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Abstract
Background and aims Only the carbon (C) isotope
pulse labeling approach can provide time-resolved
data concerning the input and turnover of plant-
derived C in the soil, which are urgently needed to
improve the performance of terrestrial C cycle models.
However, there is currently very limited information
about the point in time after pulse labeling at which
the distribution of tracer C accurately represents the
usage of photosynthates in different components of
the plant-soil system. This should be the case as soon
as the tracer has disappeared from the mobile C pool
due to respiration, incorporation into the structural C
pool of shoot and root tissue and exudation into the
soil (rhizodeposition).
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Institute of Agricultural and Environmental Sciences,
Estonian University of Life Sciences, Tartu, Estonia
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Methods Following 14CO2 pulse labeling in labora-
tory and outdoor experiments with spring rye, the 14C
dilution rates of soluble fractions and different sub-
stances from the structural C pool of the shoot (molec-
ular level), the release of labeled CO2 by belowground
respiration (component level), and the 14C kinetics
of shoot respiration and 14C remaining in the plant-
soil-soil gas continuum (system level) were analyzed
during different stages of plant development.
Results At all three levels investigated, 14C kinetics
indicated that the C tracer levels changed very little
between 15 and 21 days after labeling. Results also
showed increasing tracer depletion in the mobile C
pool. Consequently, only 0.42 % and 0.06 % of all 14C
was still available for shoot respiration 15 and 21 days
after labeling, respectively.
Conclusions The similarities between 14C tracer
kinetics at the three investigated levels indicate that
tracer disappearance from the mobile pool and dis-
tribution throughout the plant-soil system was nearly
complete between 15 and 21 days after labeling.
Therefore, this appears to be the point at which the
pulse labeling approach provides sufficiently precise
data concerning the use of C (assimilated during label-
ing) for root growth, rhizodeposition, root respiration
and the microbial turnover of rhizodeposits.
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Introduction

It has become clear in recent years that precise time-
resolved data concerning carbon (C) fluxes in the soil
are urgently needed to improve the reliability of terres-
trial C cycle models from the local to the global scale
(Finzi et al. 2015; Kardol et al. 2013; Oikawa et al.
2014), as most processes regulating the C dynamics
of the plant-soil system operate on shorter timescales
than a growing season. For example, it was shown
by Swinnen et al. (1994b) that the downward trans-
fer of recently assimilated C from wheat is a highly
dynamic process during which the C input into differ-
ent components of the subsurface (e.g., the root, soil,
and soil gas) can change substantially over the course
of a few days. The only method that can be used to
separate plant- and soil-derived C compounds with
high temporal resolution is the C isotope pulse label-
ing approach, in which labeling is performed for a few
hours at different plant developmental stages, such
as emergence, tillering, elongation growth, flowering,
and ripening (Meharg 1994; Kusyakov and Domanski
2000; Swinnen et al. 1994b; Werth and Kuzyakov
2008).

By contrast, the commonly used continuous label-
ing approach for estimating C input into the soil
(Nguyen 2003) results in poor temporal resolution
due to labeling over weeks or months. In addition,
differentiating between labeled C originating from
belowground C fluxes, such as root respiration or root
exudation (loss of carbon from living roots), micro-
bial turnover of rhizodeposits, and senescent or dead
roots becomes increasingly difficult as labeling time
increases to more than a few weeks (Meharg 1994).
This drawback is accompanied by the considerably
higher technical and financial resources necessary
for continuous labeling compared with pulse label-
ing (Meharg 1994; Kuzyakov and Domanski 2000).
Finally, 13C discrimination experiments have insuffi-
cient temporal resolution and sensitivity, as the trans-
fer of root-derived C to soil organic matter can only be
investigated after more than 40 days of plant growth
(Werth and Kuzyakov 2008). This is true to an even
greater extent for the 14C-bomb spike approach, which
can only be used to investigate time ranges of one
to several years (Richardson et al. 2015; Trumbore
2000).

To estimate the transfer of C into the soil, rela-
tive tracer partitioning coefficients are frequently used

(Bolinder et al. 2007, 2012; Kuzyakov and Domanski
2000; Nguyen 2003; Warembourg and Estelrich 2001;
Werth and Kuzyakov 2008). These partitioning coeffi-
cients represent the proportional distribution of tracer
into shoots, roots, rhizodeposition, and belowground
respiration following labeling, and they are calculated
as the percentage of the applied tracer or total tracer
found in the plant-soil-soil gas system at or until sam-
pling (Nguyen 2003). To model the absolute transfer
of freshly assimilated C into the subsurface, it is nec-
essary to link the relative partitioning of the tracer to
the absolute C flux of the plant, which can be the C
increment of shoot growth per day (Swinnen et al.
1994b), developmental stage (Meng et al. 2013; Werth
and Kuzyakov 2008), or the entire vegetation period
(Kuzyakov and Domanski 2000).

The homogeneous labeling of total C tracer from
pulse labeling fluxes and plant C pools is a manda-
tory prerequisite for accurately determining absolute
C fluxes based on the distribution of a tracer within
a plant. However, in contrast with continuous label-
ing, this is not the case if the pulse labeling method
is applied from the start (Meharg 1994). This dif-
ference arises from the dynamics of C transfer and
turnover in plants. As a result, there can be different
ratios of labeled (new) and non-labeled (old) C used
to build molecules, different turnover rates of labeled
metabolites, or different transfer rates for the short
and long distance transport of labeled photosynthates
caused by the different C sink activities of tissues and
organs (Ainsworth and Bush 2011; Bihmidine et al.
2013; Lemoine et al. 2013). Several pulse labeling
experiments have repeatedly demonstrated that tracers
can flow very quickly through a plant. For example,
14C was detected in hydroponic solution around the
roots only two hours after the labeling of wheat leaves
(Dilkes et al. 2004), and Nguyen et al. (1999) found
that the specific activity of 14C in belowground res-
piration reached its maximum approximately 6 hours
after the labeling of maize shoots. However, it is
also known that photosynthates (substances formed by
photosynthesis) are used to build temporary carbohy-
drate storage molecules such as starch and fructans
(Bihmidine et al. 2013; Heldt and Piechulla 2008).
Fructans are a group of water-soluble oligosaccha-
rides and polysaccharides built of one or more fructose
residues and a sucrose unit, and they primarily accu-
mulate in the stems of cereals (Schnyder et al. 1993;
Wardlaw and Willenbrink 2000). Lattanzi et al. (2005)
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and Lehmeier et al. (2010) showed that temporary
storage pools with mean residence times of 4 to 9
days are involved in the growth and respiration of
grasses. Considering that not only sucrose but also
glucose, fructose, raffinose, stachyose, and sugar alco-
hols can appear in phloem sap (van Bel and Hess
2008), it cannot be ruled out that the degradation of
labeled temporary storage pools delays the distribu-
tion of tracers throughout the entire plant-soil-soil gas
continuum. Therefore, the kinetics of the C tracer at
the molecular level can also influence the distribution
and turnover of tracer at both the component (e.g.,
shoot or soil gas) and whole plant-soil system levels.

