration had smaller day-to-day variation and instead followed a seasonal 
pattern. Thus, our results support a stronger dependence of substrate availability 
than of soil temperature on autotrophic respiration. Therefor, including factors 
that controls photosynthesis and C allocations patterns with belowground factors 
should increase the understanding of activities in the soil, including soil 
respiration. 
 
The relative proportion of photosynthates allocated to below ground respiration 
may vary over the growing season. For example, the steep increase in autotrophic 
respiration in June (Paper IV) probably coincides with a flush in fine root 
production which is known to peak shortly after shoot growth has ceased (Majdi 
et al., 2001). Furthermore, the relative contribution of autotrophic respiration to 
total soil respiration peaked at 63-72% in August-September (Paper IV) which 
was the period with the highest autotrophic respiration rates in two girdling 
experiments in northern Sweden (Högberg et al., 2001; Bhupinderpal-Singh 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).  
 

There is a time shift between changes in rates and �13C signature of soil 

respiration! 

 
After analysing the soil respiration results from the first growing season in 
Brevens bruk (Paper II), we found indications of a slightly shorter lag-time 
between changes in above ground weather conditions and changes in the rate of 
soil respiration than to changes in the �13C signal of soil respiration. We did not 
want to stress this difference at that stage because of the small data set available. 
In Paper III, after two additional years of study, the data gave further support for 
this difference in time lag between changes in rates and �13C of soil respiration 
(Figures 7 and 8). We hypothesised that soil respiration rates was affected by 
pressure-concentration waves in the phloem sap moving faster than the assimilate 
transport (�13C). The existence of waves of solute in the phloem that can travel 
much faster than the solute itself have been shown in a few plant species in early 
studies (Zimmermann, 1969; Lee 1981) and was suggested to explain the short 
lag of 7-12 h between photosynthesis and respiration in an oak-grass savannah 
(Tang et al., 2005). The theory about "pressure-concentration" waves has 
recently been formulated mathematically (Thompson and Holbrook, 2004). 
Pressure-concentration waves move faster than the sap itself only when osmotic 
pressure is high relative to the source–sink turgor differential (Thompson, 2006). 
Presently it is unknown how common pressure-concentration waves are amongst 
land plants (Thompson, 2006). However, pressure-concentration waves could be 
critical for the link between aboveground and belowground plant physiological 
and ecological processes. Thus, changes in photosynthesis rates would possibly 
affect below ground processes more rapidly than what is suggested from labelling 
experiments and variations in natural abundance of 13C. 
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Figure 7. Explained variance (Q2) of the variation in ln soil respiration (closed circles) 
and �13C of soil respired CO2 (open circles) in relation to time-lag (number of days prior 
to CO2 sampling) in weather data from the PLS time series modelling for 2002 (a), 2003 
(b) and 2004 (c). In the modelling, air temperature and VPD data from three consecutive 
days were used as x-variables moving stepwise from day 0 (= the day of CO2 sampling) 
to day 9 (= 9 days prior). A 3-days shift corresponds to a model in which weather data 
for days 2-4 were used (= six x-variables in the model; see further Paper III). 
 
We observed a lag time of 3-6 days between weather variables and soil respired 
�13C in the Brevens bruk forest (Figures 7 and 8; Papers II and III). This is in 
accordance with an estimated phloem transport time of approximately 4 to 5 
days (Paper III). We based this estimate on a C transport distance in the phloem 
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of the trees of approximately 25-30 m and a transport velocity in the phloem of 
about 0.25 m hr-1 (Thompson and Holbrook, 2004). The lag time in Papers II and 
III of this thesis is comparable to a lag time of 1-4 days found in a 20-25 m tall 
Scots pine forest (Ekblad and Högberg, 2001) and a lag time of 2 days in a 14CO2 
labelling experiment of small Populus trees (Horwath et al., 1994). Recently, a 
lag time between photosynthesis and autotrophic respiration of 2-4 days was 
found in a large 13C-labelling experiment in a Scots pine forest (Högberg et al., 
2007), which is in accordance with the results found in Papers II and III. 
However, the estimated phloem transport rate of 0.1 m h-1 was lower than in our 
case (Högberg et al., 2007). The phloem transport rate is probably much affected 
by the phloem loading and unloading rates and should therefore vary from day-
to-day and seasonally.  
 

An isotopic signal of autotrophic respiration is not always expressed in soil 

respiration! 

 
As already mentioned, weather conditions such as relative air humidity or vpd 
affects the level of discrimination against 13C during CO2 fixation (Farquhar et 
al., 1989). In addition, autotrophic respiration of recently fixed carbohydrates is 
a major part of soil respired CO2 (Ekblad and Högberg, 2001; Högberg et al., 
2001; Tang et al., 2005). Thus, the 13C signal of recently assimilated C respired 
by autotrophs should be detected in soil respired 13C (Ekblad and Högberg, 2001; 
Paper II and III). However, a link between vpd and the �13C of soil respiration is 
not always found (Fessenden and Ehleringer, 2003). The reason for this is 
unknown but in Paper III we explained only 20% of the day-to-day variation in 
�13C of soil respiration during one of the studied three growing seasons (2003, 
Figure 7). However, the explained variance increased to 72% when we excluded 
all respiration sampling days that were preceded by at least one day of cloudy 
and/or rainy weather out of the seven days prior to the day of sampling (Figure 
8). This is strong indirect support for the view that the �13C-variations of soil 
respiration that we observe are connected to variations in stomatal conductance. I 
can see four explanations to why the coupling between weather conditions and 
the �13C signal of soil respiration can be difficult to detect sometimes: 
 
I During periods of low photosynthesis the relative importance of stored 

carbohydrates, e.g. starch, will increase and the isotopic signature of the 
stored C may differ from that of the recently produced photosynthates. 
Starch is on average relatively 13C-enriched compared to sucrose (Schmidt 
and Gleixner, 1998) and an isotopic shift from a low to a higher value is 
possibly more likely than the opposite when root respiration is swapping 
from recently produced photosynthates to stored C. 

II Stable climatic conditions over a large part of the growing season. If there 
are very small variations in stomatal conductance there is obviously no 
isotopic signal to detect.  
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III Large temporal variations in the lag time between C fixation in 
photosynthesis and autotrophic respiration. This could depend on several 
different reasons, such as variable phloem loading or unloading rates 
(McDowell et al., 2004). 

IV Temporal variations in the isotopic signature of heterotrophic respiration.  
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Figure 8. Explained variance (Q2) of ln soil respiration rate (closed circles) and �13C of 
soil respiration (open circles) for the 2003 data divided into sunny observations (a) and 
cloudy observations (b) (see Paper III for definitions of sunny and cloudy observations). 
See Figure 7 and Paper III for details about the PLS time series modelling. 
 
It is unknown how large the temporal variation in the heterotrophic 13C-signal 
can be. If of significance, the most likely reason is temporal variations in the 
relative contribution to heterotrophic respiration from different C pools. Such a 
variation could be caused by variations in temperature and/or soil moisture 
conditions. In fact, different soil C-pools differ in �13C-values, for example older 
more recalcitrant C lower down in the soil profile is 13C-enriched compared to C 
higher up in the soil profile (eg. Boström et al., 2007). Laboratory incubations of 
root free soils and litter have showed the �13C of the respired CO2 to be similar as 
the organic matter in the litter layer and the upper part of the mineral soil and to 

  30 32



become increasingly enriched relative to the organic matter with depth (Boström 
et al., 2007). In addition, laboratory incubations of soils at various temperatures, 
suggest differences in the temperature sensitivity of decomposition of recalcitrant 
and labile C pools (Andrews et al., 2000; Biasi et al., 2005). 
 
In Paper III, the similar day-to-day isotopic changes in the control and trenched 
plots from the time of trenching an onwards may apparently suggest 
heterotrophic contribution to be significant also in the control. However, the 
isotopic changes in the trenched plots are not directly transferable to changes in 
the heterotrophic component of the control since much of the variation in the 
trenched plots may result from the transient flush of CO2 coming from 
decomposition of fine roots and mycorrhizal mycelium. In a girdling experiment 
of a boreal pine forest, girdled plots showed up to 5 0/00 higher �13C values of soil 
respiration than the control plots over a period of about a year after girdling. 
This was suggested to be at least partly caused by decomposition of fungal 
biomass (Bhupinderpal-Singh et al., 2003) which is known to be 13C enriched 
compared to root biomass (Boström et al., 2008). 
 

Soil autotrophic and heterotrophic respiration can be corrected for the 

problems associated by trenching, decomposing roots and mycorrhiza and 

changed moisture conditions, by using a modelling approach! 

 
Respiratory contribution from decomposing roots and mycorrhiza and changed 
soil moisture in trenched plots are major artefacts with the trenching method 
(Ewel et al., 1987; Bowden et al., 1993; Subke et al., 2006). In Paper IV, we 
estimated root free heterotrophic respiration rates from empirical PLS-modelling 
using soil respiration rates and soil moisture and soil temperatures the 2nd season 
after trenching (2004) as a training set. From the modelling, the impact of 
decomposing roots and increased soil moisture was estimated to be 45% of 
recorded respiration from the trenched plots (Figure 9) over the post-trenching 
period in 2003 (June to September). Of this, about two thirds was a water effect 
and one third resulted from root decomposition. This contrasts to the results 
from two other 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). In a well 
drained soil, as in our study, the effect of treatment differences in water content 
on heterotrophic respiration rates is likely to be relatively more important during 
sunny, warm and dry years than during cloudy, cool and wet years. 
 
Our estimates of autotrophic respiration is possibly slightly underestimated due 
to root decomposition during the second year after trenching but this may at least 
partly be cancelled out by the contribution from fine root turnover in the control 
plot (Lee et al., 2003). Also possibly contributing to an underestimation of 
autotrophic respiration could be re-colonisation by mycorrhizal mycelia into the 
trenched area, this since mycorrhizal sporocarps were observed in two of the 
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trenched plots in October 2004, 16 months after the trenching. See further 
discussion on potential problems associated with the method in Paper IV. 
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Figure 9. The contribution of autotrophic and heterotrophic respiration to soil 
respiration in the control and from root decomposition and soil moisture changes in the 
trenched plots integrated over the first five months after root trenching in June, 2003 
(Paper IV). 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. 
 
Root decomposition is normally estimated from sequential root harvesting 
assuming an exponential root decay function (e.g. Epron et al., 1999; Lee et al., 
2003; Ngao et al., 2007). However, the partitioning calculation using this method 
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, making a root harvest cumbersome, tedious and 
time-consuming, in particular in coarse textured soils. The method applied in 
Paper IV is an alternative that facilitates estimates of root decomposition and soil 
moisture effects in trenching experiments.  
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CONCLUSIONS  

 
�� Forests in the northern hemisphere presently act as important global C sinks. 

An important question is if these forests will act as stronger C sinks when the 
atmospheric [CO2] is increasing as predicted in the future. In a strongly N-
limited system such as in most boreal forests, this might not be case. Results 
from this thesis and other results from the whole tree chamber experiment at 
Flakaliden taken together suggest that elevated [CO2] caused an increased flux 
of carbohydrates into the trees and down to the roots but this C is rapidly 
respired and has not caused any detectable changes in the C stored in biomass 
or in soil organic matter compared to the control. However, at other locations 
where the availability of N is higher, the response of climate change is 
expected to be larger.  

�� Day-to-day variations in autotrophic respiration seem to be strongly 
influenced by the availability of newly produced substrates and rather 
insensitive to changes in temperature, while heterotrophic respiration is 
mainly explained by soil moisture and temperature.  

�� Natural variations in �13C can often be used as a marker for the autotrophic 
component of soil respiration. However, during poor weather conditions for 
photosynthesis, the supply of photoassimilates to the roots could be 
interrupted, resulting in a less pronounced 13C signal of soil autotrophic 
respiration. 

�� We have shown evidence of a shorter lag-time between changes in above 
ground weather conditions and changes in the rate of soil respiration than to 
changes in the �13C signal of soil respiration. Our hypothesis is that soil 
respiration rates were affected by pressure-concentration waves in the phloem 
sap moving faster than the assimilate transport (�13C). Thus, changes in 
photosynthesis rates would possibly affect soil respiration rates and below 
ground activities more rapidly than the �13C signal indicates. The ecological 
significance of this phenomenon, if real, might be large.  

�� We have shown that the inherent root trenching artefacts, increased root 
decomposition and soil moisture changes, can be compensated for by using a 
simple empirical PLS-modelling method. This can be used as an alternative to 
the sequential root harvesting technique.  
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ABSTRACT

This study examines the effect of elevated atmo-

spheric carbon dioxide [CO2] (+340 ppm, 13C-de-

pleted) and/or elevated air temperature (2.8–3.5�C)
on the rate and d13C of soil respiration. The study

was conducted in a boreal Norway spruce forest

using temperature-controlled whole-tree chambers

and 13C as a marker for root respiration. The d13C of
needle carbohydrates was followed after the onset

of the CO2 treatment in August 2001 and during a

2.5-week period in the summer of 2002. Averaged

over the growing seasons of 2002 and 2003, we

observed a 48% and 62% increase, respectively, in

soil respiration in response to elevated [CO2], but

no response to elevated air temperature. The per-

centage increase in response to elevated [CO2]

varied seasonally (between 10% and 190% relative

to the control), but the absolute increase varied less

(39 ± 11 mg C m)2 h)1; mean ± SD). Data on d13C
of soil respiration indicate that this increase in soil

respiration rate resulted from increased root/rhi-

zosphere respiration of recently fixed carbon. Our

results support the hypothesis that root/rhizo-

sphere respiration is sensitive to variation in sub-

strate availability.

Key words: root respiration; soil respiration;

stable carbon isotope; d13C; atmospheric carbon

dioxide; elevated temperature; boreal forest; Swe-

den.

INTRODUCTION

Fossil fuel combustion and land-use change are

rapidly increasing the concentration of carbon

dioxide (CO2) in the Earth’s atmosphere (IPCC

2001). Increased atmospheric CO2 concentration

[CO2] is known to enhance photosynthesis, and to-

day photosynthesis of terrestrial ecosystems appears

to exceed respiration by 2 billion Mg of carbon (C)

each year (Rayner and others 1999). It is well

established that most plant species respond to ele-

vated [CO2] with increased light-saturated rates of

increases in the photosynthesis (for example, Sig-

urdsson and others 2002), net photosynthesis

(Canadell and others 1996), and aboveground

growth (Norby and others 2001a). In addition to the

effect of increased [CO2], higher temperatures may

also lead to an increase in the light-saturated pho-

tosynthesis rate (for example, Lewis and others

2004) and increasedprimaryproduction,whichmay

be particularly pronounced at high latitudes, where

frozen soils hamper tree growth formuch of the year

Received 5 August 2005; accepted 3 April 2006; published online 19

January 2007.

*Corresponding author; e-mail: Daniel.Comstedt@nat.oru.se

Ecosystems (2006) 9: 1266–1277
DOI: 10.1007/s10021-006-0110-5

1266



(Troeng and Linder 1982; Bergh and others 2003).

The effect of temperature may bemostly indirect, by

increasing the length of the growing season and the

availability of mineral nutrients and water (Jarvis

and Linder 2000; Strömgren and Linder 2002).

Relative to our knowledge of how aboveground

production is affected by increased [CO2] and

temperature, there is more uncertainty as to what

will happen to belowground processes and the

large C stocks in the soil. Thus, belowground pro-

cesses, such as decomposition, will have a large

impact on whether terrestrial ecosystems globally

will persist as C sinks or if they will become C

sources as the climate warms (Raich and Schle-

singer 1992; Giardina and Ryan 2000). Increased

soil temperature is known to lead to an increase in

soil respiration (Lloyd and Taylor 1994). However,

it is uncertain whether the two components of soil

respiration—root respiration (including mycorrhi-

zal fungi and free-living microorganisms in the

rhizosphere) and heterotrophic respiration (from

decomposition of soil organic matter)—respond

similarly to changes in soil temperature (Boone and

others 1998; Högberg and others 2001; Bhupin-

derpal-Singh and others 2003; Ekblad and others

2005). Root respiration has been found to be

dependent on the availability of newly produced

photosynthates (Ekblad and Högberg 2001; Hög-

berg and others 2001; Ekblad and others 2005). It

can be relatively insensitive to day-to-day changes

in soil temperature, as revealed in a girdling

experiment (Bhupinderpal-Singh and others 2003)

and by multivariate modeling of soil respiration

using air temperature, vapor pressure deficit (VPD),

belowground temperature, and humidity as driving

variables (Ekblad and others 2005). Heterotrophic

respiration has been shown in some studies to in-

crease with increasing temperature (Kätterer and

others 1998), but others have shown that the

heterotrophic response to higher temperature may

be small (Giardina and Ryan 2000).

