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Summary

 

• Half of the biological activity in forest soils is supported by recent tree photo-
synthate, but no study has traced in detail this flux of carbon from the canopy to
soil microorganisms in the field.
• Using 

 

13

 

CO

 

2

 

, we pulse-labelled over 1.5 h a 50-m

 

2

 

 patch of 4-m-tall boreal 

 

Pinus
sylvestris

 

 forest in a 200-m

 

3

 

 chamber.
• Tracer levels peaked after 24 h in soluble carbohydrates in the phloem at a height
of 0.3 m, after 2–4 d in soil respiratory efflux, after 4–7 d in ectomycorrhizal roots,
and after 2–4 d in soil microbial cytoplasm. Carbon in the active pool in needles,
in soluble carbohydrates in phloem and in soil respiratory efflux had half-lives of
22, 17 and 35 h, respectively. Carbon in soil microbial cytoplasm had a half-life of
280 h, while the carbon in ectomycorrhizal root tips turned over much more slowly.
Simultaneous labelling of the soil with  showed that the ectomycorrhizal
roots, which were the strongest sinks for photosynthate, were also the most active
sinks for soil nitrogen.
• These observations highlight the close temporal coupling between tree canopy
photosynthesis and a significant fraction of soil activity in forests.
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Introduction

 

Soils have been described as a final frontier in ecosystem
science and as a hidden world (Copley, 2000; Sugden 

 

et al

 

.,
2004) because their exploration has been hindered by their
opacity, extreme diversity of microscopic organisms (Torsvik
& Ovreas, 2002; Gans 

 

et al

 

., 2005) and complex food webs
(Wardle 

 

et al

 

., 2004). Plant carbon (C) reaches the soil and its
organisms as above-ground litter, or via the plant below-ground

allocation pathway, which supports root production and hence
below-ground litter production, but also provides sugars
and other labile C compounds to mycorrhizal fungi and other
root- or mycorrhiza-associated microorganisms (Smith & Read,
1997; van Hees 

 

et al

 

., 2005).
Half of the biological activity in soil is fuelled by C that was

fixed through photosynthesis a few hours (grasslands) or a few
days (forests) ago, while the other half is fuelled by C, in dead
organic matter supplied as litter, that was fixed months to
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years ago, which compounds problems of studying organisms
in soils (Högberg & Read, 2006). For example, the flux of
recent photosynthate is distributed through roots and mycor-
rhizal fungal hyphae which act as pipelines for recently fixed
C through a matrix of older C in organic matter, but which
are severed when soil samples are extracted. The problems of
studying soils are aggravated in systems where plants are large,
as in forests, in which case laboratory mesocosms may not
realistically mimic the complexity and dynamics found in the
field. Hence, we lack a detailed understanding of several criti-
cal aspects of forest soil C dynamics, including processes that
globally represent a C release to the atmosphere several times
larger than that from burning of fossil fuels (Schimel, 1995).

A considerable uncertainty relates to the quantitative dis-
tribution of tree below-ground allocation. A few decades ago
it was widely held that most of the C allocated below-ground
in forests supported the growth of fine roots, as the biomass
of the finest roots was supposed to turn over one or several
times per year (Vogt 

 

et al

 

., 1986; Waring & Running, 1998;
Gill & Jackson, 2000). If this is true, mycorrhizal fungi and
other soil biota should receive relatively little C by the plant
below-ground C allocation pathway. However, recent tree-
girdling experiments (Högberg 

 

et al

 

., 2001, 2002), and free
air carbon dioxide enrichment (FACE) experiments, which
provide a means of labelling photosynthate with the stable
isotope 

 

13

 

C (Matamala 

 

et al

 

., 2003; Körner 

 

et al

 

., 2005; Keel

 

et al

 

., 2006), have, along with bomb-

 

14

 

C estimates of root age
(Gaudinski 

 

et al

 

., 2000, 2001), indicated that fine roots of
trees turn over much more slowly than previously assumed.
This, in turn, indicates that more of the below-ground C flux
is made available to mycorrhizal fungi and other soil biota
closely associated with roots (Högberg & Read, 2006). Indeed,
a recent FACE experiment in a plantation of 

 

Populus

 

 spp. trees
indicated that mycorrhizal fungal C provides the major C
input to soil organic matter (Godbold 

 

et al

 

., 2006), and data
from a laboratory mesocosm study of a (herbaceous) 

 

Plantago

 

species suggested that C in arbuscular mycorrhizal fungal
mycelium had a residence time of 

 

<

 

 1 wk (Staddon 

 

et al

 

., 2003).
The problems discussed above can only be resolved if we

can obtain a more detailed picture in the field of the dynamics
of the C flux from the tree canopy into the below-ground
system. Developments in stable isotope and molecular tech-
niques have enabled stable isotope probing of functional groups
of soil organisms through labelling of plant photosynthate
in short-stature vegetation such as that found in grasslands
(e.g. Treonis 

 

et al

 

., 2004; Rangel-Castro 

 

et al

 

., 2005), but not
yet in a forest setting. Studies in forests have been few and have
mostly been in the context of FACE experiments (Andrews

 

et al

 

., 1999; Matamala 

 

et al

 

., 2003; Steinmann 

 

et al

 

., 2004;
Körner 

 

et al

 

., 2005; Keel 

 

et al

 

., 2006), which use an elevated
atmospheric CO

 

2

 

 concentration ([CO

 

2

 

]), and create a rela-
tively small deviation in 

 

13

 

C abundance, which becomes
significant only in the longer term. Hence, it is difficult to
follow the C dynamics in detail. Recently, Carbone 

 

et al

 

. (2007)

used a short pulse-labelling with 

 

14

 

CO

 

2

 

 in a boreal forest to
obtain a greater resolution. They argued that 

 

13

 

CO

 

2

 

 could not
be used for the same purpose unless long labelling periods or
very high 

 

13

 

CO

 

2

 

 concentrations were used, which would be
associated with very high financial costs. Here, we report the
first highly resolved temporal record of the forest below-ground
flux of C in a natural setting based on tracing a short pulse of

 

13

 

C from tree canopy photosynthesis through roots to the soil
microbial biomass and back to the atmosphere via the soil
respiratory efflux.