Consequently, the relationship between the relative
amount of tracer in the shoot and C shoot increment
can only provide precise information about the use of
assimilated C to produce shoot matter if the tracer in
the mobile C pool is depleted. In other words, any
tracer that is not used for shoot growth must have
disappeared from the shoot via respiration or down-
ward transfer. Moreover, any C tracer not used for
the production of root matter must have disappeared
from the root via respiration or exudation before the
tracer distribution from pulse labeling experiments
can be used to accurately calculate the use of recently
assimilated C for the production of root matter and
rhizodeposits, as well as for the root respiration and
microbial turnover of fresh rhizodeposits.

However, there is limited information concerning
the point in time after labeling at which the distribu-
tion of tracer most accurately represents the usage of
photosynthates to produce plant matter in the various
components of the investigated system. An analy-
sis of different studies on C partitioning (differen-
tial distribution of photosynthates) into shoots, roots,
rhizodeposition and belowground respiration showed
that samples were collected at different times, rang-
ing from 1 day (Gregory and Atwell 1991; Sey et al.
2010), 16 days (Pausch et al. 2013), 19 days (Swinnen
et al. 1994b), 21 days (Stewart and Metherell
1999), and 27 days (Meng et al. 2013) after label-
ing. However, authors seldom justify their decisions
concerning the sampling time after pulse labeling.
Stewart and Metherell (1999) found more 13C in roots
21 days after labeling compared with 1 hour after
labeling. Swinnen et al. (1994b) analyzed the par-
titioning of 14C in shoots and roots 5, 19, and 33
days after labeling, and they found that the distri-
bution of 14C between root and shoot reached an

equilibrium 19 days after labeling, which was stable
until 33 days after labeling. Furthermore, based on
model assumptions, the authors calculated that more
than 99 % of the assimilated, but not respired, 14C was
incorporated into structural plant compounds 19 days
after labeling. Based on these results, Swinnen et al.
(1994b) concluded that the distribution of the tracer
must preliminarily be finished by 19 days after label-
ing. However, these authors did not ensure that their
assumptions about the distribution of assimilated C
tracer in the different C pools were correct.

An investigation of C tracer kinetics at three dif-
ferent system levels should provide sufficient infor-
mation about the timing of tracer distribution in the
plant-soil-soil gas system, as well as the point in time
at which the tracer in the mobile C pool is depleted. At
the molecular level, comparing the tracer dilution rates
of water- and toluene-soluble fractions with those of
substances from the structural C pool of shoot appears
suitable for identifying the moment at which the incor-
poration of C tracer into structural substances of the
shoot is complete. The underlying idea is that follow-
ing the incorporation of the tracer into the structural
substances of the shoot (e.g., α-cellulose, hemicellu-
lose, and lignin), the specific activity of tracer in these
substances should only decrease if dilution occurs fol-
lowing the incorporation of new 12C. By contrast,
the specific activity of tracer in the soluble fractions
should decrease faster than in the structural C pool,
because the soluble fractions likely include the major-
ity of carbohydrates from the mobile C pool, and their
tracer will be diluted due to respiratory turnover, trans-
fer into the root, and incorporation into the structural
C pool of the shoot, which require new 12C to com-
pensate C loss in the mobile C pool. Consequently,
the tracer dilution rates of the soluble fractions should
substantially change if the tracer disappears from the
mobile C pool.

When no more labeled mobile carbohydrates are
available in the shoot, the tracer levels in shoot respi-
ration should also substantially change, which should
be detectable in tracer kinetics at the system level. In
addition, the C tracer levels in the plant-soil-soil gas
system, expressed as a percentage of gross 14C assim-
ilation, should indicate the point in time at which the
C tracer amount in the entire plant-soil-soil gas system
no longer changes.

It is known that the magnitude and velocity of C
transfer within the plant can be influenced by plant age
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and environmental factors (Brüggemann et al. 2011;
Lambers et al. 2008; Yasumura 2009), so therefore,
an investigation of C tracer kinetics at the component
level is required. Considering that the soil gas compo-
nent is located furthest from the shoot, any potential
influences of plant age or environmental conditions
on the timing of C tracer distribution within the plant
should be apparent in this component.

The aim of this investigation was to help fill our
knowledge gaps concerning the dynamics of C tracer
distribution and its timing in the plant-soil system
using the pulse labeling approach. We investigated 14C
tracer kinetics after pulse labeling in spring rye as a
model plant at the molecular, component, and system
levels. 14C was used as a tracer because even low-level
14C pulse labeling is more sensitive than 13C labeling
(Carbone et al. 2007). The simultaneous analysis of
tracer kinetics at these three levels should allow us to
determine the point in time at which the distribution
of a tracer within the plant is preliminarily complete.
Consequently, at this point in time, the partitioning of
tracer within the plant-soil-soil gas system represents
the proportional use of C for shoot and root growth, as
well as for the production of rhizodeposits, given our
assumptions are correct.

Materials and methods

Cultivation of plants

To investigate 14C tracer kinetics at different lev-
els and to determine 14C partitioning within the
plant-soil-soil gas and plant-soil-soil gas-atmosphere
systems, several pulse labeling experiments were
performed under controlled and outdoor conditions
using spring rye (Secale cereale), cultivar Sorom, as
a model plant. Under controlled conditions, 4 plants
were grown per pot. Each pot had a depth and diameter
of 20 cm and was filled with 6 kg albic luvisol top-
soil obtained in Müncheberg, Germany. Temperatures
in the growth chamber were maintained at 24 ◦C for
14 h during the day (light intensity: 350 μE m−2 s−1)
and at 18 ◦C for 10 h during the night. Pots were fer-
tilized with 350 mL nutrient solution (3 mM K2HPO4,
10.3 mM NH4NO3, 1.2 mM K2SO4, 2.4 mM MgSO4,
0.6 mM CaCl2 and 0.24 mM Fe-Ethylene diamine
tetraacetic acid (Fe-EDTA, C10H12N2O8FeNa, H2O))
before sowing and after emergence each fourth week.

To maintain a gravimetric water content of approx-
imately 0.17 g / g dry soil, pots were watered with
deionized water.

Additionally, a field experiment was conducted
on loamy sand (albic luvisol) at the Leibniz Cen-
ter for Agricultural Landscape Research (ZALF),
Müncheberg, Germany (N 52◦31’, E 14◦ 07’).
Approximately two weeks before rye seeds were sown
in the field, several plastic pots (Fig. 1, length: 110
cm, outer diameter: 16 cm, inner diameter: 15 cm)
made of commercially available KG sewer pipes and
accessories (KG DN 160 from Marley, Germany)
were placed in the field using a specially manufac-
tured driller (hole depth of 110 cm). The soil obtained
during drilling was placed stepwise in portions repre-
senting approximately 10 cm soil depth on a plastic
tarp. Afterward, the pots were embedded in the field
and filled with the obtained soil portions to create a
100 cm long soil column with a similar soil profile as
in the field. The dry mass of the soil (including stones)
in the pots was approximately 28 kg. The field (includ-
ing the open embedded pots) was fertilized with 94
kg Ca ha−1, 114 kg K ha−1, 12 kg Mg ha−1, 20 kg P
ha−1, and 16 kg S ha−1 using a commercial mineral
fertilizer (Thomaskali, K+S KALI GmbH, Germany)
on the day before sowing. Subsequently, the field was
fertilized with N by applying liquid fertilizer (60 kg
N ha−1 per application; NTS urea-ammonium nitrate
solution, Nutri-Tech Solutions, Australia) 4 and 40
days after sowing. Consequently, each pot received
189 mg Ca, 201 mg K, 24 mg Mg, 35 mg P and
28 mg S through fertilization with Thomaskali, as
well as 106 mg N on each of the two N application
dates.