Elevated [CO2] may indirectly affect numerous

processes in the soil; for example, a greater portion

of photosynthates could be allocated to below-

ground processes (Canadell and others 1996),

which may lead to greater root biomass (Allen and

others 2000), an increase in rhizosphere (root and

root exudates) respiration (Lin and others 2001),

higher root-litter production and turnover (Pregit-

zer and others 1995), alteration of the community

structure of root symbionts (Fransson and others

2001), and increased soil respiration (Pajari 1995;

Andrews and Schlesinger 2001; Lin and others

2001; Niinistö and others 2004). However, the

changes that elevated [CO2] induces in litter

decomposition rates, measured as respiration or

mass loss, are small (Norby and others 2001b).

Root and heterotrophic respiration are difficult to

separate without applying methods that disrupt the

intimate relations among mycorrhizal roots, their

extramatrical mycelium, and the soil matrix

(Hanson and others 2000; Ryan and Law 2005).

One method that causes relatively small distur-

bances to the soil system is girdling, which termi-

nates the flux of photosynthates to roots (for

example, Högberg and others 2001; Bhupinderpal-

Singh and others 2003; Olsson and others 2005).

Another approach is to use natural variations of

d13C (Ekblad and Högberg 2001); this method is

applicable under conditions when there are large

differences in d13C between heterotrophic respira-

tion and root respiration (Ekblad and Högberg

2001). Generally, the best approach is to expose the

trees to 13C-labeled CO2 (Andrews and others

1999) or 14C (Horwath and others 1994), although

these methods often require expensive technical

solutions.

The results of methods that cause minor distur-

bances to the soil—for example, 13C-labeling under

elevated [CO2] (Andrews and others 1999), 13C

natural abundance (Ekblad and Högberg 2001),

and girdling (Högberg and others 2001; Bhupin-

derpal-Singh and others 2003; Olsson and others

2005)—suggest that tree-root contribution to total

soil respiration is approximately 55% to 65%.

The whole-tree chamber (WTC) experiment at

the Flakaliden research area was established to

examine the effects of elevated [CO2] and tem-

perature on Norway spruce (Medhurst and others

2006). The CO2 that was used in this experiment

was depleted in 13C compared to CO2 in ambient

air. Theoretically, this should result in the incor-

poration of isotopically depleted photoassimilates

through photosynthesis, leading to a lower abun-

dance of 13C in CO2 from root respiration than in

CO2 from the decomposition of soil organic mate-

rial. In C3 plants (all plants in a boreal forest), there

is a large discrimination against 13C during C fixa-

tion. This discrimination is large when stomata are

wide open, and it decreases as stomata close (Far-

quhar and others 1989). Thus, rapid downward

transport of naturally 13C-labeled photoassimilates

can be detected as variations in the 13C isotopic

signatures of phloem sap (Cernusak and others

2003; Gessler and others 2004), soil respiration

(Ekblad and Högberg 2001), and ecosystem respi-

ration (Bowling and others 2002).

The aims of the present study were (a) to deter-

mine the time for assimilation of C through pho-

tosynthesis to different leaf C compounds, and (b)
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to study the effects of increased [CO2] and air

temperature on soil respiration in a boreal forest.

MATERIALS AND METHODS

Site Description

The study was performed in a long-term nutrient

optimization experiment at Flakaliden (64�07¢N,
19�27¢E, 310 m a.s.l.) in northern Sweden, which

was established in 1986 in a Norway spruce (Picea

abies [L.] Karst) stand planted in 1963. Initial stand

density was about 2500 trees ha)1. The mean an-

nual air temperature is 2.3�C, and mean monthly

temperature varies from )7.3�C in February to

14.6�C in July (mean for the period 1990-2004).

Mean annual rainfall is 600 mm, with approxi-

mately one-third falling as snow, which usually

covers the frozen ground from mid-October to

early May. The length of the growing season (daily

mean temperature above +5�C) is 140 days (Slaney
and others 2007).

The soil is a thin, podzolic, glacial, loamy till,

with an average depth of 120 cm (Bergh and Linder

1999). The ground is covered by mosses, with a

field layer of dwarf shrubs dominated by Vaccinium

myrtillus L. and V. vitis-idaea L. For further details

about treatments and stand properties, see Linder

(1995) and Bergh and others (1999).

Treatments and Chamber Design

The present study began in June 2001 using the

same WTCs as in previous research at the same site

(for example, Fransson and others 2001; Wallin

and others 2001; Kostiainen and others 2004;

Slaney and others 2007). In this experiment, 12

WTCs were set up on previously untreated control

plots containing field-grown Norway spruce trees.

Treatments included both ambient (A) and ele-

vated (E) [CO2] (C) and air temperatures (T) in a 2

· 2 factorial design. The WTCs were installed

around individual trees and grouped into three

blocks. The [CO2] and temperature treatments

were randomly assigned within each block. The

[CO2] inside the ambient and elevated WTCs was

maintained at 365 (CA) and 700 lmol mol)1 (CE),
respectively. In WTCs with elevated temperature

(TE), the monthly temperature elevation above

ambient (TA) was based on results from the

Swedish Regional Climate Modelling program

SWECLIM (compare Christensen and others 2001;

Räisänen and others 2001) using the latitude of

Flakaliden and a [CO2] of 700 lmol mol)1. The
predicted increase in annual mean temperature

was 3.9�C above current annual mean tempera-

ture, with the highest increase during the winter

months. The mean temperature elevation during

the measurement periods (late April to late Sep-

tember) was 3.1�C and ranged from 2.8�C (July,

August) to 3.5�C (September). In total, there were

three replicates of four treatments (TACA, TECA,

TACE, TECE). The enclosed trees were chosen to

represent the average tree size; when the treat-

ments commenced in mid-August, 2001, they had

an average height of 5.6 m. The study design also

included three reference trees without WTCs from

which shoots were sampled for d13C measure-

ments.

The WTCs were modular in design and consisted

of three main components—the chamber base (soil

compartment), the tree chamber (aboveground

compartment), and the cooling unit (Figure 1). The

tree chamber was composed of two sections—a

bottom section with a height of 2.5 m and a conical

top section with a height of 3.0 m. The circular

frame (diameter 3.25 m) of the base and the tree

chamber was constructed from aluminum. The

walls of the base section and tree chamber were

sealed with 0.4-mm transparent PVC film (Renolit

AB, WormG, Germany). The base section was

approximately 0.4 m in height, and the lower part

of the PVC film was covered with soil to provide a

seal between the base and the ground. The top of

the chamber base was sealed with a combination of

the PVC film and transparent Perspex sheets; it was

sealed around the tree stem to prevent gas ex-

change between the soil compartment and the tree

chamber. To enable any soil disturbances to sub-

side, the base sections were installed 8 months

before installation of the tree chambers.

Fresh air was drawn continuously through the

chamber base using a shielded air inlet and an

extraction fan. To maintain an air temperature and

[CO2] in the soil compartment that was similar to

the conditions in the tree compartment, air from

the tree compartment was also channeled to

the soil compartment by a ventilation pipe. This

resulted in a [CO2] for the soil compartments

of 478 ± 47 and 508 ± 54 ppm (mean ± SD) for the

ambient [CO2] and elevated-[CO2] WTCs, respec-

tively. Air temperature in the soil compartment of

elevated-temperature WTCs was 1.1 ± 0.5�C
(mean ± SD) lower than the temperature in the

tree compartment, whereas there was no difference

in air temperature between the two compartments

of the ambient-temperature WTCs. The air was

circulated around the chamber base by a fan

(Model TD 160/100; Soler & Palau, Barcelona,

Spain) at a flow rate of 160 m3 h)1. A shielded

thermistor was used for measurement of air tem-
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perature inside the chamber base, and another

thermistor was placed in the soil at a depth of

10 cm. Soil moisture of the upper 15 cm was con-

tinuously monitored, under the floor of each WTC,

with a soil moisture sensor (Thetaprobe ML1;

Delta-T Devices, Cambridge, England) placed at a

depth of 15 cm. Two micro-sprinklers were in-

stalled under the chamber floor so that the trees

could be irrigated with an amount of water iden-

tical to that measured by rain gauges outside the

WTCs.

Air from the top of the WTC was drawn over a

heat exchanger inside the cooling unit by a pow-

erful fan (PM-Luft AB, Sweden) at a rate of

approximately 8000 m3 h)1. The temperature of

the heat exchanger was controlled by circulating

glycol cooled to dew point temperature by a

150 kW refrigeration unit. Conditioned air was

then returned from the cooling unit at the base of

the tree chamber. The volume of circulating air that

passed over the heat exchanger, and the volume

that bypassed the heat exchanger, was controlled

by a series of dampers. Elevated temperature reg-

ulation was achieved by a combination of reducing

the amount of air passing over the heat exchanger

and the use of two heating elements installed in the

circulating air pathway in each WTC. The air

temperatures inside and outside the WTCs were

measured by ventilated and shielded thermistors at

a height of approximately 5 m.

Fresh air was added continuously to the

WTCs such that the chamber volume turned over

approximately once per hour. An infrared CO2 gas

analyzer in each WTC (SBA-1; PP Systems, Hit-

chin, England) was used to measure chamber

[CO2] at 90-s intervals. To maintain the target

[CO2], pure CO2 was injected into the circulating

chamber air through a magnetic valve (Bürket,

Germany). The pure CO2 was supplied from a set

of tanks (AGA, Sweden) containing liquefied CO2

(d13C approximately )35&). A pressure regulator

(model 8624; Bürket) on the CO2 line from the

tanks maintained a constant CO2 pressure to the

WTCs.

Sample gas was drawn continuously from each of

the WTCs and from a 12-m–high mast (reference

air) in close proximity to the WTCs. The concen-

trations of CO2 and water (H2O) in the samples

were measured in sequence by means of a differ-

ential CO2/H2O infrared gas analyzer (CIRAS-2 DC;

PP Systems). The VPD of the WTC and reference air

was compared for each WTC using instantaneous

measurements of air vapor pressure and tempera-

ture. For further details regarding the design and

performance of the WTCs, see Medhust and other

(2006).

Seasonal Variation of Soil Respiration

Soil respiration was studied in the soil compart-

ment of the WTCs (Figure 1). Gas samples for

analyses of [CO2] and isotopic ratio (d13C) of soil
respiration were collected eight times from15 May

to 30 September 2002 and five times from 29 April

to 25 September 2003. To minimize the uptake of C

by understory plants growing in the soil compart-

ment, the sampling was conducted at night (10:30

PM to 3:30 AM). Air for d13C analyses from the tree

compartment was sampled on the same day (12:00

AM to 2:00 PM) as the sampling for soil respiration.

The d13C in the tree compartment ranged

from )13& to )8& (mean )10.4&) in ambient

(CA) and )27& to )16.5& (mean )20.7&) in

elevated (CE) WTCs, respectively. This gave a mean

d13C difference between the [CO2] treatments of

about 10&, with a range of 6.5& to 14&.

During sampling, the ventilation fans, which

supplied air to the soil compartment, were turned

off and the vents were sealed. With the in- and

outflow closed, the [CO2] in the soil compartment

began to rise. Samples were taken at 6, 12, 18, 24,

32, 42, and 55 min using a small pump (Hagen Elite

799; Rolf C. Hagen Wy combe, Castleford, Eng-

land). During sampling, the pump was, for 20 s,

flushing air through evacuated 12-ml glass vials

(Labco Exetainer; High, Buckinghamshire, Eng-

land) using two needles (diameter 0.6 mm, length

25 mm) at a rate of about 190 ml min)1.

CO2

Soil respiration ([CO2], 13CO2)

Org 13C • bulk
•  sugar
•  starch

Needles

Chamber air (13CO2)

Figure 1. Outline of sampling in the whole-tree cham-

bers (WTCs) at Flakaliden showing where needles and

gas samples for analysis of soil respiration and chamber

air were collected. The circulation and ventilation of air

in the WTCs are indicated by white arrows; the supply of

carbon dioxide (CO2) from a set of tanks outside WTCs is

indicated by the black arrow to the left. In addition to the

sampling inside WTCs, soil organic matter (SOM) was

sampled (not shown in the figure) outside the WTCs.
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Concentrations and the 13C abundance of the

CO2 in the gas samples were determined within

1 week after sampling via extraction by a Gilson

autosampler connected to a gas purification

module coupled online to an Isoprime isotope-ratio

mass spectrometer (both from GV Instru-

ments, Manchester, England). The evolution

rates and the isotopic composition: [d13C (&):

d13C = 1000((Rsample – Rstandard)/Rstandard) (&),

where R = 13C/12C] of the produced CO2 were

calculated as described by Ekblad and Högberg

(2000). The precision (SD) of analyses for 10

standard samples was no more than ±0.08& for

d13C and no more than ±2% for the [CO2].

Sampling of Shoots for d13C Analysis of
Needle Compounds

In connection with the onset of the CO2 treatments

in 2001, sampling of current-year shoots was

carried out in four ambient temperature WTCs (TA)

between August 15 and August 24. For two of

these WTCs, the elevated [CO2] treatment (TACE)

was initiated on August 17. Three current-year

shoots per tree were collected during midday

(11:00 AM to 3:00 PM) from the upper half of the

tree crown and immediately immersed in liquid

nitrogen. They were kept at )20�C until the nee-

dles were freeze-dried and then ground in a ball

mill to a fine powder for further analyses.

In 2002, south-facing current-year shoots were

collected during midday from the upper half of the

tree crown on three occasions per treatment, ex-

cept for TACE (one occasion), between July 24 and

August 8. One or two shoots from each chamber

tree and each nonchambered tree were collected

and then treated as described above.

Analysis of d13C in Needles, Soluble
Sugars, and Starch

Soluble sugars and starch were extracted from the

dried and milled needle material and analyzed for

d13C following the procedure of Wanek and others

(2001). The needles were extracted of soluble con-

stituents using a mixture of methanol:chloro-

form:water (5:3:1) and centrifuged. Water and

chloroform were added to the extract to separate

phases. The water-soluble fraction was run through

anion-exchange resins to collect charged com-

pounds. The sugars were collected after passing

through the resins and thereafter dried in a tin

cup. The pellet was resuspended and washed. The

insoluble fraction was treated with a-amylase,
which hydrolyzed the starch to glucose. The glucose

was collected by repeating the process. Each sample

thus resulted in two cups, one containing soluble

uncharged materials (mostly carbohydrates) and

the other glucose released from starch hydrolysis.

The cups were placed in a NC 2500 Elemental

Analyzer (ThermoQuest Italia; Milan, Italy) coupled

to a Finnigan MAT Delta plus isotope ratioing mass

spectrometer (Finnigan MAT, Bremen, Germany).

For each sample from 2002, d13C in the bulk needle

material was also analyzed. The carbohydrate

samples were analyzed at the Idaho Stable Isotope

Laboratory, University of Idaho.

d13C of Heterotrophic Respiration and
Soil Organic Matter

On 8 August 2002, the mor layer was sampled from

five randomly selected positions within a distance

of 30 m from the WTCs, using a soil corer (inner

diameter 5.0 cm). From each of the positions, two

cores were divided into F and H layers, and each

layer was pooled. The average thickness of the F

and H layer was 3.1 ± 1.0 and 4.1 ± 1.0 cm,

respectively. The samples were transported in a

cooling bag to the laboratory, where they

were sieved manually (4-mm mesh) and the roots

carefully hand-picked. The soil samples were

homogenized, and subsamples were removed for

determination of water content after drying at

105�C. Soil samples were incubated at about 20�C
for 3 weeks at 50% of field capacity (adding de-

ionized water). Sampling of respired CO2 for

isotopic determination (d13C) of heterotrophic res-
piration from the F and H layers was carried out in

1-L PVC jars according to the method developed by

a Boström and others (unpublished). The air con-

taining respired CO2 was collected in 12-ml vials,

which were prefilled with CO2-free air. The d13C
and concentration of the CO2 was determined

within 1 week as described for soil respiration

samples above. The d13C of the soil organic matter

(SOM) was determined on dry (105�C), finely

grained material (ball mill) by stable isotope mass

spectrometry (Isoprime; GV ) Instruments, Man-

chester, England) following whole-sample com-

bustion in an elemental analyzer (Euro EA3024;

Eurovector, Milan, Italy).