 

Materials and Methods

 

Site

 

The site at Rosinedalsheden (64

 

°

 

09

 

′

 

N, 19

 

°

 

05

 

′

 

E, at 145 m
above sea level) is located on a plain of fine sand 

 

c

 

. 50 km
north-west of Umeå in northern Sweden. The soil profile is a
podzol, with an organic mor-layer of 2–3 cm thickness, and
with a carbon:nitrogen (C:N) ratio of 33 

 

±

 

 1 (mean 

 

±

 

 1 SE)
and a pH (soil:solution volume ratio 

 

=

 

 1 : 3) of 4.5 

 

±

 

 0.1.
The stand is a young naturally regenerated 

 

Pinus sylvestris

 

 L.
forest. Trees (in the 50-m

 

2

 

 labelled area) were 2.42 

 

±

 

 0.08 m
tall (

 

n

 

 

 

=

 

 87, excluding 17 individuals 

 

<

 

 1.3 m), with a diameter
at breast height (d.b.h., at 1.3 m) of 1.97 

 

±

 

 0.13 cm, and were
14.2 

 

±

 

 0.3 yr old. The 10 largest were 3.86 

 

±

 

 0.13 m tall, had
a diameter of 4.19 

 

±

 

 0.51 cm, and were 16.9 

 

±

 

 1.0 yr old.
There was a sparse understorey of the dwarf shrubs 

 

Calluna
vulgaris

 

 L. and 

 

Vaccinium vitis-idaea

 

 L. and a ground-layer of

 

Cladonia

 

 spp. lichens. A reference plot was established 15 m
away from the labelled plot to provide data on the natural
abundance of 

 

13

 

C of the soil CO

 

2

 

 efflux and of 

 

13

 

C and 

 

15

 

N
of ecosystem components. This 50-m

 

2

 

 plot was on the same
type of soil and contained 98 small trees and seedlings, of
which the 10 largest were 4.82 

 

±

 

 0.26 m tall, had a diameter
of 6.27 

 

±

 

 0.59 cm and were 19.3 

 

±

 

 0.7 yr old.

 

13

 

C and 

 

15

 

N labelling

 

On the 23 August 2006, a 200-m

 

3

 

 chamber covering an
octagon-shaped surface area of 50 m

 

2

 

 and with a height of
4 m was erected over a patch of the forest. The frame was put
in place first, and the plastic cover was left folded on the top
rim of the frame until shortly before the labelling event. Then
(at 14:30 h) the plastic cover was quickly unfolded and sealed
to the ground with a barrier of fine sand. The chamber air was
cooled to the temperature of the outside air (

 

±

 

1

 

°

 

C). Chamber
air was re-circulated through the cooling battery at a rate of
400 m

 

3

 

 min

 

–1

 

, which ensured good temperature control and
thorough mixing of the air. The [CO

 

2

 

] (measured with an
infrared gas analyser; Li-Cor 6400; Li-Cor, Lincoln, NE,
USA) inside the chamber was 360 ppm (i.e. just below ambient
atmospheric concentrations) a few minutes after the chamber
was sealed, but declined (Fig. 1), as a result of a predominance
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of photosynthesis over respiration, to 190 ppm after 102 min
(when the plastic cover was removed). Nine minutes after
the chamber was sealed, a quantity of 

 

c

 

. 5 l of CO

 

2 with
≥ 95 atom% 13C (Spectra Gases, Alpha, NJ, USA) was released
into the air stream through the cooling battery. Directly after
this release, the atom% 13C of CO2 in the chamber was
5.74 ± 0.04, but declined, during the labelling period of
93 min, to 3.74 ± 0.01 atom% 13C (atmospheric CO2 has a
13C natural abundance of c. 1.11 atom%) in parallel with the
decline in [CO2] as a consequence of respiratory release of
unlabelled CO2 from soil and plants into the chamber air, and
also because of isotopic exchange with unlabelled CO2 in soil
air and water. No attempt was made to hinder the activity of
roots from unlabelled trees in the central 10-m2 area of the
labelled plot, in which all of the soil sampling was conducted.
To assess the potential influence of unlabelled roots belonging
to trees outside the 50-m2 13CO2-labelled area, the soil in
the central 10 m2 was labelled with 15NH4Cl. Fifteen ml of
a solution with 9.9 atom% 15N was injected at 160 points
regularly distributed within this circular 10-m2 area to give a
final addition of 0.2 g N m–2. Determination of 15N in needles
from trees inside and outside the labelled area was later used
to estimate the influence of roots from trees not labelled with
13C. The 15N labelling of the soil also enabled studies of 15N
uptake into tree roots.