Sowing of rye in the field was performed after pot
installation, ensuring that the plants in the pots grew as
part of the normal rye stock. A single plant was grown
in a reduction tube inside the pots (Fig. 1). Between
sowing and harvesting, the average daytime tempera-
ture was 11 ◦C. Total precipitation over the whole year
was 549 L m−2 and did not differ from the long-term
average precipitation at this site. At the time of label-
ing, three to four pots were excavated and transferred
to an open space that was equipped for labeling and
collection of CO2 from the head space of the pots (see
the “14C pulse labeling”). During the investigation
periods (21 days after labeling), pots were irrigated
with deionized water with an amount equivalent to the
local precipitation.
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Fig. 1 Design of the pots for 14C pulse labeling

Tracer application, preparation, and analysis

14C pulse labeling

In the outdoor experiment, each plant was labeled
separately with 14CO2 at six different developmen-
tal stages between emergence and late milk-ripening
stage (see the “Investigation of 14C at the component
level”). The top of each pot was closed with a per-
forated cap with two tubing connections (inlet and
outlet, Fig. 1) 24 h before labeling. Afterward, holes
in the cap around the reduction tubes as well as holes
in the bottom of the pot were sealed with semi-solid
acid-free silicon rubber. The soil surface within the
reduction tube was sealed with liquid silicon rubber
(TACOSIL 170 with 3 % cross-linker no. 28 from
Thauer & Co. KG, Germany) to separate the soil gas
in the pots from the atmosphere. As shown in Fig. 1
the use of the reduction tube allowed for a natural ver-
tical gas exchange between soil and atmosphere due
to the creation of a headspace. Moreover, the use of
a reduction tube leads to a reduction in the area that
has to be sealed with silicone rubber to separate the
shoot from the subsurface. In addition, the upper layer
of soil in the reduction tube can easily be removed
to place silicon rubber exactly at the shoot basis. Gas
exchange between the soil of the reduction tube and

the headspace was promoted by lateral holes (see
Fig. 1). Before labeling, tubing connections in the caps
were closed and plants were covered with transparent
plastic bags. In the next step, each plant was labeled
with up to 10 MBq 14C using the locking opening of
the bag. After removing the plastic bags, tubing con-
nections were opened and connected to flexible tubes
for fresh air supply and for sucking gas out of the
soil headspace. The CO2 of the soil gas was continu-
ously trapped in a NaOH solution to determine the 14C
activity of belowground respiration. The NaOH solu-
tion (3 x 12 mL 1 M NaOH) was renewed daily until
harvesting (21 days after labeling).

14C labeling was conducted under controlled con-
ditions in a two-piece box (width: 56 cm, length: 118
cm, height: 96 or 196 cm, the latter including an exten-
sion for tall plants) with a transparent Plexiglas top
inside a growth chamber. Two rubber straps (window
seals) between the top and bottom rim of the box were
used to seal the box. The temperature in the box was
maintained at 24 ◦C for 14 h during the day and at
18 ◦C for 10 h during the night. For each investi-
gated developmental stage (see the “Investigation of
14C at the molecular level” and “Investigation of 14C
at the system level”), 3 to 5 pots with 4 plants each
were labeled with up to 25 MBq 14CO2. A 60 mM
NaH14CO3 solution with 8 MBq ml−1 was placed into
a beaker containing 10 mL 16 M H3PO4 to produce
14CO2 inside the Plexiglas chamber. After 10 h, the
air around the shoots inside the Plexiglas box (shoot
space) was pumped through NaOH granules to absorb
free leftover 14CO2 from the labeling process. After
removing free 14CO2 from the shoot space, the contin-
uous flow of fresh air through the Plexiglas box was
established using a vacuum pump. A bypass between
the outlet of the box and the pump was established to
obtain a portion of the labeled CO2 released by shoot
respiration. CO2 from the air flow was trapped contin-
uously in 3 test tubes containing 12 mL 1 M NaOH
each to determine the 14C activity of the shoot space.
Both the main flow of fresh air through the Plexiglas
box and the flow through the bypass were controlled
by flow meters.

The bottoms and tops of each pot were sealed with
semi-solid acid-free silicon rubber and a liquid sili-
con rubber (TACOSIL 170 with 3 % cross-linker no.
28 from Thauer & Co. KG, Germany) 24 h before
labeling, similar to the outdoor experiment. The inlet
and outlet tubing connections of the pot caps were
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connected with the box wall via flexible tubes to sup-
ply the pots with fresh outside air (inlet) as well as to
suck soil gas out of the soil headspace (outlet). Out-
side of the box, CO2 within the soil gas was trapped
identically as under outdoor conditions.

During and after labeling, until the harvesting of the
pots, the CO2 concentration inside the box was kept at
a constant level of approximately 390 ppm, which was
monitored using an infrared CO2 measurement device
(Guardian plus, Pewatron AG, Zürich, Swiss) con-
nected to the shoot space of the box in a closed loop
(flexible tube). The influx of fresh CO2 was deter-
mined using an electronic valve, which was placed
between the box and a CO2 gas bottle and controlled
by the CO2 measurement device. A cooler inside the
box connected to a cryostat was used to control the air
temperature during irradiation. In addition, a continu-
ously running fan located near the cooler was used to
mix the air inside the box.

Therefore, labeling under controlled and outdoor
conditions differed principally with respect to the reg-
ulation of CO2 concentration, temperature, and soil
humidity (see also the “Cultivation of plants”) during
and after labeling, the number of plants at labeling
(labeling of single plants under outdoor conditions
and simultaneously labeling of several plants in one
Plexiglas box under controlled conditions), and the
geometry of the used pots.

Sample preparation

Pots were harvested at different points in time, rang-
ing from 2 to 28 days after labeling, depending on
the objective of the experiment. Rye shoots were cut
at their base at harvest and dried in an oven at 104
◦C. Afterward, pots from the outdoor experiment were
dissected into five layers, each 20 up to 30 cm thick.
The soil (including roots) of each layer was immedi-
ately frozen at -26 ◦C and later defrosted separately
at 4 ◦C overnight to separate the roots from the soil.
The soil from the small pots used in the experiments
under controlled conditions was not divided, but was
also frozen at -26 ◦C immediately after harvesting the
shoots. After hand-picking the roots from soil portions
of approximately 5 to 6 kg, the roots were washed
with 250 mL deionized water in an Erlenmeyer flask
on a horizontal shaker for 1 h to remove adhesive soil.
Next, the roots were dried at 104 ◦C. The soil that was
separated from the roots by washing was operationally

defined as rhizosphere soil. Washing water and rhizo-
sphere soil were transferred to a sieve with 300-μm
mesh size. Using a wet-sieving procedure, all root
fragments (≥ 300 μm) which released from the roots
during the washing procedure were obtained. Sieving
was considered to be complete when only white sand
was visible on the top of the sieve. Then, sand and root
residues remaining in the sieve were dried at 104 ◦C.
The soil fractions that passed through the sieve were
dried at 104 ◦C after the complete evaporation of water
(approximately 1 to 2 L) at 80 ◦C to obtain all 14C
labeled material from the rhizosphere soil fraction <