Statistical Analysis

Correlations between soil respiration (logarithmic

values; In) and soil temperature were tested using

ordinary linear regression analysis. The effect of

treatments on soil respiration was assessed by

two-way analysis of variance (ANOVA). In these
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analyses, the cumulative soil respiration for each

season and for the two seasons together were

used. Significance for all statistical analyses was

accepted at P < 0.05. If not otherwise stated,

±95% confidence interval (CI) is given for each

mean estimate.

RESULTS

Seasonal Weather

During the measurement period, the daily midday

air temperatures in 2002 had amean of 17.9�C, with
a minimum of 4.9�C on April 30 and a maximum of

29.6�ConAugust 11. For 2003, themeanmidday air
temperature was 15.9�C, with a minimum of 1.4�C
on April 30 and a maximum of 31.0�C on July 16.

The seasons differed in that the spring and summer

of 2002 were extremely warm. Soil temperature at

10 cm depth followed the pattern of air tempera-

tures and varied from 0.5 to 16.6�C (Figure 2).

Elevated air temperature treatment did not result in

increased soil temperatures (10-cm depth). There

was no difference between treatments in soil mois-

ture, irrespective of the season (data not shown).

Seasonal Variation of Soil Respiration

Soil respiration rates, measured in situ, showed a

similar seasonal trend for all treatments and were

correlated with variations in soil temperature in all

treatments (P < 0.01, n = 34–39; TACA, R
2 = 0.65;

TECA, R
2 = 0.57; TACE, R

2 = 0.67; TECE, R
2 = 0.75).

Respiration was low at the beginning and end of

the measurement periods (9–54 mg C m)2 h)1 for

TACA) and peaked in late July to late August at

152 mg C m)2 h)1 in 2002 and at 90 mg C m)2 h)1

in 2003 (Figure 2). There was a significant positive

effect of elevated [CO2] on soil respiration for the

2 years separately and for the 2 years taken to-

gether (two-way ANOVA, P £ 0.032; 2 degrees of

freedom). In contrast, elevated air temperature,

alone or in combination with elevated [CO2], had

no effect on soil respiration (P ‡ 0.354). On aver-

age, soil respiration was 137 g C m)2, or 48%

higher, in 2002 and 122 g C m)2 or 62% higher, in

2003 in the elevated-[CO2] treatment than it was

in the ambient-[CO2] treatment (Table 1). The

difference in absolute respiration rate between the

two [CO2] treatments was fairly stable over the

seasons, with an average of 39 ± 11 mg C m)2 h)1

(mean ± SD, n = 13 sampling dates) (Figure 3).

However, the relative difference varied substan-

tially (Figure 4); it was approximately 110%–190%

higher at the beginning and end of the season in

2002, whereas there was only a 10%–30% differ-

ence at the beginning of August of the same season.

Seasonal Variation in d13C of Soil
Respiration

The d13C of soil respiration for the WTCs with

ambient [CO2] varied over the seasons ()25.5&
to )29.3&), with the higher 13C abundance at the

beginning and end of the season of 2002 and

the lowest value on 26 June of the same year

(Figure 3). The average d13C over the seasons

was )27.0&, which was similar to the d13C of

respired CO2 of the incubated root-free SOM (see

below).

There was a marked effect of the [CO2] treat-

ment on seasonal variations in d13C of soil res-

piration (Figure 3). Hence, the d13C of soil

respiration for the WTCs with elevated [CO2]

varied between )26.8& and )33.7& (average

)29.1&). The lowest 13C abundance was ob-

served at the beginning of the season 2002, when

it was 7.6& lower in the elevated [CO2] WTCs

than in the ambient-[CO2] WTCs in 2002. From

June 10 to August 8 2002 and for May 27 2003,

the d13C of soil respiration was similar for the

treatments.
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Figure 2. Soil respiration and temperature data for

2002 and 2003. a Soil respiration of TACA = ambient

temperature and ambient atmospheric carbon dioxide

concentration [CO2], TECA = elevated temperature and

ambient [CO2], TECE = ambient temperature and ele-

vated [CO2], and TECE = elevated temperature and ele-

vated [CO2]. b Air temperature (solid line), and soil

temperature (dotted line). Values show mean and error

bars ± SE for n = 3. Gaps in the air temperature graph

are due to missing data.
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d13C of Mor Layer Soil Organic Matter
and Heterotrophic Respiration

The d13C of the respired CO2 from the F layer

()27.6 ± 1.7&) was similar to that of the corre-

sponding SOM ()28.6 ± 0.8&), whereas the CO2

from the H layer ()25.5 ± 1.3&) was enriched by

1.7 ± 1.3& relative to the corresponding SOM

()27.2 ± 0.8&). We estimated that the d13C of the

respired CO2 from heterotrophic respiration in the

mor layer (F and H layers together) was

)26.7 ± 1.5& (Figure 3); this estimate takes the

different respiration rates of the two layers into

account.

d13C of Needle Carbohydrates at the
Onset of the Elevated Atmospheric
Carbon Dioxide Treatment

The onset of the elevated-[CO2] treatment (
13C-

depleted CO2) caused a shift in the chamber air CO2

(source CO2) from )9.7& to )15.8& and a decline

in the d13C of the needle soluble sugars but not the

needle starch (Figure 5). The decline in the d13C of

the soluble sugars of the two exposed trees was

1.9& after 2 days and 2.6& after 6 days, whereas

the two ambient [CO2]–treated trees had d13C
values similar to the start values. No significant

change was found in the d13C of the starch in the

needles in response to the [CO2] treatment. The

starch of the ambient [CO2]–treated trees was on

Table 1. Cumulative Soil Respiration (g C m)2) in Whole-Tree Chambers (WTCs)

Treatment Growing Season

Temperature [CO2] 2002 2003 2002-2003

Ambient Ambient 267 ± 82
287 ± 33

200 ± 25
196 ± 24

467 ± 107
483 ± 48

Elevated Ambient 307 ± 63 192 ± 45 498 ± 109

Ambient Elevated 392 ± 16
424 ± 12

315 ± 24
318 ± 29

706 ± 34
742 ± 23

Elevated Elevated 456 ± 17 321 ± 39 776 ± 93

[CO2], atmospheric carbon dioxide.
Values (mean ± SE) are for the periods 15 May–30 September 2002 and 29 April–25 September 2003, averaged per treatment (n = 3 WTCs) and averaged for low and high
CO2 treatments, respectively (n= 6).
In these calculations, it was assumed that there was no day–night variation in soil respiration rate.
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WTCs (CA) and elevated [CO2] WTCs (CE) and the

difference between treatments. b d13C of soil respira-
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average enriched by 2.6 ± 0.6& (n = 9 days)

compared to soluble sugars.

d13C of Soluble Sugars, Starch, and Bulk
Material in 2002

Because there was no effect of the temperature

treatment on the d13C of any of the parameters

(Figure 6), we compared the mean values for the

elevated [CO2]– and ambient [CO2]–treated WTCs.

The d13C of the soluble sugars was on average 4&
lower in the elevated [CO2]–treated WTCs,

[)30.7 ± 2.4& (n = 6)] than it was [)26.6 ± 0.6&
(n = 6)] in the ambient [CO2]–treated WTCs (Fig-

ure 6). A similar d13C difference (6.4&) was found

in the starch of the two treatments ()32.9 ± 1.9&
for the elevated [CO2] versus )26.5 ± 0.7& for the

ambient [CO2]). The d13C of the bulk material

differed by 9.8& ()37.8 ± 1.7& for the elevated

[CO2] versus )28.0 ± 0.7& for the ambient [CO2]);

this finding was similar to the d13C difference of the

chamber air.

DISCUSSION

Effects of Elevated Atmospheric Carbon
Dioxide and Temperature on Soil
Respiration

In the present study, elevated [CO2] resulted in a

48% and 62% increase, respectively, of the soil

respiration rate as averaged over the growing sea-

sons of 2002 and 2003 (Figure 3a and Table 1).

This increase is of a magnitude similar to that re-

ported for a 20-year-old boreal Scots pine forest

grown in WTCs for 4 years (Niinistö and others

2004). In studies of other trees species, both an

increase and no response to elevated [CO2] in res-

piration rates have been reported (Pajari 1995;

Vose and others 1997; Allen and others 2000; Lin

and others 2001). Increased respiration rates may

stem from an increase in root/rhizosphere respira-

tion (Lin and others 2001) caused by higher pro-

duction of roots (Vose and others 1995; Janssens

and others 1998) and higher specific root respira-

tion rates (Janssens and others 1998), but they may

also stem from higher decomposition rates, because

[CO2]-increased plant growth provides a greater

supply of litter to the soil (Pregitzer and others

1995). In the present study, the increased soil res-

piration during the 2002 season is most likely due

to higher root/rhizosphere respiration, because the

contribution from increased production of root lit-

ter should be minor in the 1st year of the study

(Allen and others 2000) and aboveground litter

from the chamber trees was not added to the soil

compartment. Furthermore, exposure of plants to

elevated [CO2] has been found to generally exert

no significant effect on litter decomposition (Norby

and others 2001b). Over longer periods, increased

allocation of C below ground could result in higher

production of fine roots and increased root mor-

tality (Pregitzer and others 1995). Thus, during the

2003 season of this study, there may have been

increased heterotrophic activity and respiration as a

result of greater decomposition of roots.

The seasonal variation in soil respiration (Fig-

ures 2 and 3) is probably due to direct soil tem-

perature effects on enzymatic activities in roots and

heterotrophs as well as to seasonal variation in the
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ments at the onset of treatment. Values show mean and

error bars ± SE for n = 4 WTCs until 17 August; there-

after, n = 2 WTCs. Arrow indicates the start of the ele-
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availability of substrates for respiration. In support

of the hypotheisis that substrate availability

strongly influences soil respiration is the finding

that the elevated [CO2]–induced increase in soil

respiration in absolute numbers was of similar

magnitude throughout the whole 2002 season

(Figure 3a), despite a range in soil temperature of

about 16�C (Figure 2). Furthermore, the increase

in soil respiration rate relative to the control (TACA)

was large both at the beginning and the end of the

2002 growing season (Figure 4), which suggests a

large relative increase in root respiration during

these periods.

Our results contrast to those of Andrews and

Schlesinger (2001) and Niinistö and others (2004),

which showed an increase mainly late in the sea-

son. If we assume that about 50% of soil respiration

in the ambient [CO2]-treated WTCs was root res-

piration (Bhupinderpal-Singh and others 2003;

Olsson and others 2005) and that heterotrophic

respiration was similar in both [CO2] treatments,

then the 110% to 190% higher soil respiration in

the spring and fall corresponds to a 3.2–4.8 times

higher root respiration rate. However, in the mid-

dle of the season, we estimate the induced root

respiration to be smaller. Integrated over the 2002

growing season, these findings suggest that root

respiration was roughly double that of the control.

The enhanced root respiration was probably

mainly supplied by newly produced photoassimi-

lates (Ekblad and Högberg 2001; Högberg and

others 2001; Ekblad and others 2005). However,

variable usage of starch reserves (Ericsson and

Persson 1980) and the decomposition of ectomy-

corrhizal mycelium could be contributing factors.

The mycelial biomass of ectomycorrhizal mycelium

has been shown to increase in response to elevated

[CO2] (Fransson and others 2005).

Despite the strong effect of the [CO2] treatment

(that is, the C substrate availability) on the rate of

soil respiration, and hence the rate of root respi-

ration, the significant correlations between soil

respiration and soil temperature do suggest that

temperature is an important factor. Thus, the fact

that the explained variance was highest in the TECE
treatment (R2 = 0.75) may reflect the possibility

that the increased substrate availability removed

the substrate limitation present in the ambient-

[CO2] treatment.

Our finding that elevated air temperature (2.7–

3.5�C) had no significant effect on soil respiration

(Figure 2a and Table 1) contrasts to the results of a

study in a boreal pine forest that showed that soil

respiration rates increased by 27%–43% in

response to a slightly higher (3–6�C) increase in air

temperature (Niinistö and others 2004). We can

discern at least four reasons for the lack of a sta-

tistically significant effect of temperature in our

case. First, our temperature increase was slightly

lower than the increase in the study by Niinistö and

others (2004). In addition, the air temperature

below the chamber floor (soil compartment) was

about 1�C lower than the temperature above the

floor (tree compartment). Hence, the temperature

of the upper 2 cm of the soil was probably increased

by less than 2�C. Second, the small number of

replicates, and the very strong response to elevated

[CO2] may have masked a small response to tem-

perature. Third, higher temperature may cause a

decrease in soil moisture, leading to reduced soil

respiration (Pajari 1995). However, we found no

difference in soil moisture between treatments in

the present study. Fourth, soil respiration (Jarvis

and Linder 2000; Strömgren 2001) and decompo-

sition (Giardina and Ryan 2000) do not always

respond to a change in soil temperature.

d13C of Soil Respiration

If the observed increase in soil respiration was

caused by an increase in root respiration, we

would expect a large difference between the

ambient-[CO2] and elevated-[CO2] treatments in

the d13C value of soil respiration because of the

approximately 10& d13C difference in the CO2 of

the tree compartments. Indeed, there was a large

difference in d13C of soil respiration between the

elevated [CO2]– and ambient [CO2]–treated

chamber trees in May 2002 (7.6&) and April

2003 (5.0&) (Figure 3). However, this difference

varied over the growing seasons (Figure 3), pos-

sibly due in part to variations in the d13C of the

chamber CO2. Still, other factors must be identi-

fied to explain the unexpected lack of a d13C
difference in soil respiration in the middle of the

season 2002.

We can discern at least three possible explana-

tions: (a) a reduced stomatal conductance in re-

sponse to the elevate-[CO2] treatment in the

middle of the season, and/or (b) a variable 13C

isotopic fractionation during root respiration of

photosynthates, and/or (c) a variable contribution

of CO2 from root respiration. Elevated [CO2] is

known to result in reduced stomatal conductance,

which leads to a reduced 13C fractionation during

photosynthesis in many plants, although the sto-

matal responses to a change in [CO2] are consid-

ered to be smaller in conifers than in deciduous

trees (Medlyn and others 2001). It is not known, if

a variable 13C fractionation can occur during root

1274 Daniel Comstedt and others



respiration; however, d13C fractionation in the root

respiration of sunflower and alfalfa has been found

to be small (Klumpp and others 2005). Because

proportion of root respiration to total soil respira-

tion has been shown to be high in the middle of the

season in northern boreal forests (Bhupinderpal-

Singh and others 2003; Olsson and others 2005),

this appears to be an unlikely explanation for the

small difference in the d13C of soil respiration in the

middle of each season. Some of the seasonal vari-

ation could be caused by [CO2]-induced root res-

piration being lower in the middle than it is in the

early and late season. However, the 4& difference

between the [CO2] treatments in the d13C of the

soluble carbohydrates in needles harvested in 2002

(Figure 6) is consistent with the approximately 2&
difference in the d13C of soil respiration during the

period when the needles were harvested; more-

over, it is consistent with the fact that root respi-

ration contributes to about half of soil respiration

(Ekblad and Högberg 2001; Högberg and others

2001; Olsson and others 2005). Taken together

these findings suggests that the small treatment

difference in d13C of soil respiration during some

periods, is mainly due to factors that affect the

isotopic signature of photosynthates rather than a

variable fractionation during root/mycorrhizal res-

piration.

d13C of Needle Materials

The immediate decline in the d13C of soluble sugars

in the needle after the [CO2] treatment was initi-

ated in August 2001 (Figure 5) is in agreement

with previously published results showing that

the d13C of soluble sugars in the leaf is highly

correlated with the assimilation weighted average

of Ci/Ca over a period of about 1 day (Brugnoli and

others 1988). As compared with the results re-

ported by Brugnoli and others (1988), the rate of

d13C change (2.6&) after 6 days in our study seems

low, especially considering that the d13C change of

the source CO2 was about 6&. However, our

results agree with the finding of Scartazza and

others (2004) that the seasonal variation in d13C of

soluble sugars was relatively small compared to

that of the phloem sugars in beech. This difference

was suggested to be due to a slow turnover rate or a

significant storage component of the leaf sugars

(Scartazza and others 2004).