Sampling

Samples for estimates of soil respiration and its C isotope
composition were taken from four 0.046-m2 circular plots in

the central 10 m2 of the labelled area and from four plots in
the reference area, using cylindrical head-spaces (Högberg &
Ekblad, 1996). At sampling, a lid was put onto the cylinder,
and five consecutive samples were taken at time intervals of
2 min from each cylinder, after which the cylinder lid was
taken off. The first sampling was performed on the day before
13CO2 labelling, and then every 4 h for the first 72 h after
labelling. After this initial period, the sampling was less
frequent and was terminated 30 d after labelling. Samples of
phloem from the pine trees were taken at 1.3 and 0.3 m above the
ground at the same time as the sampling of the soil respiratory
efflux, and the soluble fraction of the phloem was isolated as
described by Betson et al. (2007). The organic mor-layer of
the soil was sampled with a 10-cm-diameter corer, on the day
before labelling, and 1, 2, 4, 7, 13 and 33 d after labelling. Soil
samples were brought immediately to the laboratory, where
roots were extracted. Ectomycorrhizal fine-root tips were then
sampled under a dissecting microscope and put directly into
tin capsules for freeze-drying and isotope ratio analysis. The
remaining soil sample was passed through a 2-mm sieve,
and used for determination of microbial cytoplasm C and
N following the chloroform fumigation-extraction method
(Vance et al., 1987; Högberg & Högberg, 2002), but using a
10-fold lower concentration of the salt extractant (Merckx
& Van der Linden, 1988). Extracts from fumigated and
nonfumigated soil were also used for determination of the
δ13C of microbial cytoplasm. The chloroform fumigation-
extraction methodology measures mainly the microbial
cytoplasm C in the soil and correction factors are generally used
to convert the data into full estimates of microbial biomass
( Jenkinson et al., 2004 and references therein). Whereas
the cytoplasmic portion of microbes is often defined as the
chloroform-labile microbial C, we prefer to use the term
‘microbial cytoplasm’ (MCYT).

Current-year needles from the uppermost whorl were
collected from three trees in the labelled area and three in the
reference area immediately after the end of 13CO2 labelling,
and then six more times until 30 d after the labelling. Four
days after the labelling, needles from all 104 trees and seed-
lings inside the labelled area and from 25 trees outside it were
sampled to assess the distribution of tree root activity (15N
uptake) inside and around the central 10 m2 of the 13C-labelled
plot. Very little 15N tracer was found after 4 d in needles of
trees in the central 10-m2 15N-labelled plot. A second sam-
pling was therefore conducted in March 2007, when the site
was still covered by winter snow. Samples of needles formed
in 2006 were taken from 20 trees inside the central 10-m2

chamber plot, and from one tree in each of four directions
(north, east, south and west) at 3, 4, 6, 8 and 10 m from the
plot centre. In autumn 2006, samples of tree biomass were
obtained from 23 individual trees in the stand, encompassing
the range of diameters at breast height found in the chamber
plot. It was found that a linear equation could be used to
describe the relationship between foliar biomass per tree and

 

Fig. 1 Change in CO2 concentration ([CO2]) in chamber air during 
the 13CO2-labelling period. The decline in [CO2] reflects the 
predomination of photosynthesis over ecosystem respiration. 
Arrow, 5 l of 13CO2 was released after 9 min.
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diameter at breast height (foliar biomass (in kg) = 0.0426
+ 0.0035 × d.b.h. (in mm); R2 = 0.96). Using the data on the
87 trees that reached > 1.3 m, and this equation, the foliar
biomass in the chamber plot was estimated.

Analyses

Gas samples were admitted to a module focusing the
CO2 peak before being admitted to an isotope ratio mass
spectrometer (IRMS; Högberg & Ekblad, 1996). The soil
respiration rate was calculated as the linear increase in [CO2]
in each head-space; series of samples with an R2 < 0.80 were
discarded. Keeling plots (linear regressions analysis of δ13C vs
1/[CO2]; Keeling, 1958) were used to estimate the δ13C of
soil respired CO2, unless there was no change (< 1‰) in δ13C
despite a clear increase in [CO2], which occurs at δ13C values
of soil respiration close to that of ambient air, in which case
the average of the five samples was used as the estimate.
Keeling plots with an R2 < 0.80 were discarded. The δ13C and
δ15N values of needle and ectomycorrhizal fine-root samples
were analysed on an elemental analyser (EA) coupled to an
IRMS (Ohlsson & Wallmark, 1999). The 13C abundance in
soil extracts and in microbial cytoplasm extracted after chloroform
fumigation were analysed in CO2 produced by wet oxidation
using dichromate (Allison, 1960). Total C in soil extracts was
determined by combustion followed by analysis on an infrared
gas analyser (TOC-5000; Shimadzu Corporation, Kyoto, Japan).
Results of isotopic analyses are reported in δ13C or δ15N (‰):

δ13C or δ15N = [(Rsample – Rstandard)/Rstandard] × 1000 Eqn 1

(R, 13C/12C or 15N/14N.) The standards used were 5% CO2
(for samples of soil CO2 efflux) in N2 with a δ13C of 5‰
relative to the Vienna Pee Dee Belemnite (V-PDB) standard
or wheat flour (for samples of plant material) calibrated against
atmospheric N2 and V-PDB, respectively. In the case of extracts
of soil and microbial cytoplasm, standard curves based on
analysis of sugars at 13C abundances of –25, –11, 94 and
535‰ were used. The δ13C of MCYT was calculated as follows:

δ13CMCYT = [δ13CFUM × CFUM – δ13CNONFUM × CNONFUM]/
[CFUM – CNONFUM] Eqn 2

(FUM and NONFUM, extracts from chloroform-fumigated
and nonfumigated soil samples, respectively.) Declines in δ13C
of a particular C pool after peak labelling were fitted to a
first-order exponential decay function:

Eqn 3

N0 and Nt are the δ13C values at peak labelling and at time t,
respectively, and λ is the decay constant, which was used in
the subsequent calculation of the half-life, t1/2, of the C in the
respective C pool or C flux:

t1/2 = ln(2)/λ Eqn 4

The half-life, t1/2, was then used to calculate the mean residence
time, τ:

τ = t1/2/ln(2)  Eqn 5

We estimated the rate of photosynthesis and uptake of 13C
in two ways. First, we assumed that CO2 was removed from
the chamber air through plant photosynthesis, but added to
it through plant and soil respiration. We used the initial (dur-
ing the 8 min before 13CO2 was added) rate of change in
chamber [CO2] plus an estimated ecosystem respiration. The
latter was based on the mean rate of soil CO2 efflux on the day
before and the day after the labelling period and the assump-
tion that soil respiration accounted for 70% of ecosystem res-
piration (Janssens et al., 2001). The rate of photosynthesis
and the average atom% 13C in the chamber air were then used
to estimate uptake of 13C. Secondly, we used the difference in
the δ13C of current needles between the chamber and the
reference plots immediately after the labelling, and the foliar
biomass in the chamber, to estimate the rate of uptake of 13C
and of total C through photosynthesis. Current (Curr) and
1-yr-old (Curr + 1) needles are more active than older needles,
and to take this into account, we assumed that in August Curr,
Curr + 1, Curr + 2 and Curr + 3 needles contributed 30, 30,
30 and 10%, respectively, of the foliar biomass (Flower-Ellis
& Persson, 1980), and that the rate of photosynthesis by
Curr + 1 needles equalled that of Curr needles (the age-class
of needles sampled here), while the rate was 25 and 50%
lower in Curr + 2 and Curr + 3 needles, respectively (Linder
& Troeng, 1980; Linder & Lohammar, 1981).

Results and Discussion

Carbon dioxide was quickly taken up by photosynthesis in
the chamber (Fig. 1). The initial rate of draw-down of [CO2]
was –2.75 ± 0.14 ppm min–1, or 0.29 g C min–1. With a soil
respiration rate of 0.04 g C min–1 and an estimated ecosystem
respiration rate of 0.06 g C min–1, photosynthesis was thus
estimated at 0.35 g C min–1 (or 0.43 g C m–2 (ground surface
area) h–1). Given an average atom% 13C of CO2 of 4.74 in the
chamber, this gives an uptake of c. 1.5 g of 13C. Using the
second estimate, the one based on estimated foliar biomass
and δ13C in current needles immediately after labelling,
the uptake of 13C was estimated at 1.7 g, and the rate of
photosynthesis was 0.58 g C m–2 h–1. The foliar biomass in
the chamber plot was estimated at 10.25 kg (dry weight
(DW)) and the foliar C at c. 5 kg, while the 13C enrichment
of current needles was estimated to be 18‰ above ambient
(see below). Both estimates of uptake of 13C given above (i.e.
1.5 g and 1.7 g) include the natural background of the
isotope, c. 1.11 atom%, representing 0.4–0.6 g of C. Thus,
when corrected for this, the real uptake of tracer 13C becomes

N Nt
t    = × −

0 e λ
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c. 1.1 g in both cases. Because one of the estimates, the one
based on tree foliar biomass, ascribes all photosynthesis to the
trees, while the other does not, the photosynthesis by lichens
and ericaceous dwarf shrubs should be minor. The uptake of
1.1 g compares with the 2.9 g of 13C (according to specifications
given by the supplier) released into the chamber, and means
that almost 40% of the tracer was taken up. Around 0.6 g of
13C, or 20%, remained in the chamber head-space air at the
end of the labelling period. Nonbiological release of 13C with
the soil respiratory efflux directly after labelling suggests that
tracer 13C exchanged with C in soil CO2 and in carbonic acid
in soil water (see further below), which is a likely explanation
of some of the 40% unaccounted for.

Immediately after the end of the labelling period, the δ13C
of the current needles was elevated by 18‰ above that of the
control (Fig. 2a), but the needle δ13C fell very quickly in the
first 45 h after labelling and then more slowly. This probably
reflects direct export of labelled sucrose (concomitant with
production of new unlabelled photosynthate), followed by
a phase of export of sucrose derived from labelled C that was
stored for a while. The labelled C exported from needles

during the first phase (0–45 h) had a half-life of 22 h
(Table 1).

Before labelling there were no differences between the
chamber plot and the reference plot in 13C natural abundance
of soluble carbohydrates in the tree stem phloem, ectomycor-
rhizal fine roots, microbial cytoplasmic C and soil respiratory
efflux (Fig. 2). Elevated δ13C of soluble carbohydrates (sug-
ars) in the phloem at a height of 1.3 m was already observed
4 h after the labelling event, but peaked after 16 h (Fig. 2b).
Further down the stems, at a height of 0.3 m, elevated δ13C
was first observed 16 h after labelling, and peaked 8 h later,
that is, 24 h after labelling (Fig. 2c). This means that there was
an 8-h difference between the peaks in δ13C at heights of 1.3
and 0.3 m, which translates to a transport velocity of 0.1 m h–1.
This is below previous estimates of velocities of phloem
transport of 0.2–2 m h–1 (Ekblad & Högberg, 2001; Nobel,
2005). Moreover, the phloem became highly enriched in 13C,
with abundances of 190 and 165‰ above ambient at heights
of 1.3 and 0.3 m, respectively (Fig. 2b,c). The close agreement
between these two figures suggests that there is little exchange
with carbohydrates outside the phloem during the downward