300 μm.
To determine the amount of root fragments ≥ 300

μm, which could not be selected by hand-picking,
aliquots of bulk soil were analyzed. After hand-
picking of the roots, each soil portion (≈ 5-6 kg) was
homogenized by hand, and two bulk soil aliquots (50
g each) were taken from each soil portion, totaling two
and ten aliquots for the small and large pots, respec-
tively. Next, each bulk soil aliquot was dissolved in
250 mL deionized water and shaken in an Erlenmeyer
flask on a horizontal shaker for 1 h. Afterward, a wet-
sieving procedure was used to separate root fragments
≥ 300 μm and material < 300 μm. Sieving was con-
sidered to be complete when only white sand remained
on a sieve with 300-μm mesh size. Sand (including
root fragments) from the top of the sieve, washing
water (≈ 1-2 L) and the soil fractions < 300 μm of
bulk soil aliquots were treated like the fractions of rhi-
zosphere soil to calculate all 14C in root fragments
≥ 300 μm and labeled material of the bulk soil frac-
tion < 300 μm. Apart from organic material, the soil
fraction ≥ 300 μm comprised mostly sand while the
fraction < 300 μm comprised mostly silt and clay. In
addition, the dry soil mass of each bulk soil portion
was determined using two soil samples with a fresh
weight of 50 g.

Extraction of mobile and structural C pool fractions

Toluene-, water-, and hot-water-soluble fractions, as
well as α-cellulose, hemicellulose, and lignin, were
separated from the rye shoot material using a modified
version of the extraction procedure described by Allen
et al. (1974). Toluene-, water-, and hot-water-soluble
fractions should include the majority of sugars, sugar
derivatives and amino acids, which can flow through
the plant, whereas α-cellulose, hemicellulose, and
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lignin represent substances from the structural plant C
pool.

Approximately 12 to 17 g of shoot powder from
each sampling time were used for extraction. First,
samples were boiled three times (for 3 h each) in a
round-bottom flask with 165 mL toluene under a con-
tinuous flow of N2. After each boiling treatment, the
solvent was vacuumed through a fritted glass filter
and concentrated using a rotary evaporator. The con-
centrated toluene-soluble fraction was dissolved with
toluene and water at a ratio of 1:1 and incubated for
18 h at 4 ◦C. Next, this mixture was centrifuged (RCF
= 200 g, 5 min, room temperature) to separate the
toluene phase (with the toluene-soluble fraction) from
the water-soluble fraction.

The residue in the round-bottom flask was boiled
three times in 650 mL water (for 3 h each). The hot
water was vacuum-filtered through a fritted glass fil-
ter and concentrated via rotary evaporator and dried to
obtain the hot-water-soluble fraction. The residue in
the round-bottom flask was washed with hot water on
a fritted glass filter, dried and divided further to extract
the α-cellulose, hemicellulose, and lignin.

For the lignin extraction, 5 to 9 g residue was
cooled down to 15 ◦C and slowly mixed with 26 mL
72% H2SO4 in a round-bottom flask before incuba-
tion for 2 h at 20 ◦C. After incubation, 800 mL H2O
was added, and the mixture was boiled for 9 h under
a continuous flow of N2. The solvent was vacuumed
through a fritted glass filter and discarded. This pro-
cedure was repeated three times, and the material was
washed with hot water to maintain a neutral pH. The
remaining material was dried on a fritted glass filter to
obtain lignin.

For the extraction of α-cellulose and hemicellulose,
5 to 9 g residue from the hot water extraction was
mixed with 480 mL H2O, 16 mL of 10 % acetic acid,
and 4.8 g sodium chlorite. This mixture was shaken
at 75 ◦C under a continuous flow of N2 for 1 h. The
procedure was repeated three times. Next, the mix-
ture was cooled down to 0 ◦C, and the solvent was
vacuumed through a fritted glass filter and discarded.
The residue was washed ten times with cold water and
three times with acetone on a fritted glass filter before
drying to obtain holocellulose. The dried holocellu-
lose was mixed with 100 mL 24 % KOH and incubated
on a shaker for 4 h at 20 ◦C. After incubation, the
solvent was vacuumed through a fritted glass filter
and adjusted to pH 4 with acetic acid. The dissolved

material was precipitated by adding 350 mL ethanol
(96 %) and incubating overnight. Subsequently, the
precipitate was washed with ethanol on a fritted glass
filter and dried to obtain hemicellulose.

The residue was washed with H2O to maintain neu-
tral pH and then swirled in a crucible with 25 mL
5 % acetic acid. Next, the residue was washed again
with water to achieve a neutral pH. Subsequently,
the material was washed three times with acetone
before drying to obtain α-cellulose. A flow chart of
the extraction procedure is shown in Fig. 2.

C analysis

C content and 14C activity from the soluble fractions
and substances of the structural C pools of the shoot
(see the “Extraction of mobile and structural C pool
fractions”) were determined by combustion at 1200 ◦C
under continuous O2 flow. The CO2 from the elemen-
tal analyzer (CS 500, ELTRA GmbH, Germany) was

Fig. 2 Flow chart of the extraction procedure to obtain the
fractions and substances of the mobile and structural C pools
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absorbed in a CO2 trap (Qureshi et al. 1985), which
was filled with 7 mL Carbo-Sorb E (PerkinElmer,
Rodgau, Germany). Next, 3 mL aliquots of CarboSorb
E were mixed with 12 mL Permafluor-Scintillator
(PerkinElmer) to measure 14C activity using a liq-
uid scintillation counter (LS 6000SC, Beckman, Ger-
many).

The same procedure was used to determine the C
content and 14C activity of the shoot and root samples,
the soil fractions ≥ 300 μm and < 300 μm of the rhi-
zosphere, and bulk soil. The 14C activity of the shoot
and belowground respiration was determined using 3
mL aliquots of the NaOH solution from the CO2 traps
of the labeling experiments after they were mixed
with 12 mL UltimaGold-Scintillator (PerkinElmer).
The liquid scintillation counter was calibrated using
14C, 3H, and background standards from Beckman,
according to the device manual.

14C calculation for all components

The 14C amounts resulting from belowground or
shoot respiration were calculated using the specific
14C activity of the NaOH solution in the CO2 traps
(expressed as Bq per mL NaOH) multiplied by the
total volume of NaOH in the trap. Finally, the respired
14C activity values of each day were summed to
obtain the total 14C activity of belowground and shoot
respiration.