We can see at least two other possible explana-

tions for the relatively slow response in our study.

It could be that the trees, in response to the

changed [CO2], adjusted their stomata and hence

affected the isotopic fractionation during photo-

synthesis (but see above). As an alternative expla-

nation, there could be problems with the extraction

method—that is, if the extraction is too strong, C

from cell-wall pectins might dampen the 13C signal

from newly produced C.

The d13C values of the current-year needle bulk

material and carbohydrates harvested in the middle

of the season in 2002 were inconsistent with each

other (Figure 6). Although the bulk material was

similar to what would be expected, knowing the

d13C of the air in the tee compartments, the d13C
differences of the soluble sugars between the [CO2]

treatments were smaller than expected (Figure 6).

However, the d13C of soluble sugars is consistent

with the d13C of soil respiration (see discussion on

the d13C of soil respiration above). Thus, it appears

that factors affecting the isotopic signature of

photosynthates, rather than artifacts caused by

methodological problems, are responsible for the

measured d13C of soluble sugars.

CONCLUSIONS

Elevated [CO2] resulted in a significantly higher

rate of soil respiration in the studied boreal Norway

spruce forest, but there was no effect of elevated air

temperature. We believe that this increase in soil

respiration was mainly the result of increased root

respiration, a conclusion that is supported by the

d13C data. The reason for the lack of a significant

effect of the temperature treatment is unknown;

however, it might be a result of the relatively small

change in air temperature, although other reasons

are possible. By our estimate, soil respiration in-

elevated [CO2] WTCs was 110%–190% higher

than in the ambient WTCs control early and late in

the season, this despite low soil temperatures dur-

ing these periods. In absolute numbers, this [CO2]

induced increase in soil respiration seems to be

relatively insensitive to seasonal variations in soil

temperature. These results suggest that the rate of

root respiration was strongly influenced by the

availability of substrates. However, soil tempera-

ture was not unimportant to soil respiration, as

suggested by the significant correlations between

the two. The change in d13C of the soluble sugars of

needles in response to the onset of the [CO2]

treatment in 2001 was immediate but smaller than

expected.
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Abstract Soil respiration, a key component of the global
carbon cycle, is a major source of uncertainty when
estimating terrestrial carbon budgets at ecosystem and
higher levels. Rates of soil and root respiration are as-
sumed to be dependent on soil temperature and soil
moisture yet these factors often barely explain half the
seasonal variation in soil respiration. We here found that
soil moisture (range 16.5–27.6% of dry weight) and soil
temperature (range 8–17.5�C) together explained 55% of
the variance (cross-validated explained variance; Q2) in
soil respiration rate (range 1.0–3.4 lmol C m�2 s�1) in
a Norway spruce (Picea abies) forest. We hypothesised
that this was due to that the two components of soil
respiration, root respiration and decomposition, are
governed by different factors. We therefore applied PLS
(partial least squares regression) multivariate modelling
in which we, together with below ground temperature
and soil moisture, used the recent above ground air
temperature and air humidity (vapour pressure deficit,
VPD) conditions as x-variables. We found that air
temperature and VPD data collected 1–4 days before
respiration measurements explained 86% of the seasonal
variation in the rate of soil respiration. The addition of
soil moisture and soil temperature to the PLS-models

increased the Q2 to 93%. d13C analysis of soil respiration
supported the hypotheses that there was a fast flux of
photosynthates to root respiration and a dependence on
recent above ground weather conditions. Taken to-
gether, our results suggest that shoot activities the pre-
ceding 1–6 days influence, to a large degree, the rate of
root and soil respiration. We propose this above ground
influence on soil respiration to be proportionally largest
in the middle of the growing season and in situations
when there is large day-to-day shifts in the above ground

weather conditions. During such conditions soil tem-
perature may not exert the major control on root res-
piration.

Keywords Air temperature Æ 13C Æ PLS time series
analysis Æ Root respiration Æ Soil temperature

Introduction

Soil respiration is a key component of the global carbon
cycle and global soil respiration has been estimated to
amount to about 75 Gt carbon year�1, which is an
order of magnitude higher than the ca. 6 Gt year�1 re-
leased through burning fossil fuels (Schlesinger and
Andrews 2000). Uncertainty remains about whether or
not global warming will lead to enhanced decomposition
of the large carbon store in soils, and whether forest
ecosystems will be net carbon sinks or sources, if the
climate warms as predicted (Raich and Schlesinger 1992;
Lindroth et al. 1998; Grace and Rayment 1999; Giar-
dina and Ryan 2000; Davidson et al. 2000). To make
such predictions it is important to be able to explain the
recorded variations in soil respiration. However, current
models often fail to explain seasonal variations in soil
respiration satisfactorily (Schlentner and Van Cleve
1985; Toland and Zak 1994; Morén and Lindroth 2000;
Sjögersten and Wookey 2002). Thus, soil respiration is
considered a major source of uncertainty in estimating
the terrestrial carbon budget at the ecosystem level and
higher (Qi et al. 2002).

Half or more of soil respiration is based on the res-
piration of newly produced photosynthates by roots,
ectomycorrhizal fungi and rhizosphere organisms (e.g.
Ekblad and Högberg 2001; Högberg et al. 2001) (here
collectively named root respiration) and the rest is
attributable to the decomposition of soil organic matter
by soil heterotrophs. The rates of soil and root respira-
tion and decomposition in a specific forest stand are
widely assumed to be dependent on soil temperature and
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soil moisture (Singh and Gupta 1977; Raich and Schle-
singer 1992; Lloyd and Taylor 1994; Qi et al. 2002). It is
generally found that soil respiration is more sensitive to
variation in soil temperature at low temperatures, while
at higher temperatures it is more sensitive to changes in
soil moisture (Schlentner and Van Cleve 1985; Lloyd
and Taylor 1994; Qi et al. 2002; Rey et al. 2002;
Reichstein et al. 2002). However, soil temperature and/
or soil moisture frequently explain less than 60% of the
seasonal variation in soil respiration (Schlentner and
Van Cleve 1985; Toland and Zak 1994; Morén and
Lindroth 2000; Sjögersten and Wookey 2002), although
higher values of explained variance have been reported
in other cases (Buchmann 2000; Rey et al. 2002;
Reichstein et al. 2002). The large degree of unexplained
variance of soil respiration data in some studies suggests
that other, unmeasured, factors may be involved
(Schlentner and Van Cleve 1985).

One critical question when interpreting variations of
soil respiration is if its two components respond differ-
ently to variations in soil temperature or not. Root
respiration has been concluded more sensitive than
decomposition to variations in soil temperature (Boone
et al. 1998; Epron et al. 2001). However, recent findings
from a girdling experiment suggest the opposite, that
decomposition is the more soil temperature sensitive of
the two (Bhupinderpal-Singh et al. 2003). The proposed
explanation for this was that the rate of root respiration
is regulated by the availability of recently produced
photoassimilates, which, in the short term, should be
mainly regulated by above ground factors (Bhupinder-
pal-Singh et al. 2003). These conflicting results call for
further studies on this very important, but problematic
question.

Recently, seasonal variations in the 13C signature of
soil respiration (Ekblad and Högberg 2001) and ecosys-
tem respiration (Bowling et al. 2002) were successfully
explained by variations in air humidity a few days before
the days of respiration measurements. Air humidity is
known to influence the openness of stomata, which in turn
has a profound effect on the level of discrimination against
13C during CO2 fixation in C3 plants (Farquhar et al.
1989). This suggests a rapid downward transport and
respiration of naturally 13C labelled photoassimilates
(Ekblad and Högberg 2001) which illustrates the tight
coupling between above and below ground processes.
Ekblad and Högberg (2001) estimated that these newly
produced photoassimilates could account for 65% of to-
tal soil respiration. Similarly, a dependence of newly
produced photosynthates for root respiration was dem-
onstrated in a girdling experiment of Scots pine trees in
which soil respiration decreased by up to 37% within
5 days after girdling (Högberg et al. 2001).

Conifers form ectomycorrhiza and more than 90% of
all root tips are colonised by ectomycorrhizal fungi
(Taylor et al. 2000). These fungi produce an extensive
extramatrical mycelium. Its biomass varies over the
season and has been shown to be as high as 900 kg ha�1

(Wallander et al. 2001). The respiration of this mycelium

has also been found to be dependent on newly produced
photosynthates (Söderström and Read 1987).

In the present study we used multivariate-modelling
trying to explain the seasonal variation in both the rate
and the d13C signature of soil respiration. A multivariate
approach is motivated since, from the reasoning above,
it is possible that the main regulating factors differs
between the two components of soil respiration. There-
fore we included both above and below ground tem-
perature and humidity as x-variables in our models. We
hypothesised that the availability of newly produced
photosynthates is the most important unmeasured factor
responsible for the large amount of unexplained sea-
sonal variation in soil respiration.

Materials and methods

The study was performed in a 68-year-old, 22 m tall,
Norway spruce [Picea abies (Karst) L.] forest planted on
former farmland at Brevens bruk, southern Sweden
(59�00¢ N, 15�35¢E, 125 m above sea level). Scattered
birch (Betula pendula Roth) trees of similar height to the
spruce occur in the forest and there are no understorey
plants ormosses on the ground. This is of advantage in the

present study since understorey plantsmay have d13C that
differ from the large trees (Brooks et al. 1997). The soil is a
washed till dominated by 90% sand, and the carbon
content (determined using an Elemental Analyser, Eu-
roEA3024, Eurovector, Milan, Italy) of the soil (exclud-
ing roots) was found to be 13.8% in the upper 2 cm,
decreasing down the soil profile to 1.6% at 20 cm depth.

Soil respiration was measured as previously described
(Ekblad and Högberg 2000) on nine occasions during
June–September 2002. The measurements were each
time performed in the middle of the day. Eight opaque
PVC cylinders (cross-sectional area, 0.0464 m2) were
placed on the ground with a distance between each
cylinder of 3–5 m, and a removable lid was placed on
each cylinder to create a 6 l head space above the soil
surface. Five 12 ml gas samples were taken with a syr-
inge through a membrane in the lid at 2 min intervals
starting 2 min after the closure of the lid. Each sample
was immediately transferred to pre-evacuated vials
(evacuated within 24 h before the sampling). Concen-
trations of CO2 and the 13C abundance of the CO2 in the
vials were determined via extraction by an autosampler
connected to a gas purification module (Trace gas)
coupled on-line to an Isoprime isotope-ratio mass
spectrometer (both from GV Instruments, Manchester,
UK). The rate of evolution and the isotopic composition
{d13C (&): d13C=1,000[(Rsample-standard)/Rstandard] (&),
where R=13C/12C} of the CO2 from the soil were cal-
culated as previously described (Ekblad and Högberg
2000). The following mixing model was used for the
calculations of the d13C value of soil respiration (dE):

ds ¼ d0C0 þ dEREtð Þ
C0 þ REtð Þ ð1Þ

137



P
A

P
E

I
R

 I

where ds is the d
13C of the gas-samples at time t, d0 is the

estimated d13C and C0 the estimated CO2 concentration
at time t=0 and RE is the evolution rate of CO2 deter-
mined from linear regression analyses of CO2 concen-
trations in the samples (for details see Ekblad and
Högberg 2000).

Soil temperature at 5 cm depth was determined at the
time of gas sampling 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 dry weight) was measured with a Theta
probe type ML2 (Delta-T Devices, Cambridge, England)
at the time of gas sampling. Air temperature and relative
humidity were measured using a Tinytag Plus in an open
location 2 km north of the studied forest.

The relationships between x-variables (weather vari-
ables and soil temperature and moisture) and both
ln(soil respiration) and d13C of respired CO2 were
analysed using a PLS model (partial least squares pro-
jection to latent structures; Wold et al. 1998). Analyses
were made both with soil respiration and ln(soil respi-
ration) as response variables. Only results from the latter
are presented here since the models predictive ability
(Q2, see below) was higher than from the former. The
PLS method is used in a similar way to 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). Thus, PLS is an ideal method for multivariate
modelling when weather variables are used as x-vari-
ables since they are more or less correlated. PLS has
been widely used in chemistry for, e.g. multivariate cal-
ibration (Wold et al. 1998). Its use in biology is
increasing. Examples are the prediction of photoinhibi-
tion in willow leaves in the field from photosynthetic
photon flux density (PPFD) measurements (Ögren and
Sjöström 1990), the prediction of day-to-day variations
in nitrogenase activity of Alnus incana from above
ground weather data (Ekblad et al. 1994), and the pre-
diction of soil microbial variables from wet chemical
analyses and pyrolysis GC/MS data (Palmborg et al.
1998). One disadvantage is that PLS cannot be used to
create simple models, as is made with multiple regression
analysis. Briefly, the PLS regression creates a number of
latent orthogonal variables, PLS-components, that ex-
plain the variation in the x-matrix and at the same time
the variation in one or several y-variables. The latent
variables are estimated consecutively and the signifi-
cance of each component in the model is determined by
cross-validation (Wold 1978; Wold et al. 1998). In the
cross-validation a fraction (in our case one object) of the
total of nine objects were excluded from the model and
predicted by it, using the remaining objects as a cali-
bration set. This was done nine times until all the objects
had been predicted. The model’s predictive ability (Q2)
was expressed as the explained variance of the cross
validation predictions with all significant PLS-compo-
nents included. Multivariate PLS time series analysis

was applied using air temperature and air vapour pres-
sure deficit data (VPD; calculated from the relative
humidity data) for 3 consecutive days as x-variables
(giving six x-variables in each model), moving stepwise
from day 0 (=day of CO2 sampling) to day 10
(=10 days before). Modelling was also performed with
soil temperature and soil moisture alone and together
with above ground weather data. In the case both above
and below ground data were used, the above ground
weather data from the days which gave models with
significant Q2 in the previous time series analysis were
included. Prior to the PLS modelling, all variables were
scaled to unit variance. Data were analysed with the
SIMCA-P 8.0 program (Umetrix, Umeå, Sweden).

Results

Air relative humidity (at 1 p.m.) varied between 25 and
100%, which corresponds to a variation in VPD be-
tween 25.7 and 0 hPa (Fig. 1). Air temperature (1 p.m.

Fig. 1 Soil respiration and d13C of CO2 respired from a Norway
spruce forest in southern Sweden and meteorological data from
June to September 2002. a Soil respiration rate. b d13C values of
CO2 from soil respiration. c Vapor pressure deficit at 1 p.m. d Air
temperature at 1 p.m. (solid line) and soil temperature at 5 cm
depth at 1 p.m. (dotted line), relative soil moisture (bars) at time of
CO2 sampling. Soil respiration and d13C values are displayed as
mean ± SE, n=8
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value) varied between 9 (on September 20) and 29.4�C
(July 10). Several large (8–14�C) shifts in the 1 p.m. air
temperature value occurred in June, July and the
beginning of August. The monthly mean air tempera-
tures were 17.0�C for June, 18.5�C for July, 20.1�C for
August and 12.6�C for September. Soil temperature at
5 cm depth (at 1 p.m.) varied between 6.8 and 17.4�C.
Soil moisture was lowest (17–18% of dry weight) at the
beginning and end of the growing season, with a peak
(27%) at the end of June.