Fig. 2 Progression of 13C label through 
ecosystem carbon pools and fluxes in a boreal 
Scots pine (Pinus sylvestris) forest labelled 
through photosynthetic incorporation of 
13C by trees exposed to 13CO2. (a) Current 
needles; (b) soluble carbohydrates (sugars) in 
tree phloem sap at 1.3 m above the ground; 
(c) soluble carbohydrates (sugars) in tree 
phloem sap at 0.3 m above the ground; (d) 
ectomycorrhizal fine-root tips; (e) microbial 
cytoplasmic C; (f) soil CO2 efflux. Closed 
symbols, labelled plot; open symbols, 
unlabelled reference plot. The solid vertical 
line shows the 93-min labelling event, while 
the broken line indicates the time of peak 
labelling of the soluble carbohydrates in the 
phloem sap at a height of 0.3 m. Data are 
means ± 1 SE.
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transport. In fact, some of the difference may be caused by an
influx into the phloem of C fixed after the labelling period by
needles on branches between heights of 1.3 and 0.3 m. The
decline in the δ13C of the phloem was rapid, with a half-life
of 17 h at a height of 0.3 m (Table 1).

The soil respiratory efflux appeared already to be highly
labelled 4 h after the chamber was removed (i.e. at the first
sampling after the labelling period), but the δ13C of this flux
decreased very quickly, and was already almost as low as refer-
ence values 16 h after the labelling event (Fig. 2f ). However,
this was clearly before the pulse of labelled tree photosynthate
reached the below-ground system, as labelling of phloem sap
C at a height of 0.3 m was first observed after 16 h and peaked
at 24 h after labelling (Fig. 2c). We attribute the initial 16-h
decline in δ13C in the soil respiratory efflux to isotopic exchange,
because during the labelling period C in CO2 in soil air and
in carbonic acid in soil water must have equilibrated isotopi-
cally, at least partly, with the CO2 in the chamber air (which
was on average 3200‰ 13C). Upon removal of the chamber,
another phase of equilibration, this time with an atmosphere
with δ13C at natural abundance (c. –8‰ 13C), would lead to a
decline, as observed (Fig. 2f). Furthermore, the rate of this decline
was far faster than any of the biological components or processes
studied (Fig. 2, Table 1). Fixation of labelled soil air through
carboxylation by phosphoenolpyruvate (PEP) carboxylase in
roots and other non-Rubisco carboxylations in roots or micro-
organisms are possible; such C could later contribute to soil
respiration, but its contribution should be minor, especially
since no 13C label was found in ectomycorrhizal fine roots or
in microbial cytoplasm 24 h after the labelling (Fig. 2d,e).

The phloem flux-driven pulse of label 13C in the soil respi-
ratory efflux started 24 h after labelling, and showed a broad
peak at c. 20‰ above ambient between 48 and 96 h after
labelling (Fig. 2f ). A 2-d time lag between photosynthesis and
soil respiration was also observed in 14C-based studies of
similarly sized trees by Howarth et al. (1994) and Carbone
et al. (2007). The subsequent decline after the peak in δ13C of
the soil respiratory efflux in our study was relatively fast, with

a half-life of 35 h (Fig. 2f, Table 1). This is half the rate of
the decline in δ13C observed in the phloem (Table 1), and is
consistent with the notion of the rapidly turning over
‘autotrophic’ C flux (with a half-life of 17 h for the labelled
phloem flux) contributing about half of soil respiration
(Högberg et al., 2001; Högberg & Read, 2006), and the
remainder being a heterotrophic component with a much
lower rate of turnover. Furthermore, such a mixing ratio of the
autotrophic and heterotrophic components of soil activity
would suggest that the autotrophic component was labelled
at c. 40‰ above ambient, which is 25% of the labelling of
soluble carbohydrates in the phloem. This in turn indicates
that the labelled phloem flux mixed with a large pool of labile
C in the below-ground system, a suggestion also corroborated
by the relatively broad 13C peak of the soil respiratory efflux
(Fig. 2f ). The broadness of this peak may also relate to the fact
that some of the 13C-labelled CO2 could have been contributed
by roots and microbes deeper down in the soil profile, having
a longer pathway through the soil before its release at the
surface (Stoy et al., 2007); however, in a dry soil, like the one
studied here, diffusion of CO2 is orders of magnitude faster
than through a wet soil.

The 13C label was first observed in ectomycorrhizal root
tips after 4 d; however, these were not sampled between 2
and 4 d after labelling (Fig. 2d). The level of labelling was
relatively low, c. 2–3‰ above the reference. Accordingly,
variations in the reference interfered somewhat with the analysis
of the flux of labelled C through this pool. We subtracted the
average δ13C of the reference to remove the background vari-
ability (Fig. 3a). The data obtained could be taken as evidence
of an initial faster turnover of a more labile C pool (Table 1),
as was the case with needles. In fact, as ectomycorrhizas are
dual organs, composed of plant and fungal partners, one should
consider the possibility that both partners contain rapidly and
slowly turning over pools of C in future studies. Our observa-
tions, based on three samplings performed within 1 month,
cannot be used to calculate accurately the half-life of C in
roots (Table 1). It will take a longer period of observation

Table 1 Half-lives and mean residence times (MRTs) of carbon pools and fluxes in a young boreal Scots pine (Pinus sylvestris) forest labelled 
through photosynthetic incorporation of 13CO2

Carbon pool or flux Half-life (h) MRT (h) R2 P

Rapidly turning over needle C pool* 22 32 0.96 0.015
Phloem at tree height of 0.3 m 17 24 0.99 0.003
Labile C in ectomycorrhizal root tips† 65 94 1.00 –
Microbial (cytoplasmic) C‡ 277 400 0.87 0.013
Soil CO2 efflux 35 50 0.87 0.005

Adjusted R2 and probability (P) refer to the first-order exponential decay functions used for calculations of half-lives and mean residence times.
*Representing the decline in labelling during the first 45 h after labelling.
†Representing the decline in labelling over 624 h after peak 13C labelling; the data fit the decay function perfectly, but the number of sampling 
times (three) does not allow a statistical analysis.
‡Representing the decline in labelling over 744 h after peak 13C-labelling of this pool.
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and a higher tracer 13C level to determine whether the
biomass of ectomycorrhizal tree roots turns over many times
a year or whether the rate of turnover is considerably
slower, as suggested by, for example, observations in FACE
experiments (Matamala et al., 2003; Körner et al., 2005).

