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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. 
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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 

  21 23



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 
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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 

  31 33



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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