The lowest rate of soil respiration recorded during the
studied period was 1.0 lmol C m�2 s�1 on June 11, the
highest value for the season was 3.4 lmol C m�2 s�1,
2 weeks later (Fig. 1). The lowest mid-season rate was
2.2 lmol C m�2 s�1 on July 16 and from a second peak
of 3.1 lmol C m�2 s�1 on July 30 the rate gradually fell
to 1.7 lmol C m�2 s�1 by the end of September (Fig. 1).
The d13C signature of soil respiration ranged between
�24.4 and �26.7&, with the highest value on June 11
and the lowest on July 16.

Results from the PLS-modelling showed that soil
moisture and soil temperature together explained only
55% of the seasonal variation (cross-validated explained
variance; Q2) in soil respiration (Fig. 2). We therefore
aimed to test if above ground air temperature and air
vapour pressure deficit (VPD) could explain some of the
residual, unexplained, variation. These two factors have
a major impact on the rate of net photosynthesis
(Lambers et al. 1998) and hence could affect the avail-
ability of substrates for root respiration. Indeed, multi-
variate time series modelling (Fig. 3 and Materials and
methods) showed that soil respiration was correlated to
air temperature and VPD in the period 1–4 days before
the CO2 sampling. Together air temperature and VPD

from these 4 days (in total eight x-variables) explained
86% (Q2) of the variation in soil respiration (Fig. 2).
Adding soil moisture and soil temperature to the model
increased the explained variance to 93% (Fig. 2). The
rate of soil respiration was positively correlated to air
temperature, soil moisture and soil temperature, and
negatively correlated to VPD (data not shown).

Multivariate time series modelling of the variation in
d13C of respired CO2 showed that the air temperature
and VPD from 2 to 6 days before sampling was of
importance (Fig. 3). A model with all these 10 x-vari-
ables explained 77% of the variation (Fig. 2). d13C was
negatively correlated to air temperature and positively
correlated to VPD (data not shown). Adding soil
moisture and soil temperature to the latter model de-
creased the explained variance to 55%, showing that
these two variables only contributed with noise to the
model and that the d13C of soil respiration was corre-
lated with above ground conditions.

The lag time for the peak in Q2 seems to be shorter
for soil respiration, around 2 days, compared to around
5 days for d13C (Fig. 3). To test the precision in the
estimates of the peak in Q2 we removed two of the ob-
jects and repeated the PLS time series modelling of the
rate of soil respiration with this reduced data set.
Depending on which objects we removed, the peak in Q2

changed in both shape (one or two peaks) and lag time
(between 2 and 6 days, data not shown). Taken together,
the results from the multivariate time series modelling
suggest the lag time between photosynthesis and root
respiration is between 1 and 6 days.

Discussion

The results from the PLS time series modelling of vari-
ations in d13C support a fast (2–6 days) downward flux

Fig. 2 Explained predicted variance (Q2) for a ln(soil respiration
rate) and b d13C of soil respiration for different PLS models.
Predictor variables in each model are shown in the table below the
figure. Columns in the table correspond to bars in the figure; ST
soil temperature, SM soil moisture, AT air temperature, VPD air
vapour pressure deficit, Nos. x-var the number of x-variables in
each model. AT and VPD data from 1 to 4 days before the
sampling days were used for ln(soil respiration rate) and data from
2 to 6 days before the sampling days for d13C

Fig. 3 Explained predicted variance (Q2) versus time-lag (number
of days before CO2 sampling) in weather data after PLS time series
modelling of the variation in ln(soil respiration) (open circles) and
d13C of soil respiration (filled circles). Data from air temperature
and air vapour pressure deficit (VPD) on 3 consecutive days were
used as x-variables moving stepwise from day 0 (=the day of CO2

sampling) to day 10 (=10 days before). A 4-day lag corresponds to
a model in which weather data for days 3–5 were used as x-
variables (= six x-variables in each model)
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of naturally labelled photosynthates to root respiration.
A similar lag time, of 1–4 days, for the 13C signal was
found in a previous study in a Scots pine forest in
northern Sweden (Ekblad and Högberg 2001) while a
longer lag time (5–10 days) was found in a study of d13C
of ecosystem respiration in six different forests in wes-
tern Oregon, USA (Bowling et al. 2002). The results
from the present study also compare with a 14CO2

labelling experiment of small Populus trees showing a
14C peak in soil respiration after 2 days (Horwath et al.
1994). A 13C signal was apparent in soil respiration
within 1 week of exposure to 13C depleted CO2 in a 15-
year-old loblolly pine plantation (Andrews et al. 1999).
Studies of grasslands show that root respiration corre-
lated to the previous 2 days, and root growth to the
previous 10 days cumulative radiation flux (Fitter et al.
1998). Studies of field grown A. incana showed the day-
to-day variation in nitrogenase activity to be dependent
on the previous 2 days above ground weather conditions
(Ekblad et al. 1994). As suggested by Bowling et al.
(2002), the lag time between photosynthesis and respi-
ration may vary over the season depending on several
abiotic and biotic factors.

The results from the PLS-modelling in the present
study suggest the rate of root respiration to be dependent
on the availability of photosynthates produced during
the previous 1–6 days, with soil temperature playing a
minor role. In contrast, root respiration from plants
under controlled conditions has been shown to increase
exponentially with short-term changes in soil tempera-
ture (Atkin et al. 2000). However, the sensitivity of root
respiration to a short-term change in temperature is often
decreasing (lower Q10) with increased temperature (At-
kin et al. 2000). The reason for this is a shift from a
control of enzyme capacity at low temperature to a
substrate limitation at high temperature (Atkin et al.
2000; Atkin and Tjoelker 2003). Under controlled con-
ditions, the rate of photosynthesis is the same from day
to day and the availability of photosynthates for root
respiration is stable. In a field situation, the availability
of substrates for root respiration is likely to be more
variable, and to be dependent on the conditions for
photosynthesis during the past few days (1–6 days from
the result in the present study). The variation in substrate
availability is likely to be largest, and the aboveground
control of root respiration strongest, in growing seasons
with large shifts between high and low air temperatures,
and high and low VPDs, like in the present study.

Shifts in the above ground weather conditions the
past few days before respiration measurements are likely
to have proportionally largest effect on soil respiration
in the middle of the growing season. We can see several
possible reasons for this: (i) the relative contribution
from root respiration to soil respiration is larger in the
middle compared to in the beginning and the end of the
growing season (Bhupinderpal-Singh et al. 2003), (ii)
temperatures are high making a substrate limitation of
root respiration more likely (Atkin et al. 2000), (iii) the
contribution of stored carbohydrates to root respiration

may be larger in the beginning of the growing season
(Högberg et al. 2001), (iv) the response of microbial
respiration to a change in temperature may be smaller at
higher temperatures than at lower temperatures as re-
vealed from laboratory incubations of litters (Kirsch-
baum 1995; but see Ågren and Bosatta 2002), (v) soil
microbial biomass may be higher in the spring and fall
and lower in the summer due to variations in soil
moisture conditions (Söderström 1979; Lundgren and
Söderström 1983), and of the same reason the produc-
tion of ectomycorrhizal mycelium is mainly in the fall
(Wallander et al. 2001). However, since soil moisture
was highest in the end of June and lowest in early June
and the end of the growing season (Fig. 1), the microbial
activity was probably relatively larger in the middle
compared to in the end in the present study.

Soil moisture alone explained 40% of the variation in
soil respiration (Fig. 2). Both microbial and root activity
could contribute to this since both bacterial and fungal
biomass (Söderström 1979; Lundgren and Söderström
1983), root respiration (Bryla et al. 1997), as well as the
production of ectomycorrhizal extramatrical mycelium
(Wallander et al. 2001) correlates with soil moisture.
However, hydraulically lifted water can reduce the effect
of periods of drought on both senescence and growth of
the mycorrhizal mycelium (Querejeta et al. 2003).

The temporal variation of the d13C of soil respiration
was to a large extent explained by the variations in
above ground weather conditions 2–6 days before sam-
pling (Fig. 3). Both variations in the d13C signature of
root respiration as well as variations in the relative
contribution of root respiration to total soil respiration
can play a role. However, it is possible that variations in
the d13C signature of decomposition also can contribute
to temporal variations in d13C of soil respiration. How
large this variation may be is unknown but may be
caused by transient changes in the availability of various
substrates for heterotrophic respiration, which could be
caused by seasonal variations in the production of above
and below ground litter and seasonal variations in
moisture conditions. Recently, a transient increase of the
d13C of soil respiration of up to 4& was found in a
girdling experiment of Scots pine trees (Bhupinderpal-
Singh et al. 2003). This was thought to be due to in-
creased decomposition of 13C-enriched ectomycorrhizal
mycelium and increased respiration of stored sugars and
starch in response to the girdling (Bhupinderpal-Singh
et al. 2003). Also possibly contributing to a variable
d13C signature of decomposition could be a tempera-
ture-dependent 13C-fractionation during heterotrophic
respiration (Andrews et al. 2000). However, since neither
soil moisture nor soil temperature, two factors that have
an impact on the availability of various substrates,
contributed to the explained variance of the d13C of soil
respiration (Fig. 2), the contribution from variations in
the d13C signature of decomposition to variations in
d13C of soil respiration was probably small.

According to current theory (Singh and Gupta 1977;
Schlentner and Van Cleve 1985; Lloyd and Taylor 1994),
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root respiration is dependent on soil temperature and
soil moisture. However, the present study suggests that
the rate of root respiration is highly dependent on above
ground weather conditions. The failure to consider
above ground processes may lead to erroneous conclu-
sions when interpreting data on soil respiration and root
respiration. For example, root respiration has been
concluded to be more sensitive than decomposition to
changes in soil temperature (Boone et al. 1998; Epron
et al. 2001). Furthermore, soil respiration (in situ) has
been considered more sensitive to soil temperature
changes at low than at high temperature (Lloyd and
Taylor 1994; Qi et al. 2002; Sjögersten and Wookey
2002). A possible explanation for the results in these two
examples is that above ground conditions for the pro-
duction and transport of the substrates used in root
respiration varied much more than the below ground
temperature. This dependence on above ground pro-
cesses should also be taken into consideration when
trying to find explanations for the apparent acclimati-
sation of soil respiration to artificial soil warming found
in a tall grass prairie (Luo et al. 2001) and in a boreal
forest (Jarvis and Linder 2000).

In conclusion, there is more and more evidence sug-
gesting that soil temperature does not exert the major
control on the rate of root/rhizosphere/mycorrhizal
respiration in trees and that, in analogy with root res-
piration and root growth in grasslands (Craine et al.
1998; Fitter et al. 1998), and nitrogenase activity in
A. incana (Ekblad et al. 1994), the rate of tree root res-
piration is dependent on the availability of recently
produced photosynthates (Ekblad and Högberg 2001;
Högberg et al. 2001; Bhupinderpal-Singh et al. 2003). It
is well known that weather variables like air humidity
and air temperature have a profound impact on the rate
of net photosynthesis (Lambers et al. 1998). It now ap-
pears that these above ground processes also have a
direct and rapid influence on root and soil respiration.
We propose this influence is proportionally largest in the
middle of the growing season and in situations when
there is large day-to-day variations in the above ground
weather conditions. By including both above and below
ground conditions in the modelling of soil respiration,
and by using natural variations in d13C as a tracer, we
can improve our understanding of the mechanisms reg-
ulating its rate.
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Abstract 
We hypothesised that the relative contribution from autotrophic and heterotrophic respiration 
to total soil respiration may vary temporally and hence, the relative influence of recently 
produced photosynthates on the �13C-signature of soil respiration may also vary. To 
investigate this, soil respiration measurements were conducted in a Norway spruce forest in 
southern Sweden in control plots during the growing seasons of 2002-2004 and in trenched 
plots (heterotrophic respiration) following a root trenching in June 2003. Day-to-day 
variations of soil respiration rate and the �13C of soil-respired CO2 (y-variables) were 
explained (Q2) in a PLS (partial least square regression) modelling using weather (air 
temperature, vapour pressure deficit, VPD, and photosynthetic active radiation, PAR), soil 
moisture and soil temperature as x-variables. In control plots, air temperature and VPD (three 
successive days included in each model) explained up to 68% in 2002 and up to 42% in 2004, 
of the day-to-day variation in �13C of soil respired CO2. Adding soil moisture and soil 
temperature to the modelling did not increase the Q2. In contrast in 2003, above ground 
weather explained only 19% of the variation in �13C. However, the explained variance 
increased up to 72% when all respiration sampling events preceded by at least one day of low 
PAR and VPD (unfavourable conditions for photosynthesis) out of the seven days prior to 
CO2-sampling were excluded. Between 53% and 84% of the day-to-day variation in rates of 
soil respiration were explained by variations in weather with a lag of 2 to 4 days. In contrast, 
the �13C signature lagged behind weather conditions by 3 to 6 days, which was 1 to 3 days 
longer than for soil respiration rates. We hypothesize the reduced lag for soil respiration rates 
to be the result of pressure concentration waves moving in the phloem at higher rates than the 
solute itself (i.e., than the �13C–label), which is consistent with current phloem transport 
theory and measurements in angiosperms. Whether these waves occur in conifers needs 
further investigation. Our results are consistent with the expectation that the �13C of newly 
produced photoassimilates controls to a large extent the �13C of soil respiration. However, the 
tight link between photosynthesis and belowground �13C-signatures seem to be dependent on 
good weather conditions during the entire period (up to 7 days) needed for the 13C-signal to 
appear in soil respiration.  
 
 
Keywords: autotrophic respiration, 13C, heterotrophic respiration, Picea abies, root 
respiration, stable isotope 
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Introduction 
 
Soil respiration is the largest component of ecosystem respiration, contributing to ~70% of 
ecosystem respiration in temperate forests [Ryan and Law, 2005]. Increased knowledge of 
how environmental factors regulate soil respiration is critical for understanding ecosystem 
carbon cycling and potential responses to climatic change.  

Soil respiration consists of two components, autotrophic respiration (including 
mycorrhizal fungi and root associated organisms) and heterotrophic respiration (from 
decomposition of soil organic material). Both are dependent on substrate availability, though 
from different C sources, the production of photoassimilates and the supply of organic matter 
respectively [Högberg et al., 2001; Giardina and Ryan, 2002]. The relative contribution of 
root respiration to total soil respiration varies between 5% and 90% between different 
ecosystem types [Hanson et al., 2000], while results from girdling experiments in coniferous 
forests in northern Sweden have shown that the relative contribution of root respiration to 
total soil respiration is between 50 and 65% [Högberg et al., 2001; Bhupinderpal-Singh et al., 
2003; Olsson et al., 2005]. Root trenching is a frequently used method to separate autotrophic 
and heterotrophic respiration since it turns off the transport of photoassimilates to the roots 
[Hanson et al., 2000]. However, the influence of residual decomposing roots and associated 
ectomycorrhizal fungi on soil respiration may last for several months [Hanson et al., 2000; 
Högberg and Högberg, 2002]. 

Root respiration has been treated as a strictly heterotrophic process that responds to 
belowground temperature and moisture changes alone [Raich and Potter, 1995]. However, 
root respiration has recently been shown to be fuelled by recently fixed C from photosynthesis 
[Högberg et al., 2001; Ekblad and Högberg, 2001] and the availability of photosynthates 
seems to regulate to a large extent the rate of root respiration [Ekblad et al., 2005; Comstedt et 
al., 2006].  

A powerful tool to investigate the origin of soil respiration is to use stable isotope 
measurements. Seasonal variations in the 13C signature of soluble sugars in the phloem 
[Scartazza et al., 2004], soil respiration [Ekblad and Högberg, 2001; McDowell et al., 2004; 
Ekblad et al., 2005] and ecosystem respiration [Bowling et al., 2002; McDowell et al., 2004 
Knohl et al., 2005] correlated with variations in air humidity a few days prior to measurement. 
Also, a strong negative correlation between soil moisture and �13C of soil respiration was 
found in an old growth coniferous forest [Fessenden and Ehleringer, 2003]. Environmental 
conditions, such as air humidity and soil moisture, are known to influence stomatal aperture, 
which in turn has a profound effect on discrimination against 13C during CO2 fixation in C3 
plants [Farquhar et al., 1989].  