Furthermore, the population of ectomycorrhizal fine roots
sampled was highly heterogeneous in terms of variability in
13C labelling (Figs 2d, 3a, 5), despite the fact that all the
mycorrhizal roots sampled appeared to be young when exam-
ined visually under the dissecting microscope. Thus, the popu-
lation of ectomycorrhizal fine roots appears to be a mix of
highly active roots, which are strong sinks for photosynthate,
and less active roots. This dichotomy may explain why 13C
labelling was more clearly observed earlier in microbial cyto-
plasm than in the fine roots; in the former, the peak in δ13C
occurred just 2 d after the labelling (Figs 2e, 3b). It should
also be noted that this is shortly before the peak in 13C in the
soil CO2 efflux (Fig. 2f ). Thus, we speculate that a small
fraction of the population of ectomycorrhizal fine roots is
exceptionally active in transferring C to the extramatrical
mycorrhizal mycelium and other root-associated microbes.

As found in roots, the increase above the reference in the
δ13C of the microbial cytoplasm was small, at the most 2‰.
However, if the ectomycorrhizal component of this C is a
highly labelled fraction (being the interface between plant
roots and soil) and accounts for one-third of the total micro-
bial cytoplasmic C, as suggested by the decrease after tree-
girdling of another Scots pine forest in this area (Högberg &
Högberg, 2002), then the extramatrical mycelium should be
labelled at c. 6‰ (above the reference). The estimated half-
life for C in the microbial cytoplasm of 277 h (Table 1), and
the fact that the δ13C was not elevated above that of the
control after 33 d (Figs 2e and 3b), suggest that the microbial
cytoplasm C turns over within less than 1 month. This com-
pares with observations of turnover times of roughly 1 month
for microbial cytoplasm N from another Scots pine forest in
the same area (Högberg et al., 2006).

The soil was labelled with  to enable assessment of
the potential impact of root activity of trees from outside the

labelled area. Four days later we could not observe any eleva-
tion in 15N in trees outside the 50-m2 area labelled with 13C,
and there was very little evidence of elevated 15N just outside
the central 15N-labelled 10 m2. This pattern was clearer months
later, in spring 2007 (Fig. 4), and indicates that root activity
inside the central 10-m2 area, for example respiration, was
mainly contributed by trees inside the labelled plot. Other
recent 15N root uptake studies in nearby coniferous forests,
including one Scots pine forest, suggest that most roots of
trees in these forests do not extend > 4–5 m from the stems (S.
G. Göttlicher, unpublished results). Hence, there should be
little influence of roots from trees not labelled with 13CO2
inside the central 10-m2 area of the chamber plot.

The simultaneous 15N labelling also provided an opportu-
nity to analyse interactions between the C and N cycles.
For example, despite the fact that the 15N injections provided

Fig. 3 Progression of δ13C in ectomycorrhizal 
root tips (a) and microbial cytoplasmic carbon 
(b) after labelling of canopy photosynthate by 
exposing Pinus sylvestris trees to 13CO2. The 
data shown are deviations from mean values 
of samples from the unlabelled reference plot. 
The solid vertical line shows the 93-min 
labelling event, while the broken line indicates 
the time of peak labelling of the soluble 
carbohydrates in the phloem sap at a height 
of 0.3 m.

15NH4
+

Fig. 4 Abundance of 15N of current needles of Scots pine (Pinus 
sylvestris) in March 2007 after labelling the soil in August 2006 with 

. The area labelled with 13CO2 is indicated for comparison; 
note that all soil and root sampling was performed inside the 
15N-labelled area in the chamber plot.

15NH4
+
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a very heterogenous labelling of the soil, there was a weak
correlation (P < 0.05; data not shown) between δ15N and
δ13C in ectomycorrhizal fine roots in samples collected
between 4 and 33 d after labelling. At the sampling 7 d after
labelling, the day on which the difference in δ13C between
ectomycorrhizal fine roots from the labelled plot and the
control plot was largest (Figs 2d, 3a), there was a stronger
correlation (r2 = 0.46, P < 0.01) between δ15N and δ13C in
ectomycorrhizal fine roots (Fig. 5). This correlation lends
support to the assumption that the roots, which are the
strongest sinks for plant photosynthate, are also the strongest
sink for soil N, and further emphasizes the heterogeneity
within the population of ectomycorrhizal fine roots. Reasons
for this heterogeneity could be variations in fungal symbiont
species, age of the mycorrhiza and its position within the root
system.

Carbone et al. (2007) suggested that 14C labelling should
be superior to 13C labelling, in particular because 13C
labelling would require longer labelling periods or very high
[CO2], and hence impose risks of exposure of the system
studied to artificial conditions. We demonstrated that a com-
paratively short (93 min) period of labelling was sufficient to
produce traceable quantities of 13C in the same components
as those studied by Carbone et al. (2007), and also in microbial
cytoplasm. It is evident that release of a greater quantity of
13CO2, which should produce the higher δ13C needed for
precise estimates of turnover of root C, and traceable quanti-
ties of 13C in fatty acid biomarkers for different functional
groups of soil biota, is possible and would not increase the
costs of a study of this type prohibitively. The temporal reso-
lution reported by us (Fig. 2) is unique, as is the size of the
ecosystem labelled.