The total amount of 14C in shoots and hand-picked
roots was calculated by multiplying the specific 14C
activity (Bq per mg shoot or root material) by the
total weight of the shoots and roots, respectively. The
total 14C amount of the root fragments that could not
be recovered by hand was calculated using the spe-
cific 14C activity (Bq per mg) of the samples ≥ 300
μm of rhizosphere and bulk soil and the weights of
the fractions of rhizosphere and bulk soil from the
entire pot. Next, the amount of 14C in the root frag-
ments and roots was summed to obtain the total 14C
amount in the entire root system. The amount of 14C in
the fractions < 300 μm, which was obtained by wet-
sieving rhizosphere soil and bulk soil aliquots, was
determined by multiplying their specific 14C activities
by the total weights of these fractions in the whole
root system and pot. The resulting 14C activity values
were summed to obtain the entire 14C activity of the
total soil fraction < 300 μm in the pot. This total 14C

activity in soil fractions < 300 μm was operationally
defined as 14C from detectable rhizodeposition, as a
portion of the 14C from labeled rhizodeposits must
have been released by microbial respiration between
labeling and sampling.

Investigation of 14C at the molecular level

To determine the point in time at which 14C disap-
peared from the mobile C pool, the specific activity
of 14C in the soluble fractions and substances of the
structural C pool were determined on days 11, 15,
19, 25 and 28 after labeling. For this determination,
the toluene-, water-, and hot-water-soluble fractions,
as well as the α-cellulose, hemicellulose and lignin
fractions (structural C pool), were separated from
spring rye shoots after drying and grinding of the plant
material (see the “Sample preparation”). Separating
these different substances and fractions is very labor-
intensive, as described in the “Extraction of mobile
and structural C pool fractions”. Therefore, only one
set of plants (5 pots with 4 plants per pot) was labeled
under controlled conditions (see the “Cultivation of
plants” and “14C pulse labeling”) at tillering for this
investigation, and all four shoots from one pot were
pooled for each of the five sampling times. After deter-
mining the specific 14C activity of each sample, the
14C dilution in each substance or fraction was mod-
eled using the best-fit two-parameter model found via
non-linear regression. The first derivatives of the mod-
eled 14C concentration from each substance or fraction
were used to investigate changes in the 14C dilution
rates over time. In addition, the half-life of the spe-
cific 14C activity was calculated for the investigated
timespan using Eq. 2 when possible (i.e., when time
(t) was found in the exponent of the function model,
as in Eq. 1). Particularly when considering the struc-
tural C pool, the half-life provides the time at which
the specific 14C activity will have decreased by one-
half due to the incorporation of 12C into the structural
C pool.

14C concentration = a ∗ e−b∗t (1)

t1/2 = −ln(2)

−b
(2)
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Investigation of 14C at the component level

At the component level, the influence of plant age
under outdoor conditions on the release of 14CO2 by
belowground respiration was analyzed for 21 days
after pulse labeling at emergence, stem elongation,
and ear emergence. For this investigation, three plants
per plant set (total of 9 plants) were labeled and
harvested 21 days after labeling. The 14C that was
released each day via belowground respiration was
calculated as the percentage of total 14C found in the
shoot, root, and detectable rhizodeposition on the day
of harvest and the total 14C amount released by below-
ground respiration between labeling and harvest. The
experimental design used here could not distinguish
between root and microbial respiration. Therefore,
the 14C-labeled belowground respiration includes 14C-
labeled CO2 released by root respiration and microbial
turnover of 14C-labeled rhizodeposits.

In addition to analyzing the daily release of 14C-
labeled CO2 and its cumulative curves, the normalized
14C-labeled belowground respiration of each plant set
was investigated. For this investigation, the accumu-
lated 14C amount of belowground respiration for each
plant set until harvest (expressed as the percentage of
total 14C found in the plant-soil-soil gas system) was
normalized to 100 %.

Investigation of 14C at the system level

At the system level, the 14C dynamics in the plant-soil-
soil gas system, expressed as a percentage of gross
14C assimilation, were analyzed to identify the time at
which the 14C amount of the entire plant-soil-soil gas
system no longer changed. For this investigation, three
plant sets were grown to elongation, ear emergence
and late milk-ripening stages under controlled condi-
tions (see the “Cultivation of plants”). Subsequently,
plants were pulse labeled (see the “14C pulse labeling”),
and plants from each set were harvested at differ-
ent times (days 2, 7, 10, 11, 14, 15, 19 and 21 after
labeling). During and after labeling, the plants were
grown in a Plexiglas box, which made it possible to
capture shoot respiration from labeling until harvest.
The 14C activity trapped in the shoot space (Plexiglas
box) was divided by the number of pots within the
box to calculate the average 14C shoot respiration per
pot. In addition, CO2 from belowground respiration

for each pot was also collected between labeling and
harvest to determine its 14C amount. After harvest,
the 14C amounts of the shoots, roots, and detectable
rhizodeposition were determined as described above
(see the “14C calculation for all components”). The
total 14C found in shoots, roots, detectable rhizodepo-
sition, belowground respiration, and shoot respiration
was defined as gross 14C assimilation. Gross 14C
assimilation and the total 14C amount in the plant-
soil-soil gas system were equalized at the day of pulse
labeling by adjusting to 100 %. A curve representing
the progression of 14C amounts in the plant-soil-soil
gas system (expressed as a percentage of gross 14C
assimilation) was modeled using non-linear regression
analysis. Additionally, linear regression analyses were
used to determine the slope of the measured 14C val-
ues between days 7 and 15, as well as days 14 and 21
after labeling.

Statistical analyses

Non-linear regression was used to analyze the
turnover of 14C in each soluble fraction or substance
of the structural C pool, to investigate the dynamics
of the 14C-labeled belowground respiration, as well as
to describe the dynamics of the total 14C amount in
the plant-soil-soil gas system after pulse labeling. The
coefficient of determination (R2) for all non-linear
regression analyses was calculated using 1-(SS error
/ SS corrected total), according to Kvålseth (1985).
All statistical calculations were carried out using the
Mathematica 9 software package (Wolfram Research).

Results

Dynamics of 14C dilution in the mobile and structural
C pool

14C tracer kinetics at the molecular level show that
the 14C activity in all investigated fractions and sub-
stances of the rye shoots decreased after pulse labeling
(Fig. 3). As shown in Fig. 3, the coefficients of deter-
mination (R2) of the utilized models ranged from
0.951 to 0.999. The p-values of the two parameters,
a and b, ranged from < 0.001 to < 0.02 and from
< 0.001 to < 0.01, respectively. Both, the coeffi-
cients of determination and the statistically significant
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Fig. 3 Specific 14C activity
(expressed as Bq per mg C)
of different substances and
fractions of spring rye
shoots after 14C pulse
labeling. Each time point
represents a pooled sample
from the pooled material of
four shoots

parameters, a and b, indicate a good model fit for each
investigated 14C dilution.

The water-soluble fractions showed a different
curve progression of the 14C dilution compared with
the toluene-soluble fraction and the substances of
the structural C pool (α-cellulose, hemicellulose, and
lignin). Moreover, the curve progression of the hot-
water-soluble fraction gives the impression that the
14C turnover decreased slower during the final days of
the investigation period compared with all other solu-
ble fractions and substances of the structural C pool,
although 14C was still detectable in the hot-water-
soluble fraction until the end of the investigation, 28
days after labeling.