The coupling between variations in the �13C of photoassimilates and soil respiration 
may not always be tight as found recently in a study of ecosystem respiration in Nothofagus 
forests [Barbour et al., 2005]. This was suggested to be due to variations in the relative 
contribution of autotrophic respiration [Barbour et al., 2005]. Alternatively, in systems with a 
large relative contribution of autotrophic respiration, its relative rate may vary due to 
variations in plant physiological factors like phloem transport rates, giving rise to tradeoffs 
between the use of stored versus newly produced photosynthates. Also, temporal variations in 
soil factors such as soil moisture and soil temperature, which may affect the heterotrophic and 
autotrophic activity differently [Bhupinderpal-Singh et al., 2003; Comstedt et al., 2006], may 
play a role. Temporal variations in the �13C signature of heterotrophic respiration could 
potentially contribute to a “noisy” isotopic signal of soil and ecosystem respiration. This 
could be due to temporal variations in the relative contribution of soil respired CO2 from 
different soil horizons to total soil respiration because the �13C values of heterotrophically 
respired C increases with soil depth [Boström et al., 2007]. Variations could also be caused by 
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differences in temperature sensitivity of decomposition [Davidson and Janssens, 2006] and 
the �13C of recalcitrant versus labile C pools [Biasi et al., 2005; Andrews et al., 2000].  

Recently, Ekblad et al. [2005] applied a multivariate modelling approach to explain 
seasonal variations in soil respiration rate and its �13C during the growing season of 2002 in a 
Norway spruce forest. Air temperature and VPD a few days before respiration measurements 
explained 77% of the variation in soil respired �13C and 86% of the variation in the soil 
respiration rate. It was proposed that root/soil respiration rates were governed by recent above 
ground weather conditions, at least during the part of the season under study. In the present 
paper, we present data from two additional growing seasons. In addition, a root trenching 
experiment was started in June 2003 with one main aim to separate autotrophic and 
heterotrophic respiration, which is presented elsewhere [see Comstedt et al., unpublished]. In 
this work, multivariate-modelling is used to explain the seasonal variation in soil- and 
heterotrophic respiration rate and their �13C signatures (y-variables), using recent weather (air 
temperature, VPD and PAR), soil moisture and soil temperature as x-variables. We 
hypothesised that the soil respiration rate should be controlled mainly by weather conditions, 
but also by belowground conditions, while soil respired �13C should be controlled by recent 
weather conditions and that heterotrophic respiration rate and �13C should be controlled by 
soil moisture and soil temperature.  
 
Material and Methods 
    
Site description 
The study was conducted in a 22 m tall, Norway spruce �Picea abies (L.) Karst forest stand 
planted in 1934 on former farmland at Brevens bruk, southern Sweden (59
00�N, 15
00�E, 
125 m above sea level). Birch (Betula pendula Roth) trees of similar height as the spruce trees 
occurred in the stand and no understorey plants or mosses were found on the surface of the 
soil [Ekblad et al., 2005]. The soil is a washed till dominated by sand (90 %) and with a 
carbon content (excluding roots) of 13.8% in the upper 2 cm, decreasing down the profile to 
1.6% at 10-20 cm depth [Boström et al., 2007]. The biomass of living fine roots (� 2 mm) 
down to 20 cm depth was estimated to 4200 � 900 kg ha-1 in August 2004 [Boström et al., 
2007]. 
 
Plot design and soil respiration measurements 
Within the stand, eight control plots (cross-sectional area 0.0464 m2) were chosen in 2002, 
with a distance of 3-5 m between each plot [Ekblad et al., 2005]. Two more plots were added 
in April 2003, making it a total of 10 control plots. Ten additional plots, that later were 
trenched, were each paired with a control plot and kept separate by a minimum distance of 2.5 
m. The trenching experiment was initiated on June 17, 2003. PVC cylinders (inner diameter 
29.7 cm) were pushed and rotated to a soil depth of 50 cm. The majority of root biomass 
(84%) was found in the upper 20 cm of the soil profile [Boström et al., 2007]). No roots were 
found in the trenched plots at harvest after the final gas sampling in November 2004, but fruit 
bodies of an ectomycorrhizal fungus (Russula sp.) were found in two of the trenched plots in 
October 2004. 

Each soil respiration measurement was carried out in the middle of the day as 
previously described [Ekblad and Högberg, 2000] on nine occasions during June-October 
2002 [Ekblad et al., 2005], on 19 occasions during April-November 2003, and on eight 
occasions during June-October 2004. At sampling, an opaque PVC cylinder (cross sectional 
area, 0.0464 m2) was placed on the soil surface on each plot, and a lid was placed on each 
cylinder, creating a 6-l headspace. Over a 10-min period after closing the lid, a total of three 
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to five gas samples (12-ml each) were withdrawn with a syringe at intervals and directly 
transferred to pre-evacuated glass vials (Labco Exetainer; High Wycombe, Castleford, 
England). For a detailed description of sampling, see Ekblad et al. [2005]. CO2 concentrations 
and 13C abundance of the CO2 in the vials were determined within a week as described by 
Ekblad et al. [2005]. The rate of evolution and the isotopic composition ��13C (o/oo): �13C 
=1.000 �(Rsample - Rstandard)/ Rstandard (o/oo), where R= 13C/ 12C� of the CO2 from the soil were 
calculated as previously described [Ekblad and Högberg, 2000]. 
 
Meteorological data  
Air temperature and relative humidity were continuously recorded in an open location situated 
2 km north of the study site using a Tinytag Plus (Intab, Stenkullen, Sweden). Daily 
accumulated precipitation (ARG100 Tipping Bucket Raingauge, Environmental 
measurements LTD, Sunderland, UK) and photosynthetic active radiation, PAR (Par Lite, 
Kipp & Zonen, Delft, The Netherlands), were recorded in 2003 and 2004 at the same location. 
Air temperature and relative humidity data were used to derive vapour pressure deficit, VPD. 
Soil temperature at 5, 10 and 15 cm depth was measured in the forest stand at the time of 
respiration measurements, using a Tinyview Plus Temp H with a 14 cm long temperature 
probe (Intab, Stenkullen, Sweden) and continuously at 5 cm depth with a Tinytag Plus data 
logger. Soil moisture (percentage of dry weight) at 0-8 cm depth was measured in each plot at 
the time of CO2 sampling using a Theta probe type ML2 (Delta-T Devices, Cambridge, 
England).  
 
Statistical analysis 
A multivariable approach was applied to study the relation between x-variables (air 
temperature, VPD, PAR, soil temperature and soil moisture) and y-variables (soil respiration 
rate and �13C of respired CO2), using Partial Least Square regression (PLS) analyses [See 
Ekblad et al., 2005]. Both soil respiration and ln(soil respiration) were used as response 
variables in the modelling, ln(soil respiration) showed higher predictive ability (Q2) and is 
therefore presented. All variables were scaled to unit variance prior to the PLS modelling. All 
multivariate analyses were made with the SIMCA-P 8.0 program (Umetrix, Umeå, Sweden).  

Unlike multiple regression analyses, the PLS method is able to handle correlated x-
variables [Eriksson et al., 1999], and is therefore an ideal method for multivariate modelling 
in this instance. The PLS regression creates a number of latent, PLS-components in the x-
matrix that explain the variation in one or more y-variables. The latent variables are estimated 
consecutively and the significance of each component in the model is determined by cross-
validation. The number of cross-validation rounds in each model in this study was set to equal 
the number of observations (unless the number of observations was more than 13). To avoid 
over-fitted PLS-models, the statistical significance of the predictive power (Q2) of each PLS-
model was further validated by permutation testing. In this testing, a number of parallel 
models were developed in PLS, where x-data were left intact, but the temporal position of the 
y-data was randomly shifted. The Q2 of the PLS-model is evaluated in the light of the 
distribution of Q2-values of these re-ordered response data. The number of permutations in the 
validation of each model was set to 100. In the testing, the Q2 values of the permuted data sets 
are correlated to the correlation coefficient between the original and permuted response data. 
The PLS-model was considered statistically significant if the intercept of this line was <0.05. 
If this was not the case, the number of PLS-components was reduced one at a time until this 
condition was met. The model’s predictive ability (Q2) was expressed as the fraction of the 
variance explained by the cross-validation predictions with all significant PLS-components 
included. Thus, in summary, cross-validation shows the predictive power of the model and 
permutation testing assesses the statistical significance of the estimated predictive power. 
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In the PLS modelling, both belowground data (soil temperature and soil moisture) and 
recent weather data (air temperature, VPD and PAR) were used as x-variables to explain the 
day-to-day variation in ln(soil respiration) and �13C of respired CO2 for each season. We 
performed the modelling in three stages. To start with, soil temperature and/or soil moisture 
from the day of sampling was used in the modelling (giving up to 2 x-variables in each 
model). In the next stage, weather data from 3 consecutive days were used as x-variables in a 
PLS time series analysis, moving step-by-step from day 0 (=day of CO2 sampling) to day 12 
(=12 days before sampling). Thus, a 3-day shift in the model corresponds to a 2 to 4-day lag 
in weather from the day of sampling. The time series analyses were conducted with air 
temperature and VPD together (6 x-variables in each model, i.e. two measurements times 
three days) and also with air temperature, VPD and PAR together (9 x-variables in each 
model). In the third stage, we combined the aboveground weather data that gave models with 
significant Q2 in stage two of the modelling with the soil temperature and soil moisture data 
used in the first stage of the modelling giving 8 or 11 x-variables in each model. In the 
modelling, we used air temperature and VPD data from 1 p.m., and PAR data averaged 
between 10 am and 2 p.m. 
 
Results 
 
Weather parameters 
Air temperature (at 1 p.m.) ranged between 9.0 and 29.4 oC in 2002 (June-September), –1.7 
and 29.8 in oC 2003 (April-November) and 9.3 and 29.4 oC in 2004 (June-October), and 
showed day-to-day variations of up to 14 oC (Figure 1). Both 2002 and 2003 had growing 
seasons with unusually high air temperatures, being 1.5 to 5.4oC above the monthly average 
for the region (Swedish Metrological and Hydrological Institute) during May to September 
2002 and 1.0 to 2.4oC above the monthly average for the region from July to September 2003. 
Soil temperature at 5 cm depth (at 1 p.m.) followed a similar seasonal pattern as air 
temperature, but the day-to-day variations were damped compared to air temperature 
variations. Soil temperature ranged between 6.8 and 17.4 oC in 2002 (June-September), –0.4 
and 17.7 in 2003 (April-November) and between 6.8 and 17.5 oC in 2004 (June-October). The 
VPD (at 1 p.m.) varied between 0 hPa and 29 hPa being on average 12.1 hPa in 2002, 9.6 hPa 
in 2003, and 8.2 hPa in 2004. The PAR (averaged between 10 a.m. and 2 p.m.) ranged 
between 46 and 1654 	mol m-2 s-1 (Figure 2). Soil moisture content in control plots showed 
no clear seasonal trend and ranged between 16.3% and 27.5% of d.w. [Comstedt et al., 
unpublished], with the lowest value recorded on August 13 in 2003, and the highest value 
recorded on July 20 in 2004. The plots that were trenched on June 17, 2003, showed 0.6 to 
3.7% of d.w. higher soil moisture contents compared to the control before the trenching, 
ranging between 19.3 and 29.1% of d.w.. One month after the trenching, the difference in soil 
moisture content between control and trenched plots had increased slightly, to about 6% of 
d.w., due to decreased soil moisture content in the control. After this the difference between 
control and trenched plots was in between 5.8% and 9.9% of d.w., except on November 6 in 
2003 and 20 July in 2004 when the difference was 3.3% and 3.8% respectively (Figure 1).  
 
Soil respiration rates 
Soil respiration rates of the control plots were low in spring and early part of summer each 
year, ranging from 37 to 78 mg C m-2 h-1 between April and early June (Figure 1). Sharply 
increased respiration rates were observed during the summer months with seasonal peaks of 
146 mg C m-2 h-1 on June 25 in 2002, 162 mg C m-2 h-1 on June 30 in 2003 and 229 mg C m-2 
h-1 on July 20 in 2004. Soil respiration rates decreased during the autumn, ranging from 72 to 
122 mg C m-2 h-1 between September and November.  
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Soil respiration rates of the trenched plots decreased by 33% (by 53 mg C m-2 h-1) 
compared to the control 13 days after trenching (Figure 1; and see Comstedt et al. 
[unpublished]). Respiration from trenched plots peaked at 122 mg C m-2 h-1 on July 7 and 
August 4 in 2003 and at 131 mg C m-2 h-1 on July 20 in 2004. The lowest respiration values in 
the trenched plots were 71 mg C m-2 h-1 on November 6 in 2003 and 57 mg C m-2 h-1 on June 
18 in 2004. 
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Figure 1. Soil respiration and meteorological data from a Norway spruce forest at Brevens bruk for 
the years 2002 [data from Ekblad et al. 2005], 2003 and 2004. a. Soil respiratory CO2 efflux from 
control (open circles) and trenched (filled circles) plots. Asterix indicate sunny observation (see 
Results). b. Relative soil moisture (% of d.w.) in the control (open circles) and in trenched (closed 
circles) plots at time of CO2 sampling c. Air temperature at 1 p.m. (thick solid line), soil temperature at 
5 cm depth at 1 p.m. (thin solid line) and accumulated daily precipitation (bars). Arrows show start of 
the trenching experiment. Soil respiration are presented as mean � SE for n = 8 in 2002, n = 10 in 
2003 and 2004.  

 
�13C of soil respired CO2  
The �13C of soil respired CO2 of control plots varied between –24.4 0/00 and –26.7 0/00 in 2002 
(data from [Ekblad et al., 2005]), –26.1 0/00 and –28.8 0/00 in 2003, and between –24.7 0/00 and 
–28.3 0/00 in 2004 (Figure 2). Isotopic shifts of up to 2.6 0/00 were found from one 
measurement to another.  
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Figure 2. The isotopic composition (�13C) of soil respired CO2 from the trenching experiment at 
Brevens bruk and meteorological data for 2002 [data from Ekblad et al. 2005], 2003 and 2004. a. �13C 
of soil respired CO2 in control (open circles) and trenched (closed circles) plots. b. Average 
photosynthetically active radiation, PAR between 10 a.m-2 p.m. (not measured in 2002) .c. Vapour 
pressure deficit, VPD at 1 p.m. For trenched plots, presented �13C data is from after the trenching 
(June 17, 2003). Gaps in the PAR and VPD graph are due to missing data. Arrows show start of 
trenching experiment. �13C of soil respired CO2 are presented as mean � SE for n = 8 in 2002, n = 10 
in 2003 and 2004. Asterix indicate sunny observation (see Results). 

 
The �13C of soil respired CO2 from the trenched plots varied between –26.4 0/00 and  

–28.3 0/00 in 2003, and between –25.6 0/00 and –28.2 0/00 in 2004. It was significantly different 
(p < 0.05) from the respired �13C of control plots only on August 4, 2003 (1.3 0/00 enrichment) 
and on August 27, 2004 (0.9 0/00 depletion; Figure 2). On average, the respired �13C of 
trenched plots was –27.4 0/00 (SE = 0.2, n = 11) in 2003 (from June 18 to November 6),  
–27.4 0/00 (SE = 0.3, n = 8) in 2004 and –27.3 0/00 (SE = 0.2, n = 19) for both seasons. 
 