Our previous studies in boreal forests using tree-girdling
(Högberg et al., 2001) or variations in the natural abundance
of 13C in photosynthate (Ekblad & Högberg, 2001) have

suggested a time lag of a few days between canopy photo-
synthesis and respiratory activity by the ‘autotrophic’ soil
component, which is strongly supported by the data presented
here. Those studies also demonstrated that half or more of
the soil activity is driven by recent photosynthate. Taken
together, these results suggest a close temporal coupling between
a very significant fraction of soil activity and tree canopy
photosynthesis in these forests.

Acknowledgements

Financial support was provided by the Kempe Foundations,
the Swedish Science Council (VR) and the Swedish Research
Council for Environment, Agricultural Sciences and Spatial
Planning (FORMAS). Henrik Holmgren is acknowledged for
letting us use his land for this experiment. The experiment
would not have been possible without the skilful technical
help of Jan Parsby, who designed and constructed the
temperature-controlled chamber. Help provided by Thomas
Hörnlund and Gunnar Karlsson in the field, and by Anders
Ohlsson and Håkan Wallmark in the IRMS laboratory is
gratefully acknowledged.

References

Allison LE. 1960. Wet-combustion apparatus and procedure for organic and 
inorganic carbon in soil. Soil Science Society of America Proceedings 24: 36–
40.

Andrews JA, Harrison KG, Matamala R, Schlesinger WH. 1999. 
Separation of root respiration from total soil respiration using 
carbon-13-labeling during Free-Air Carbon dioxide Enrichment (FACE). 
Soil Science Society of America Journal 63: 1429–1435.

Betson NR, Göttlicher SG, Hall M, Wallin G, Richter A, Högberg P. 2007. 
No diurnal variation in rate or carbon isotope composition of soil 
respiration in a boreal forest. Tree Physiology 27: 749–756.

Carbone MS, Czimczik CI, McDuffee KE, Trumbore SE. 2007. 
Allocation and residence time of photosynthetic products in a boreal forest 
using a low-level 14C pulse-chase labeling technique. Global Change 
Biology 13: 466–477.

Copley J. 2000. Ecology goes underground. Nature 406: 452–454.
Ekblad A, Högberg P. 2001. Natural abundance of 13C in CO2 respired 

from forest soils reveals speed of link between tree photosynthesis and soil 
respiration. Oecologia 127: 305–308.

Flower-Ellis JGK, Persson H. 1980. Investigation of structural properties 
and dynamics of Scots pine stands. Ecological Bulletins 32: 125–138.

Gans J, Wolinsky M, Dunbar J. 2005. Computational improvements reveal 
great bacterial diversity and high metal toxicity in soil. Science 309: 1387–
1390.

Gaudinski JB, Trumbore SE, Davidson EA, Cook AC, Markewitz D, 
Richter DD. 2001. The age of fine-root carbon in three forests of the 
eastern United States measured by radiocarbon. Oecologia 129: 420–429.

Gaudinski JB, Trumbore SE, Davidson EA, Zheng SH. 2000. Soil carbon 
cycling in a temperate forest: radiocarbon-based estimates of residence 
times, sequestration rates and partitioning of fluxes. Biogeochemistry 51: 
33–69.

Gill RA, Jackson RB. 2000. Global patterns of root turnover for terrestrial 
ecosystems. New Phytologist 147: 13–31.

Godbold DL, Hoosbeek MR, Lukac M, Cotrufo MF, Janssens IA, 
Ceulemans R, Polle A, Velthorst EJ, Scarascia-Mugnozza G, 

Fig. 5 Labelling of ectomycorrhizal fine tree roots with 15N supplied 
via the soil as  vs labelling by 13C supplied via canopy 
photosynthesis 7 d after 13CO2 labelling.

15NH4
+



New Phytologist (2008) 177: 220–228 www.newphytologist.org © The Authors (2007). Journal compilation © New Phytologist (2007)

Research228

DeAngelis P et al. 2006. Mycorrhizal hyphal turnover as a dominant 
process for carbon input into soil organic matter. Plant and Soil 281: 
15–24.

van Hees PAW, Jones DL, Finlay R, Godbold DL, Lundström US. 2005. 
The carbon we do not see – the impact of low molecular weight 
compounds on carbon dynamics and respiration in forest soils: a review. 
Soil Biology and Biochemistry 37: 1–13.

Högberg MN, Högberg P. 2002. Extramatrical ectomycorrhizal mycelium 
contributes one-third of microbial biomass and produces, together with 
associated roots, half the dissolved organic carbon in a forest soil. 
New Phytologist 154: 791–795.

Högberg MN, Myrold DD, Giesler R, Högberg P. 2006. Contrasting 
patterns of soil N-cycling in model ecosystems of Fennoscandian boreal 
forests. Oecologia 147: 96–107.

Högberg P, Ekblad A. 1996. Substrate-induced respiration measured in situ 
in a C3-plant ecosystem using additions of C4-sucrose. Soil Biology and 
Biochemistry 28: 1131–1138.

Högberg P, Nordgren A, Ågren GI. 2002. Carbon allocation between 
tree root growth and root respiration in boreal pine forest. Oecologia 132: 
579–581.