The differences between the highest and lowest val-
ues of the specific 14C activities plotted in Fig. 3
were calculated, and they showed that the fastest 14C
dilution occurred in the toluene-soluble fraction. The
specific activity of this fraction decreased by 1886
Bq/mg C between days 11 and 28 after labeling. The
slowest 14C dilution was observed for α-cellulose,
where the specific activity decreased by 1327 Bq/mg
C between days 11 and 28 after labeling, yielding a
biological half-life of 9.4 days. Thus, the α-cellulose
fraction doubled over 9.4 days with the addition of
recently produced non-radioactive α-cellulose.
In contrast with the α-cellulose and toluene-soluble
fractions, which showed a constant dilution of 14C
between days 11 and 28 after labeling, the 14C dilution
of the water-soluble and hot-water-soluble fractions
changed significantly between days 11 and 15 after
pulse labeling. During this period, the specific activ-
ity of the hot-water-soluble fraction decreased by 1051
Bq/mg C, which was more than twice the dilution

of α-cellulose during that period. This large change
is clear in Fig. 4, showing that the 14C activities
of the water-soluble and hot-water-soluble fractions
decreased (negative sign) by approximately 450 and
600 Bq per mg C, respectively, on day 11. The 14C
dilution rate (Bq per mg C per day) of these fractions
on day 15 after pulse labeling was nearly the same as
that for the structural C pool substances.

Moreover, Fig. 4 shows that the 14C dilution rates
of all soluble fractions and substances from the struc-
tural C pool converged following day 15 after labeling
until the end of the experiment. Considering that the
soluble fractions include the majority of substances
from the mobile C pool, these findings imply that the
biggest change in 14C activity for this C pool occurs
before day 15 after pulse labeling, and then gradually
decreases.

Fig. 4 Dilution rates of the specific 14C activity of different
substances and fractions of spring rye shoots after pulse label-
ing expressed as Bq per mg C per day. Plotted curves are first
derivatives of the functions shown in Fig. 3
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14C dynamics of the plant-soil-soil gas system

The progression of the 14C amount in the plant-soil-
soil gas system of three plant sets labeled at the elon-
gation, end of ear emergence, and late milk-ripening
stages was used to investigate 14C tracer kinetics at
the system level (see Fig. 5). This progression of the
14C amount is expressed as a percentage of gross 14C
assimilation. Therefore, the area above the modeled
curve shown in Fig. 5 represents the amount of 14C
that was released by shoot respiration, whereas the
area below the modeled curve represents the amount
of 14C found in the plant-soil-soil gas system. Fig. 5
shows a rapid decrease in the 14C amount in the
plant-soil-soil gas system a few days after labeling,
which reached approximately the same level between
days 14 and 21 after labeling in all three plant sets,
regardless of plant age.

Regression analysis showed that an asymptotic
model was suitable for describing the changes in 14C
amount in the plant-soil-soil gas system after pulse
labeling because the coefficient of determination (R2)
was 0.993 and all three parameters, a, b and c, were
statistically significant (p < 0.001), indicating a good

model fit. After the rapid decrease in 14C, the fitted
curve shows an asymptotic curve progression. Mea-
sured 14C amounts averaged 50.7 % of gross 14C
assimilation between days 15 and 21 after labeling,
and the modeled 14C amount of the plant-soil-soil gas
system tended towards 50 % of gross 14C assimilation
21 days after labeling. Therefore, both measured and
modeled values between 15 and 21 days after label-
ing were close to the asymptote, which was 49.9 % at
infinity. A comparison of the modeled curve and its
asymptote indicated that at 15 and 21 days after label-
ing, only 0.42 % and 0.06 % of 14C, respectively, in
the whole system was available for shoot respiration.

In addition to the non-linear regression, two linear
regression analyses were conducted to investigate the
slope of the 14C amount in the plant-soil-soil gas sys-
tem between days 7 and 15, as well as between days
14 and 21, after labeling (Fig. 5). These analyses indi-
cated a slope of -0.44 between days 7 and 15 after
labeling, which was significantly different from 0 (p
= 0.007). The slope of 0.06 observed between days
14 and 21 after labeling was not significantly differ-
ent from 0 (p = 0.872). Taken together, these results
indicate that the turnover of 14C by shoot respiration

Fig. 5 Changes in the 14C amount of the plant-soil-soil gas
system expressed as the percentage of gross 14C assimilation
in spring rye after labeling at the elongation growth, ear emer-
gence, and late milk-ripening stages. The sum of 14C recovered
in the shoots, roots, and detectable rhizodeposits on the day of

harvest and 14C from belowground respiration collected after
labeling until harvest was defined as the 14C amount of the
plant-soil-soil gas system. The gross 14C assimilation is defined
as the sum of the 14C amount of the plant-soil-soil gas system
and the amount of 14C respired by shoots
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is nearly complete between days 15 and 21 after label-
ing and that the 14C amount in the plant-soil-soil gas
system does not substantially change during this time
range. A later re-translocation of 14C from root to
shoot due to remobilization was not considered in this
analysis, but is discussed in the “14C kinetics at the
system level”.

Dynamics of 14C labeled belowground respiration

Shortly after labeling at emergence, stem elongation,
and ear emergence, the rate of 14C-labeled below-
ground respiration increased rapidly during the first
24 h after pulse labeling and gradually declined
over the following days until harvest. The cumulative
14C activity of the belowground respiration of plants
labeled at emergence, stem elongation, and ear emer-
gence averaged 27.4 %, 7.8 %, and 5.0 %, respectively,
of the total 14C amount recovered in the plant-soil-
soil gas system 21 days after labeling (Fig. 6). These
values clearly show that the amount of 14C released
by belowground respiration was substantially different
between plants of different ages.

However, Fig. 6 also shows that one asymptotic
model was suitable for describing the cumulative
belowground respiration of 14C-labeled metabolites
at all three developmental stages. The coefficient of
determination (R2) ranged from 0.998 to 0.999, and
the parameters a and b were both statistically signifi-
cant (p-value < 0.001). Thus, the curve progression of
the cumulative belowground respiration was similar at
all three plant developmental stages.

The asymptotic model approaches an upper limit
at infinity, which corresponds to 33.2 %, 9.7 %, and
5.9 % of the 14C amount in the plant-soil-soil gas sys-
tem after labeling at emergence, stem elongation, and
ear emergence, respectively. The convergence of the
cumulative belowground respiration values with the
corresponding asymptote was different for plants of
different ages.

However, if the upper limit at infinity of each curve

is adjusted to 100 % (33.2 %, 9.7 % or 5.9 %
∧=

100 %), the cumulative 14C-labeled belowground res-
piration on day 21 for all three developmental stages
averaged 82.5 % of the respective upper limit. Thus,
independent of the developmental stage, collection of
the belowground respiration until 21 days after label-
ing provides nearly the same fraction (82.5 ± 2.1 %)
of the maximum expected 14C-labeled CO2 released
by root respiration and microbial turnover of labeled
rhizodeposits at infinity, assuming that this release of
labeled CO2 follows the model.

According to an additional analysis, the cumula-
tive 14C-labeled belowground respiration of the three
plant sets on day 21 after labeling were set to 100

% (27.4 %, 7.8 % or 5.0 %
∧= 100 %) to normalize

the 14C-labeled belowground respiration of the differ-
ent developmental stages. Afterward, the normalized
daily releases of 14CO2 of the three plant sets were
calculated and plotted in Fig. 7.