PLS-modelling of �13C of soil respired CO2  
Air temperature and VPD data for 2002 was shown previously [Ekblad et al., 2005] to explain 
68% of the day-to-day variation in soil respired �13C (Figure 3, Table 1). The explained 
variance was much lower for the �13C data from the whole growing seasons of 2003 (19%) 
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and 2004 (0%) using these two weather variables. We hypothesised this lack of correlation to 
be due to low availability of newly produced photosynthates for autotrophic respiration during 
some periods of the growing seasons. To test this, we divided the season of 2003 into 
observations with high and low VPD and PAR. We found that for 9 of the 19 total 
observations, at least one of seven days prior to the day of CO2 sampling had a VPD of 0 hPa 
and a PAR below 400 	mol m-2 s-1 (as averaged between 10 a.m. and 2 p.m). These 9 were 
assigned “cloudy observations” and the remaining observations were assigned “sunny 
observations”. The inclusion of seven days in this evaluation was motivated by previous 
results using data from the whole growing season (Table 1) and by results from the analysis of 
the 2002 data [Ekblad et al., 2005]. The “cloudy” and “sunny” groups had a similar range of 
soil respired �13C, varying between �28.3 0/00 and �26.1 0/00 for cloudy observations (May 5, 
June 16, 18, 30, July 7, August 4, September 3, 29 and November 6), and between �27.5 0/00 
and �26.1 0/00 for sunny observations (April 23, May 14, 22, 28, June 4, 10, 23, July 15, 21). 
The observation on August 13 (� 28.8 0/00) was excluded from the modelling (both of ln(soil 
respiration) rate and soil respired �13C) since it reduced the Q2 drastically and was preceded 
by a two-week period of very warm and dry weather where the soil moisture content was the 
lowest recorded over all three growing seasons (see above). It is possible that this led to 
drought stress in the trees, and a negative effect on photosynthesis and C allocation below 
ground. Nevertheless, air temperature and VPD 5 to 7 days before CO2-sampling explained 
72% of the variation in soil respired �13C for sunny observations, while air temperature and 
VPD 0 to 2 days prior to sampling explained only 24% of the variation for cloudy 
observations (Figure 4, Table 1). For the 2004 data no significant models were achieved 
without excluding the observation on June 2. This was motivated by the observation that 
autotrophic respiration contributed minimally to total soil respiration during that day 
according to results from modelling of soil respiration rates [Comstedt et al., unpublished]. 
After doing this, we found that recent air temperature and VPD together explained 42% of the 
variation in �13C (Figure 3, Table 1). The addition of PAR as an x-variable in the PLS-models 
only marginally changed the explained variance of soil respired �13C for any of the seasons 
(Table 1). In general, the addition of soil moisture and soil temperature to air temperature and 
VPD decreased the explained variance, indicating that the belowground variables only 
contributed noise to the �13C models (Table 1). 

The lag time for maximum Q2 for soil respired �13C was ~5 days for 2002, ~6 days for 
2003, ~6 days for sunny observations and ~3 days for 2004 (Figure 3, Figure 4, Table 1). Soil 
respired �13C in the control plots showed no clear lag pattern in its correlation with air 
temperature, VPD and PAR (not shown).  

For the �13C data of 2004 from the trenched plots, the time series modelling showed a 
highest explained variance of 27% with a lag of ~1 day using air temperature and VPD as x-
variables. The �13C was positively correlated to air temperature, VPD and PAR.  
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Figure 3. Explained variance (Q2) of the variation in ln(soil respiration) (closed circles) and �13C of 
soil respired CO2 (open circles) in relation to time-lag (number of days prior to CO2 sampling) in 
weather data from the PLS time series modelling for 2002 (a), 2003 (b) and 2004 (c). In the 
modelling, air temperature and VPD data from three consecutive days were used as x-variables 
moving stepwise from day 0 (= the day of CO2 sampling) to day 9 (= 9 days prior). A 3-days shift 
corresponds to a model in which weather data for days 2-4 were used (= six x-variables in the model). 
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Figure 4. Explained variance (Q2) of ln(soil respiration) rate (closed circles) and �13C of soil 
respiration (open circles) for the 2003 data divided into sunny observations (a) and cloudy 
observations (b) (see materials and methods for definitions of sunny and cloudy observations). See 
Figure 3 and Materials and Methods for details about the PLS time series modelling. 
 
PLS- modelling of ln(soil respiration) 
Soil temperature and soil moisture together explained only 55% of the day-to-day variation 
(Q2) in ln(soil respiration) in 2002 [Ekblad et al., 2005], 40% in 2003, 60% for sunny 
observations in 2003, 56% for cloudy observations in 2003, but as much as 78% in 2004. 
Comparing the two belowground x-variables, soil moisture explained more of the day-to-day 
variation in soil respiration than soil temperature in 2002 and 2004, while soil temperature 
explained more than soil moisture in 2003 (Table 1). The time series analysis showed that air 
temperature and VPD together explained much of the day-to-day variation (Q2) in ln(soil 
respiration) of control plots, being 83% in 2002 [Ekblad et al., 2005], 63% in 2003, 88% for 
sunny observations 2003, 70% for cloudy observations 2003 and 57% in 2004 (Table 1). Soil 
moisture and soil temperature generally did not improve the Q2 of the air temperature and 
VPD time series models with the exception of data from 2004 (Q2 = 75%). The highest Q2 for 
the 2004 data (85%) was achieved when also adding PAR to the model. 

The lag times until the Q2 peaked were ~2 days in 2002, ~5 days in 2003, ~4 days for 
sunny observations in 2003, ~3 days for cloudy observations in 2003 and ~2 days in 2004 
(Figure 3 and Figure 4, Table 1). Thus, there was a shorter lag time for ln(soil respiration) 
than for soil respired �13C by 1 to 3 days.  

In the trenched plots for 2004, soil moisture and soil temperature together explained 
85% of the seasonal variation in ln(soil respiration). Adding weather variables (air 
temperature, VPD and PAR) to the modelling decreased the explained variance.  
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Soil respiration in control and trenched plots was positively correlated to air 
temperature, soil moisture and soil temperature, while negatively correlated to VPD and PAR 
(data not shown).  

 
Table 1. Explained variance (%) for ln (soil respiration rate) and �13C of soil respiration from PLS-
analyses. Only significant values (P < 0.05) are presented in the table. The numbers in the parenthesis 
represents the day in the lag with highest explained variance (See Figure 3 and 4), e.g. a 2-day lag 
corresponds to a 1 to 3-day shift that was included in the model. See Results for definitions of sunny 
and cloudy observations. 
Componenta 2002 2003 Sunny 2003 Cloudy 2003 2004 Trenched. 

2004 
ln(soil respiration)   
Ts n.s.b 35 59 71 10 38 
Ms 41 n.s. n.s. n.s. 54 n.s. 
TsMs (a) 55 40 60 56 78 85 
TaD (b) 83 (2) 63 (5) 88 (4) 70 (3) 57 (2) 48 (2) 
a+b 75 (2) 66 (5) 51 (4) 64 (3) 75 (2) 76 (2) 
TaDL (c)  n.a.c 57 (3) 84 (4) 71 (3) 67 (2) 67 (2) 
a+c n.a. 59 (3) 39 (4) 61 (3) 85 (2) 78 (2) 

   
�13C of respired CO2    
Ts n.s. 17 36 n.s. 19 n.s. 
Ms n.s. n.s. n.s. n.s. n.s. n.s. 
TsMs (a) n.s. n.s. 26 n.s. 22 n.s. 
TaD (b) 68 (5) 19 (6) 72 (6) 24 (1) 42 (3) 27 (1) 
a+b 28 (5) 17 (6) 46 (6) 19 (1). n.s. 25 (1) 
TaDL (c)  n.a. 14 (6) 58 (5) 18 (1) 44 (3) n.s. 
a+c n.a. 13 (6) 55 (5) 15 (1) n.s. n.s. 

 a TS = soil temperature, MS = soil moisture. TA = air temperature, D = vapour pressure deficit 
(VPD), L = photosynthetically active radiation (PAR). 

b Not significant (P > 0.05). 
c Not applicable (PAR was not measured in 2002). 

 
 
Discussion 
 
In previous work, soil respired �13C variation was correlated to air humidity in a boreal pine 
forest in northern Sweden with a lag time of 1 to 4 days [Ekblad and Högberg, 2001] and 
correlated to VPD and PAR with a 3-day lag in a ponderosa pine forest in Oregon [McDowell 
et al., 2004], while �13C of ecosystem respiration was correlated to VPD with a lag time of 5 
to 10 days across a 250 km transect (six coniferous forests) in Oregon [Bowling et al., 2002]. 
These results are in accordance with the observations that weather conditions affect the level 
of discrimination against 13C during CO2 fixation [Farquhar et al., 1989] and that autotrophic 
respiration of recently fixed carbohydrates is a significant part of soil respired CO2 [Ekblad 
and Högberg, 2001; Högberg et al., 2001; Tang et al., 2005]. In the present study, the day-to-
day variation of soil respired �13C in 2003 is satisfactorily explained by weather variables 
only when “cloudy” observations are excluded (Figure 3, Figure 4, Table 1), which is in 
support of the expectation that there will be a tight link between photosynthesis and 
autotrophic respiration and that the tightness of the link will vary with meteorological 
conditions. Thus, it is likely that poor weather conditions for photosynthesis result in a weaker 
contribution of recently fixed C substrates to root respiration and in a less pronounced 13C 
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signal. Only a weak correlation between VPD and soil respired �13C was found in an old 
growth coniferous forest, possibly because of a low relative contribution of autotrophic 
respiration to total soil respiration [Fessenden and Ehleringer, 2003]. In a Nothofagus forest, 
day-to-day variation in �13C of phloem sap reflected variations in ecosystem respired �13C 
when wet days (>2 mm rain) were excluded from the statistical analyses [Barbour et al., 
2005]. Also, in a network of European forest sites, the degree of coupling between weather 
variables and ecosystem respired �13C was higher during a dry season than during a wet 
season [Hemming et al., 2005], probably caused by unusual precipitation pattern during the 
wet season.  

The observed lag time between weather variables and soil respired �13C of 3-6 days in 
our study is in accordance with a total phloem transport distance in the tree of approximately 
25-30 m (22 m from top to base of the trees and another estimated 5 m in the roots). A 
transport velocity in the phloem of about 0.25 m hr-1 [Thompson and Holbrook, 2004] should 
theoretically result in a phloem transport time of approximately 4 to 5 days. The variable lag 
times between seasons could stem from uncertainty in our modelling but also from that the lag 
may vary due to variations in photosynthetic rates, phloem loading, unloading, photosynthates 
storage and transport rates. Air temperature, VPD and PAR are known to govern net 
photosynthesis [Lambers et al., 1998] and there is a positive relation between photosynthesis 
and photosynthates export rates from leaves [Grodzinski et al., 1998]. Also, higher phloem 
temperature could result in higher C transport rates in the phloem via a reduction in sap 
viscosity. The lag time may also be influenced by processes at the site of respiration 
[McDowell et al., 2004]. For instance, respiration from the mycelium of EM fungi is much 
higher than that of roots [Söderström and Read, 1987; Heinemeyer et al., 2007] and mycelial 
biomass is known to vary over the growing season [Wallander et al., 2001].  

The shorter lag time for ln(soil respiration) than for respired �13C (Figures 3 and 4, 
Table 1) indicates that changes in soil respiration rates and changes in the 13C-label in respired 
CO2 were temporally decoupled. A similar decoupling was suggested recently in a ponderosa 
pine forest in which there was a shorter lag time between stomatal conductance and net 
ecosystem CO2-exchange than between stomatal conductance and soil respired �13C 
[McDowell et al., 2004]. The reason for this phenomenon is unknown, but one explanation is 
that soil respiration rates were affected by pressure-concentration waves in the phloem sap 
moving faster than the assimilate transport (�13C) [Thompson and Holbrook, 2004]. 
Previously, these waves have been observed in tree trunk sieve tubes of Quercus borealis 
[Huber et al., 1937] and Fraxinus americana [Zimmermann, 1969; Lee, 1981], and have been 
suggested to explain the short lag of 7-12 h between photosynthesis and respiration in an oak-
grass savanna [Tang et al., 2005]. However, whether pressure-concentration waves exist in 
conifers is not known.  

One important finding in this study is the fact, already mentioned above, that the 
coupling varies between changes in VPD and the isotopic signature of soil respiration. In 
2002, this link was clear over the entire season, while in 2003 the coupling was less 
pronounced. From the time of trenching onwards, most of the observations in 2003 were 
classified as “cloudy” (Figure 1 and 2), and thus uncoupled to changes in above ground 
weather conditions. Despite this, there was large variation in the isotopic signature of soil 
respiration in the control over this period (up to 2.6 0/00; Figure 2). This indicates that factors 
other than the isotopic signature of newly produced photosynthates can contribute to variation 
in soil respired �13C, such as a switch to the respiration of stored starch reserves, which are 
relatively 13C-enriched [Schmidt and Gleixner, 1998]. An isotopic shift from a low to a higher 
value could be more likely than the opposite when root respiration is swapping from recently 
produced photosynthates to stored C. Other potential factors include variation in the 
contribution of autotrophic respiration to total soil respiration or variation in the isotopic 
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signature of heterotrophic respiration. How much heterotrophs contributed to the observed 
variations in the control is unknown. The similar day-to-day changes in isotopic signatures in 
the control and trenched plots suggest that variation in the heterotrophic contribution could be 
significant. However, isotopic variations in the trenched plots are not directly transferable to 
changes in the heterotrophic component of the control, since much of the variation in the 
trenched plots may result from the transient flush of CO2 coming from decomposition of fine 
roots and mycorrhizal mycelium. Indeed, large transient changes in the �13C signature of 
heterotrophic respiration were found in a girdling experiment of a boreal Scots pine forest 
[Bhupinderpal-Singh et al., 2003]. Girdled plots showed up to 5 0/00 higher �13C values for 
soil respiration than the control plots over a period of about a year after girdling. This was 
suggested to be caused by decomposition of fungal biomass and turnover of root starch and 
sugar reserves [Bhupinderpal-Singh et al., 2003]. The mycorrhizal mycelium is known to be 
13C-enriched compared to root biomass [e.g. Boström et al., 2007]. Furthermore, the isotopic 
signature of heterotrophic respiration in both the control and trenched plots could potentially 
be affected by variations in the relative contribution of different soil horizons to total soil 
respiration, e.g. because of drought. Previous investigations of the �13C of respired CO2 from 
decomposition of sieved root-free soil sampled in the same forest stand as in the present 
study, showed an increased �13C from –27 0/00 in the litter-layer to –25 0/00 at 50 cm depth 
[Boström et al., 2007]. In addition, laboratory incubations of soils at various temperatures, 
suggest differences in the temperature sensitivity of decomposition of recalcitrant (13C-
depleted) and labile (13C-enriched) C pools [Andrews et al., 2000; Biasi et al., 2005]. 

 
Conclusions 
We have shown that the tightness of the link between weather conditions and soil respired 
�13C can vary both between seasons and within a single season, depending on the 
environmental conditions. During periods that are unfavourable for photosynthesis (low PAR 
and VPD), the supply of recently assimilated C to the roots may be too small for the �13C 
signal of autotrophic respired to be detected. Instead, the roots may be relying more heavily 
on C stored in starch along the transport pathway, which is, on average, relative 13C-enriched 
compared to sucrose. Or, heterotrophic respiration, may comprise a larger proportion of total 
soil respiration, thus delivering a greater impact on soil respired �13C and giving rise to a 
“noisy” isotopic signal. The lag between weather conditions and soil respired �13C varied 
between 3 to 6 days which was 1 to 3 days longer than for the soil respiration rate. We 
hypothesise this difference in temporal lag to be the result of pressure-concentration waves 
moving in the phloem more quickly than the solute itself (i.e. the �13C label), which is a 
hypothesis consistent with current phloem transport theory. However, whether these waves 
occur in conifers needs further investigations. Our results highlight the need to include both 
belowground and aboveground factors when modelling soil respiration rates and variation in 
soil respired �13C. 
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Autotrophic and heterotrophic soil respiration in a Norway spruce forest – 
Estimating the root decomposition and soil moisture effects in a trenching 

experiment 
 

Daniel Comstedt, Björn Boström and Alf Ekblad 
Department of Natural Sciences, Örebro University, SE-70182 Örebro, Sweden 

 
Abstract In order to separate the two components of soil respiration, autotrophic respiration 
(from roots, mycorrhizal hyphae and associated microbes) and heterotrophic respiration (from 
decomposers), a root trenching experiment was conducted in a Norway spruce forest in 
Southern Sweden. In mid June 2003, cylinders (29.7 cm inside diameter) were inserted to 50 
cm soil depth and soil respiration was measured both outside (control) and inside the 
cylinders (trenched). The potential problems associated with the trenching treatment, 
increased root decomposition and changed soil moisture conditions were handled by empirical 
modelling. We calibrated the model using data of soil moisture and soil temperature sampled 
in the trenched plots during 2004 as x-variables. From the modelling we estimate that over the 
first five months after the trenching, 45% of respiration from the trenched plots was an 
artefact of the treatment. Of this, 29% was a water difference effect and 16% resulted from 
root decomposition. Autotrophic and heterotrophic respiration contributed to about 50% each 
of total soil respiration integrated over the three growing seasons but the relative contribution 
from autotrophic respiration varied and was generally lowest early each growing season. 
Autotrophic respiration showed a great day-to-day variation and was correlated to total soil 
respiration (r2 = 0.79-0.95, p < 0.05), while did not correlate to soil temperature or soil 
moisture. In contrast, heterotrophic respiration followed a seasonal pattern and was less well 
correlated to total soil respiration (r2 = 0.62-0.82, p < 0.05). This illustrates that day-to-day 
variations in total soil respiration rates were largely governed by variations in the rate of 
autotrophic respiration. We show that the problems associated with trenching, i.e. increased 
respiration rates mainly due to decomposing roots and treatment differences in moisture 
conditions, can be handled by a modelling approach, which is as an alternative to the 
sequential root harvesting technique. 
 