Högberg P, Nordgren A, Buchmann N, Taylor AFS, Ekblad A, 
Högberg MN, Nyberg G, Ottosson-Löfvenius M, Read DJ. 2001. 
Large-scale forest girdling shows that current photosynthesis drives soil 
respiration. Nature 411: 789–792.

Högberg P, Read DJ. 2006. Towards a more plant physiological perspective 
on soil ecology. Trends in Ecology and Evolution 21: 548–554.

Howarth WR, Pregitzer KS, Paul EA. 1994. 14C allocation in tree-soil 
systems. Tree Physiology 14: 1163–1176.

Janssens IA, Lankreijer H, Matteucci G, Kowalski AS, Buchmann N, 
Epron D, Pilegaard K, Kutsch W, Longdoz B, Grunveld T et al. 2001. 
Productivity overshadows temperature in determining soil and ecosystem 
respiration across European forests. Global Change Biology 7: 269–278.

Jenkinson DS, Brookes PC, Powlson DS. 2004. Measuring soil microbial 
biomass. Soil Biology and Biochemistry 36: 5–7.

Keel SG, Siegwolf RTW, Körner C. 2006. Canopy CO2 enrichment 
permits tracing the fate of recently assimilated carbon in a mature 
deciduous forest. New Phytologist 172: 319–329.

Keeling CD. 1958. The concentration and isotopic abundances of 
atmospheric carbon dioxide in rural areas. Geochimica et Cosmochimica 
Acta 13: 322–334.

Körner C, Asshoff R, Bignucolo O, Hättenschwiler R, Keel SG, 
Peláez-Riedl S, Pepin S, Siegwolf RTW, Zotz G. 2005. Carbon flux 
and growth in mature deciduous forest trees exposed to elevated CO2. 
Science 309: 1360–1362.

Linder S, Lohammar T. 1981. Amount and quality of information on 
CO2-exchange required for estimating annual carbon balance of 
coniferous trees. Studia Forestalia Suecica 160: 73–87.

Linder S, Troeng E. 1980. Photosynthesis and transpiration of 20-year-old 
Scots pine. Ecological Bulletins 32: 165–181.

Matamala R, Gonzalez-Meler MA, Jastrow JD, Norby RJ, 

Schlesinger WH. 2003. Impacts of fine root turnover on forest NPP and 
soil C sequestration potential. Science 302: 1385–1387.

Merckx R, Van der Linden AMA. 1988. The extraction of microbial biomass 
components from soils. In: Jenkinson DS, Smith KA, eds. Nitrogen 
efficiency in agricultural soils. Barking, UK: Elsevier Applied Science 
Publishers, 327–339.

Nobel PS. 2005. Physicochemical and environmental plant physiology, 3rd edn. 
Burlington, MA, USA: Elsevier Academic Press.

Ohlsson KEA, Wallmark PH. 1999. Novel calibration with correction for 
drift and non-linear response for continuous flow isotope ratio mass 
spectrometry applied to the determination of δ15N, total nitrogen, δ13C 
and total carbon in biological material. Analyst 124: 571–577.

Rangel-Castro JI, Killham K, Ostle N, Nicol GW, Anderson IC, 
Scrimgeour CM, Ineson P, Meharg A, Prosser JI. 2005. Stable isotope 
probing of the influence of liming on root exudate utilization by soil 
microorganisms. Environmental Microbiology 7: 828–838.

Schimel DS. 1995. Terrestrial ecosystems and the carbon-cycle. 
Global Change Biology 1: 77–91.

Smith SE, Read DJ. 1997. Mycorrhizal symbiosis, 2nd edn. London, UK: 
Academic Press.

Staddon PL, Ramsey CB, Ostle N, Ineson P, Fitter AH. 2003. 
Rapid turnover of hyphae of mycorrhizal fungi determined by AMS 
microanalysis of 14C. Science 300: 1138–1140.

Steinmann KTW, Siegwolf RTW, Saurer M, Körner C. 2004. 
Carbon fluxes to the soil in a mature temperate forest assessed by 
13C isotope tracing. Oecologia 141: 489–501.

Stoy PC, Palmroth S, Oishi AC, Sigueria MBS, Juang J-Y, Novick KA, 
Ward EJ, Katul GB, Oren R. 2007. Are carbon inputs and outputs 
coupled at short time scales? A case study from adjacent pine and 
hardwood forests using impulse-response analysis. Plant, Cell & 
Environment 30: 700–710.

Sugden A, Stone R, Ash C. 2004. Ecology in the underworld. Science 304: 
1613.

Torsvik V, Ovreas L. 2002. Microbial diversity and function in soil: from 
genes to ecosystems. Current Opinions in Microbiology 5: 240–245.

Treonis AM, Ostle NJ, Stott AW, Primrose R, Grayston SJ, Ineson P. 2004. 
Identification of groups of metabolically-active rhizosphere 
microorganisms by stable isotope probing of PLFAs. Soil Biology and 
Biochemistry 36: 533–537.

Vance ED, Brookes PC, Jenkinson DS. 1987. An extraction method 
for measuring microbial biomass C. Soil Biology and Biochemistry 19: 
703–707.

Vogt KA, Grier CC, Vogt DJ. 1986. Production, turnover, and nutrient 
dynamics of above- and below-ground detritus of world forests. 
Advances in Ecological Research 15: 303–377.

Wardle DA, Bardgett RD, Klironomos JN, Setälä H, van der Putten WH, 
Wall DH. 2004. Ecological linkages between aboveground and 
belowground biota. Science 304: 1629–1633.

Waring RH, Running SW. 1998. Forest ecosystems. Analysis at multiple scales, 
2nd edn. San Diego, CA, USA: Academic Press.