As shown in Fig. 7, normalizing 14C-labeled
belowground respiration revealed similar dynamics of
14C-labeled CO2 production from roots and microbial
turnover of fresh rhizodeposits after pulse labeling for

Fig. 6 Cumulative curves
of 14C-labeled belowground
respiration expressed as
percentages of the total 14C
amount recovered in the
plant-soil-soil gas system
21 days after labeling at
emergence, stem elongation,
and ear emergence. The
error bars represent the
standard deviation (n=3).
The dashed/dotted lines
represent the upper limits of
the modeled curves
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Fig. 7 Normalized
14C-labeled belowground
respiration of three plant
sets after pulse labeling at
emergence, stem elongation
and ear emergence. Each
line represents the average
daily release of 14C-labeled
CO2 (n=3 plants), which
was normalized by adjusting
the cumulative 14C activity
of each plant set to 100 %

plants of different ages under outdoor conditions. An
analysis of the normalized 14C-labeled belowground
respiration showed that approximately 80 % of the
14C-labeled CO2 that was captured until day 21 after
labeling was released before day 8 or 9, regardless of
plant developmental stage.

Discussion

The 14C kinetics at three different levels (molecular,
component, and system) were investigated to deter-
mine the point in time after pulse labeling at which the
distribution of a C tracer within a plant-soil-soil gas
system most accurately represents the use of assim-
ilated C to produce plant matter. As already men-
tioned, this point in time after pulse labeling should
be reached if the tracer is disappeared from the mobile
C pool. The investigation at the molecular level shows
that the 14C amount of the water-soluble fractions
was diluted by new 12C, similar to the substances (α-
cellulose, hemicellulose, and lignin) from the struc-
tural C pool of rye shoots 15 days after labeling. At the
same time, the 14C kinetics at the system level indi-
cated that only 0.42 % of total 14C was still available
for shoot respiration. 14C kinetics also showed that the
14C activities of all three investigated levels changed
only minimal between 15 and 21 days after label-
ing. Moreover, the release of 14C-labeled CO2 through
belowground respiration (component level) indicated
that the flow of 14C through the plant and it release by
root respiration and microbial turnover in the soil was

not affected by different plant developmental stages
under favorable conditions.

14C kinetics at the molecular level

As assumed, our investigation at the molecular level
clearly showed that the 14C dilution in soluble frac-
tions of the rye shoot progressed faster than the 14C
dilution in the substances of the structural C pool.
Considering that the investigated soluble fractions
likely included the majority of carbohydrates from
the mobile C pool of the shoot, the faster 14C dilu-
tion in these fractions can be explained by respiratory
turnover of 14C in the shoot, incorporation into struc-
tural C pool of the shoot, and transfer of labeled
carbohydrates from the shoot to the root, which would
induce rapid dilution with new 12C. In contrast with
this, it can be assumed that 14C in lignin and α-
cellulose in the shoot will only be diluted by the
incorporation of new 12C, as these substances cannot
be recycled and used as carbon reserves; this should
also apply to hemicellulose because the plants were
not stressed (Hoch 2007).

Moreover, our comparison of the 14C dilution rates
of the different fractions showed substantial changes
in the 14C dilution rates in the two water-soluble
fractions of the rye shoots. The 14C in the two water-
soluble fractions was diluted rapidly between days
11 and 15, and the 14C concentration in these two
fractions was diluted at nearly the same rate as the
14C in the structural C pool 15 days after labeling.
This finding indicates that the remaining 14C in the
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water-soluble fractions will be diluted by new 12C 15
days after labeling, similar to the substances of the
structural C pool. Consequently, 14C in the mobile
C pool of the shoot must be nearly depleted and the
incorporation of 14C into the structural C pool, the
transfer of labeled carbohydrates from shoot into root,
and the respiratory turnover of 14C in the shoot must
be nearly finished by 15 days after labeling. The latter
result is supported by our investigation of 14C tracer
kinetics at the system level, because in the time range
between days 15 and 21 after labeling, only 0.06% to
0.42% of the assimilated 14C were available for shoot
respiration. This finding, as well as the low 14C dilu-
tion rates of the water-soluble fractions between days
15 and 28 after labeling which were similar to the 14C
dilution rates of substances from the structural C pool
at this time lead us to assume that the 14C remain-
ing in these fractions after 15 days is primarily found
in substances of the structural C pool, which became
soluble during the extraction procedure. Admittedly,
only an investigation of the most important sug-
ars, sugar derivatives, amino acids, and temporal
C storages and their 14C content between days 15
and 28 after labeling can provide more certainty on
this issue.

14C kinetics at the system level

At the system level, the 14C kinetics of rye plants after
labeling at the elongation growth, ear emergence, and
late milk-ripening stages under controlled conditions
were analyzed. Similar to Swinnen et al. (1994b), we
observed a flat curve progression after a rapid decrease
of total 14C within the plant-soil-soil gas system. This
curve progression implies that the turnover of 14C by
shoot respiration is nearly complete between days 14
and 21 after labeling for all three investigated develop-
mental stages, as the measured total 14C amount only
deviated by 0.1% from the asymptote of the regres-
sion curve 21 days after pulse labeling. Moreover, the
model analysis showed that only 0.06 % to 0.42 %
of the assimilated 14C was available for shoot respira-
tion. This is in accordance with the model calculation
of Swinnen et al. (1994b), who showed that more than
99 % of the assimilated 14C that was not respired
after pulse labeling but was rather incorporated into
the structural compounds of wheat plant 19 days after
labeling.

Moreover, the investigation indicated that use of the
tracer by shoot respiration was not substantially influ-
enced by plant age because the measured 14C amounts
of the plant-soil-soil gas system (expressed as percent-
ages of gross 14C assimilation) between days 7 and 21
after labeling at stem elongation, ear emergence, and
late milk-ripening were quite similar. This aspect was
particularly obvious in the linear regression analysis,
which indicated that the slope of the measured total
14C amount of the three plant sets was close to zero
during the final days of the investigation.

We note that our investigation showed that the 14C
amount of the plant-soil-soil gas system reached an
average value of approximately 51 % of gross 14C
assimilation between days 14 and 21 after pulse label-
ing (Fig. 5). By contrast, Swinnen et al. (1994b)
observed a total 14C amount of approximately 65% of
gross 14C assimilation in a spring wheat field experi-
ment in a temperate humid climate. Our investigation
at the system level was performed under controlled
conditions at 24 ◦C for 14 h during the day and at
18 ◦C for 10 h during the night. This temperature
was substantially higher than the temperature at which
cereals grow normally in temperate humid climates.
For example, in our outdoor experiment, the average
daytime temperature between sowing and harvesting
was 11 ◦C. The higher temperatures in our experiment
are one potential reason for the lower 14C amount
in the plant-soil-soil gas system, because both pho-
torespiration and dark respiration of plants increase
with increasing temperature (Schopfer and Brennecke
2006; Turnbull et al. 2001). In addition to temperature,
the different crops (spring rye and spring wheat) could
also explain the difference in 14C turnover by shoot
respiration, as both factors can substantially influence
the respiratory turnover of fixed C (Millenaar and
Lambers 2003).