Keywords: Humidity, 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 CO2 (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; Högberg et al., 2001). 
Accurate estimation of the contribution of each component is thus needed to evaluate 
implications of environmental change on soil C cycling and sequestration. 
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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) comparing soil respiration with 
and without 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 ectomycorrhizal fungi (Högberg and 
Högberg, 2002), which can result in an overestimation of the heterotrophic respiration. In a 
beech forest the estimated contribution of heterotrophic 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, making a root harvest cumbersome, tedious and time-consuming, in 
particular in stony soils. To reduce the impact of decomposing roots, 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; Högberg 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 used an empirical modelling approach to estimate the effects of root 
decomposition and changed water content (relative to the control) 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 three 
successive years. Our main aim was to estimate autotrophic and heterotrophic respiration rates 
corrected for the artefactual effect of the trenching treatment. Based on previous studies on 
multivariate analyses of the day-to-day variations in total soil respiration rate and its �13C 
signature (Ekblad et al., 2005; Comstedt et al., unpublished), we hypothesized that temporal 
variations in autotrophic respiration rates would explain much of the day-to-day variation in 
soil respiration rates. 
 
 
Material and 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 
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same height as the spruce trees occur in the stand. No understorey plants or mosses are found 
on the ground. The soil is a sandy, washed till 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 (Boström et al., 2007). Living fine 
root (� 2 mm) biomass down to 20 cm depth was estimated to about 420 g dry weight m-2 
(200 g C m-2) in August 2004, with approximately two thirds in the upper 10 cm of the soil 
(Boström et al., 2007). Assuming an exponential decline with depth, we estimate a root 
biomass of 38 g m-2 between 20 and 50 cm depth and 2.8 g m-2 between 50 and 100 cm depth. 
Thus, we estimate that about 0.6% of a total root biomass of 459 g m-2 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 m2) 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 10 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. 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. 

Soil respiration was sampled from the control plots on nine occasions over the period 
June-October in 2002 (data from Ekblad et al., 2005). In 2003 the 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 Högberg, 2000). Briefly, an opaque PVC cylinder (cross sectional area, 
0.0464 m2) with a removable lid was at sampling placed on the forest floor on each plot 
creating a 6-l 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-
evacuated (within 24 h before sampling) glass-vials (Labco Exetainer; High Wycombe, 
Castleford, England). Analysis of CO2 concentrations and 13C abundance of the CO2 was 
made within less than a week as described by Ekblad et al. (2005). The CO2 evolution rate and 
the isotopic composition of the CO2 ��13C (o/oo): �13C = 1,000 �(Rsample - Rstandard)/ Rstandard 
(o/oo), where R = 13C/ 12C� from the soil were calculated as previously described by Ekblad 
and Högberg (2000). The results on �13C are presented elsewhere (Comstedt et al., 
unpublished). 

 
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). 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. We used soil 
respiration, soil moisture and soil temperature data from the trenched plots from 2004 as a 
calibration set and a partial least squares projection to latent structures analysis (PLS; Simca 
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8.0 program; Umetrix, Umeå, Sweden) to generate a PLS-model. With this PLS-model we 
generated “root-free” heterotrophic respirations rates in the control plots 2002 to 2004 and in 
the trenched plots 2003 using soil moisture and soil temperature as x-variables. The PLS-
method is used much in the same way as multiple regression analysis [see Ekblad et al. (2005) 
and references therein for further information about the PLS-method]. We assumed that the 
contribution to respiration from decomposition of roots was minor during this second season 
after trenching and that the differences in heterotrophic respiration rates between the control 
and trenched plots were mainly caused by moisture differences. 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.  
 
Statistical analysis 
In the PLS-modelling, all the variables were scaled to unit variance before analysis and 
logarithmic values of soil respiration rates (ln soil respiration rate) were used. The explained 
variance (Q2) of the PLS-model was calculated by cross-validation (see Ekblad et al. 2005 and 
references therein for further details on PLS-modelling). All the correlations were tested using 
ordinary least square regression analysis.  
 
 
Results 
 
Temperature and soil moisture  
Air temperature measured on the day of sampling ranged between 12-28 oC in 2002, between 
6-27 oC in 2003 and between 10-20 oC in 2004, with the highest values recorded July 30, July 
15 and June 2 (Fig. 1). A similar seasonal pattern was observed for soil temperature, ranging 
between 8-17.5 oC in 2002, between 6-19 oC in 2003 and between 9-15.5 oC in 2004, with the 
highest values recorded July 30, July 15 and August 17. Soil moisture content in control plots 
showed no clear seasonal trends, varying between 17-28% of dry weight in 2002, 16-27% in 
2003 and 17-27% in 2004 (Fig. 1). After trenching, soil moisture content in the trenched plots 
increased by 4% (p < 0.05) after six 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.  
 
Soil respiration in control plots 
Soil respiration rates from the control plots were generally low in April to early June, ranging 
between 37-78 mg C m-2 h-1 (Fig. 1). In June 2002 and 2003 and July 2004, there was a sharp 
increase in respiration rates. In fact, total soil respiration rates increased by more than 300 % 
within two weeks in 2002, and within less than three weeks in 2003. Respiration peaked on 
June 25 in 2002 (146 mg C m-2 h-1), June 30 in 2003 (162 mg C m-2 h-1) and on July 20, 2004 
(229 mg C m-2 h-1). The rates decreased towards the end of each season to values ranging 
between 72-122 mg C m-2 h-1, 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-1 (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-1 (6 to 32%), while in 2004 the 
difference varied from 4 to 98 mg C m-2 h-1 (7 to 43%). For both seasons, the greatest 
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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 to November 6, 2003 and June 2 to 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.  
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Figure 1. Soil respiration and meteorological data from a Norway spruce forest close to Brevens bruk, 
Sweden, for the years 2002, 2003 and 2004. a. Soil respiratory CO2 efflux from control (open circles) 
and trenched (filled circles) plots. b. Soil moisture content (% of d.w.) in control (open circles) and in 
trenched (filled circles) at time of CO2 sampling. c. Air temperature (open squares) and soil 
temperature at 5 cm depth (filled squares) at time of CO2 sampling. The gap in air temperature values 
is due to missing data. Data from 2002 is from Ekblad et al. (2005). Arrow indicates the start of the 
trenching experiment. Error bars show ± SE for n = 10. 
 
Modelled autotrophic and heterotrophic respiration in control plots 
In the PLS- modelling of the calibration set (data from the trenched plots 2004), soil 
temperature and soil moisture together explained as much as 85% of the day-to-day variation 
in respiration rates (cross-validated explained variance; Q2; see Comstedt et al., unpublished). 
Separately, soil temperature explained 38%, while soil moisture did not significantly explain 
any of the variation (Comstedt et al., unpublished). 

This PLS-model generated heterotrophic respiration rates in the control plots that varied 
seasonally between 27-85 mg C m-2 h-1 in 2002, between 28-82 mg C m-2 h-1 in 2003 and 
between 33-90 mg C m-2 h-1 in 2004 (Fig. 2). The autotrophic respiration rates, calculated as 
the difference between the recorded soil respiration rates and modelled heterotrophic 
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respiration rates, showed a large range between the highest and lowest value in all three 
growing seasons. Thus, the rates varied between -2-78 mg C m-2 h-1 in 2002, between 6-99 mg 
C m-2 h-1 in 2003 and between 28-139 mg C m-2 h-1 in 2004. The autotrophic respiration rates 
were generally low in spring and early summer (April to early June) and peaked in late June 
to July. The day-to-day variation in autotrophic respiration rates followed that of total soil 
respiration closely, which was particularly obvious in 2003, when the sampling was more 
frequent (Fig. 2). Consequently, there was a strong positive linear relationship (p < 0.05) 
between soil respiration rates and modelled autotrophic rates in the control plots (r2 = 0.79 in 
2002, r2 = 0.89 in 2003, r2 = 0.95 in 2004, not shown). Positive linear relations was also 
observed between control soil respiration rates and modelled heterotrophic respiration but the 
explained variances were lower (r2 = 0.69 in 2002, r2 = 0.66 in 2003, r2 = 0.82 in 2004, not 
shown). The modelled autotrophic respiration rates did not correlate to soil temperature or to 
soil moisture (p > 0.05; r2 < 0.12, not shown).  
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Figure 2. a. Measured soil respiration (open circles) and modelled heterotrophic respiration (closed 
triangles) and autotrophic respiration (open triangles) in control plots. b. Contribution (%) of modelled 
autotrophic respiration to measured soil respiration in control plots. Error bars show ± SE for n = 10. 
 

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. 2). After this, the relative contribution from autotrophic respiration increased and 
ranged from 35 to 72% from mid June onwards. The yearly increase in relative contribution to 
total soil respiration coincided with the steep increase in total soil and autotrophic respiration 
rates observed in June. The peaks in relative proportion occurred in late August and 
September at 63% in 2002, 66% in 2203 and 72% in 2004. Integrated over the seasons the 
relative contribution of modelled autotrophic respiration (RRp) to control soil respiration (RC) 
was 45% in 2002, 55% in 2003 (calulated from the time of trenching and onwards) and 64% 
in 2004. 
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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 g C m-2 which was only 69 g C m-2 or 19% lower than the 368 g C m-2 in the control 
plots (Fig. 3). This is significantly less than what would be expected since the modelling 
estimated the heterotrophic respiration to contribute with about 165 g C m-2 or 45% of soil 
respiration in the control plots over that period (Fig. 3). This difference between the estimated 
heterotrophic respiration in the control and recorded respiration from the trenched plots of 134 
g C m-2 is due to root decomposition and differences in soil moisture conditions. Thus, 45% 
of the respiration in the trenched plots was an unwanted artefact of the 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 g C m-2, which is 87 g C m-2 higher than 
the estimated heterotrophic respiration in the control. This water effect account for 29% of the 
recorded respiration from the trenched plots (Fig. 3). Thus, the contribution from root 
decomposition is estimated to 47 g C m-2 or 16% of the recorded respiration in the trenched 
plots. 
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Figure 3. The contribution of autotrophic and heterotrophic respiration to soil respiration in the 
control and from root decomposition and soil moisture changes in the trenched plots integrated over 
the first five 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. 
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Discussion 
 
Effect of increased C supply from decomposing roots and increased soil water content 
on soil respiration in trenched plots 
While the 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 often 
neglected in trenching experiments. In this paper we used an empirical modelling approach to 
estimate both these artefacts of the trenching treatment. 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 comparable with those found in a beech forest in which the 
heterotrophic contribution to total soil respiration was reduced from 73% to 39% when 
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 decomposition in 2003 (Fig. 3). This contrasts to the results from two other 
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). In a well drained soil, as in our study, the effect of treatment differences in 
water content on heterotrophic respiration rates is likely to be relatively more important 
during sunny, warm and dry years than during cloudy, cool and wet years. In addition, high 
root-densities have the capacity to cause large differences in soil moisture contents between 
the control and trenched plots. 

 
Factors governing the autotrophic respiration 
That the autotrophic respiration rates showed great day-to-day variations which were strongly 
correlated to total soil respiration rates in the control plots (Fig. 2), while the heterotrophic 
respiration rates followed instead a seasonal pattern, suggests that autotrophic respiration had 
a major impact on day-to-day 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 �13C signatures presented elsewhere (see Ekblad et al., 
2005; Comstedt et al., unpublished).  

The fact that autotrophic respiration rates did not show any correlation to soil 
temperature or soil moisture, suggest that the availability of substrates for respiration were 
more important in governing autotrophic respiration rates. It has been suggested that root 
respiration has greater temperature dependency than heterotrophic respiration (Boone et al., 
1998; Epron et al., 2001). However, apparent temperature dependency is difficult to separate 
from seasonality in the availability of substrates for respiration (Högberg et al., 2005). In 
addition, results from girdling experiments (Högberg et al., 2001; Olsson et al., 2005) and 
multivariate modelling of soil respiration (Ekblad and Högberg, 2001; Ekblad et al., 2005; 
Comstedt et al., unpublished) suggest autotrophic respiration to be dependent on recently 
produced photosynthates. In fact, results from girdling experiments (Bhupinderpal-Singh et 
al., 2003) suggest autotrophic respiration to be less dependent on soil temperatures than 
heterotrophic respiration. Furthermore, respiration of the extramatrical mycelium of 
ectomycorrhizal fungi, which may contribute more to soil respiration than root respiration do, 
was found to be independent on soil temperatures while heterotrophic respiration showed an 
exponential relationship to temperature (Heinemeyer et al., 2007). A further support of strong 
substrate availability dependency of autotrophic respiration was found in an elevated [CO2] 
experiment on Norway spruce trees enclosed in whole tree chambers (Comstedt et al., 2006).  
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The steep increase in autotrophic respiration in June probably coincides with a flush in 
fine root production which is known to peak short 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 (Högberg et al., 2001; Bhupinderpal-
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 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. However, it is not obvious that our approach will result in an overestimated 
heterotrophic respiration compared to the control since in the control 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, decomposition of trenched roots contributed to 
7% of total soil respiration during the second season while the contribution of root turnover in 
the control was estimated to amount to < 1.6% of total soil respiration (Lee et al., 2003). 

Another possible problem with root trenching possibly causing a slight overestimation 
of the heterotrophic component is a re-colonisation of roots and mycorrhizal mycelia into the 
trenched area. We did not expect extensive root or mycelium colonization 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, 16 months after the trenching, suggest that 
mycorrhizal mycelium has colonized the plots at a higher rate than roots. A similar 
colonization rate of mycelium 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 the doubling of the trenching depth in our case, colonization by 
ectomycorrhizal mycelium had obviously taken part at about the same rate as in the example 
mentioned. From when and how much the respiration from ectomycorrhizal mycelium has 
contributed to the recorded soil respiration rates in the trenched plots in the present study is 
unknown. But based on the harvest of hyphal ingrowth mesh bags placed at 5 depth in the 
same forest stand (Boström 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 three growing seasons (Fig. 1). In our modelling a 
log-linear relation between the y and x-values gave the best fit (see M & M). Laboratory 
studies of decomposition (Kätterer 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 respiration 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 
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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 % (vol/vol) in a temperate 
hardwood forest (Davidson et al., 1998) and 20 % (vol/vol) 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, Boström pers. comm.). Thus, it is possible 
that heterotrophic soil respiration rates are somewhat overestimated during dry soil conditions 
in our study. If so, autotrophic respiration rates would be underestimated during very dry 
conditions, for example explaining the unrealistically low autotrophic respiration rate in early 
June 2002 (Fig. 2). 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.  

 
Conclusions 
In this study we have shown that the inherent root trenching artefacts, increased root 
decomposition and soil moisture changes, can be compensated for by using a simple empirical 
PLS-modelling method. Integrated over the first five months after the trenching, 45% of the 
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 results 
support the hypothesis that day-to-day variation in total soil respiration is largely governed by 
changes in autotrophic respiration. They also suggest that autotrophic respiration rates are 
governed by the availability of substrates for respiration rather than soil temperature and soil 
moisture conditions. 
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