However, similar to the study of Swinnen et al.
(1994b), where the authors concluded that the
turnover of 14C by shoot respiration is nearly complete
by 19 days after labeling of spring wheat, we found
that this turnover is nearly complete between days 15
and 21 after labeling of spring rye, independent of
plant age. Considering this fact, the transfer of labeled
photosynthates into the root should also be completed
at this time, providing that only 14C from the mobile
C pool will be respired and transferred from the shoot
to the root.
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However, the present approach assumes that the
distribution of a tracer within the plant is prelimi-
narily finished and stable several days after labeling.
Hence, a later re-translocation of C from the root to
the shoot due to remobilization will not be consid-
ered for the estimation of the C transfer into soil.
Preliminary investigations (Remus et al., unpublished)
indicate that in case of spring rye, a significant later
re-translocation of 14C form root to shoot does not
occur, although a re-translocation within the shoot
during grain filling was observed. This phenomenon
requires further research, but in the case of spring rye,
later re-translocations from root to shoot appear to be
minimal.

14C kinetics at the component level

At the component level, the 14C tracer kinetics of the
belowground respiration were analyzed after labeling
at emergence, stem elongation, and ear emergence.
The dynamics of the relative and absolute down-
ward transfer of C at these developmental stages is
higher than in later developmental stages. As shown
in Remus and Augustin (2016) the highest relative
amount of assimilated 14C is transferred downward
at emergence, although the absolute amount of trans-
ferred C at this stage is very low. By contrast, the
absolute downward transfer of C during stem elon-
gation and ear emergence is higher than in all other
developmental stages, although the relative amount of
14C transferred downward is substantially lower than
at emergence. Therefore, these developmental stages
were chosen to analyze the potential effects of plant
age under outdoor conditions on the timing of the C
transfer within the plant.

The cumulative curves of the 14C-labeled below-
ground respiration (Fig. 6) showed that relatively more
assimilated 14C (expressed as the percentage of the
14C amount recovered in the plant-soil-soil gas sys-
tem) was respired by younger plants than by older
plants. This finding indicates that plant developmental
stage influences the magnitude of the relative amount
of 14C released through belowground respiration, thus
confirming studies of Carbone and Trumbore (2007),
Keith et al. (1986), Sauerbeck et al. (1976), Sey et al.
(2010), and Xu and Juma (1993).

However, regardless of plant age, the same fraction
(82.5± 2.1 %) of the maximum expected 14C-labeled

CO2 released through root respiration and the micro-
bial turnover of rhizodeposits was captured until day
21 after labeling. This implies that the timing of the
release of 14C-labeled CO2 into the soil gas was sim-
ilar during all three investigated plant developmental
stages (emergence, stem elongation and ear emer-
gence). This was particularly obvious when compar-
ing the graphs of the normalized 14C-labeled below-
ground respiration (see Fig. 7). Therefore, it can be
assumed that the flow of freshly assimilated C through
the plant and its partial release as CO2 is not sub-
stantially influenced by different plant developmental
stages and favorable environmental conditions.

Consistent with several studies of belowground res-
piration (Nguyen et al. 1999; Swinnen et al. 1994a;
Kuzyakov et al. 2001; Warembourg and Estelrich
2000), a large peak of 14CO2 in the soil gas was
observed within the first 24 h after pulse labeling
(see Fig. 7). We also observed that 80 % of the 14C-
labeled CO2 captured until day 21 after labeling at
emergence, stem elongation, and ear emergence was
already released before days 8 or 9. In contrast with
this result, Warembourg and Estelrich (2000) calcu-
lated that over 80 % of the CO2 efflux from the soil
occurred prior to day 4 after pulse labeling in peren-
nial bromegrass. The reason for this difference could
have been due to the different species examined or
the length of the investigated period, as Warembourg
and Estelrich (2000) finished their investigation 92
h after pulse labeling, when 14C was still detectable
in the released CO2. This example highlights the
difficulty in comparing the release of 14C through
belowground respiration using different experimen-
tal designs, because in our experiment, 14C was still
detectable in the released CO2 21 days after labeling.
It is possible that modeling of the maximal expected
release of 14C-labeled CO2, as shown in this study, can
enhance the comparability of different experiments.

Analysis of 14C kinetics at all levels

The main aim of this study was to determine the
time after pulse labeling at which the distribution and
turnover of labeled carbohydrates is finished, and con-
sequently, the distribution of the applied tracer repre-
sents the use of assimilated C to produce plant matter.
Our results indicate that the respiratory turnover and
the incorporation of 14C into the structural C pool
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of the shoot are nearly complete between days 15
and 21 after labeling, as less than 1 % of 14C in the
plant-soil-soil gas system was available for modeled
or expected shoot respiration. Moreover, similar 14C
dilution rates of soluble fractions and substances from
the structural C pool at this time also indicate that
14C in the mobile C pool must be nearly depleted in
this timespan. Considering that shoot and root respi-
ration use the same C pool (Lehmeier et al. 2008) and
that 14C flows with a velocity of 0.87 meter per hour
through wheat stems (MacRobbie 1971), root respira-
tion should also be complete between days 15 and 21.
Any further increase in 14C-labeled belowground res-
piration by extending the period between labeling and
harvesting beyond 21 days will likely be derived from
the turnover of 14C-labeled rhizodeposits or senescent
roots.

A comparison of our results with those of Swinnen
et al. (1994b) indicates that the distribution and
turnover of 14C after pulse labeling of spring rye
shows similar dynamics to that of spring wheat. Both
studies show that the distribution and turnover of 14C
in the plant-soil-soil gas system after pulse labeling is
nearly complete by 15 or 19 days after pulse label-
ing. In contrast with this, Gordon et al. (1980) found
that the amount of C remaining in the leaf 24 h after
assimilation was only 6 % of the total assimilated C
during the photo-period, implying rapid removal from
the leaf. Moreover, Smith and Stitt (2007) reported
that the starch found in leaves is mostly remobilized
at the end of the night when plants are grown with
adequate nutrient levels and at favorable temperatures.
However, in case of cereals, fructans will accumulate
in stems (Bancal and Triboi 1993; Borrell et al. 1989;
Schnyder et al. 1993; Thome and Kuhbauch 1985)
and can serve as temporary C storage (Wardlaw and
Willenbrink 2000). Moreover, Lattanzi et al. (2005),
and Lehmeier et al. (2010) showed that temporary
storage pools are used for growth and respiration in
grasses. Therefore, it cannot be ruled out that the
turnover of 14C in the plant-soil-soil gas system after
pulse labeling by the degradation of labeled tempo-
rary C storage will also be delayed in spring rye and
wheat, assuming that between 15 and 19 days are nec-
essary to respire, distribute and incorporate nearly all
assimilated 14C. Considering that less than 1 % of
assimilated 14C is available for shoot respiration 15
days after labeling, collecting CO2 released by below-
ground respiration until this time and harvesting the

plants 15 days after labeling seems sufficient to obtain
a good approximation of tracer distribution within the
plant-soil-soil gas system independent of plant devel-
opmental stage. The resulting values should represent
the amount of C assimilated during labeling for the
production of plant matter.
However, it could be useful to expand sampling times
until day 21 after labeling, especially under outdoor
conditions, even if the avoidance of drought stress
after labeling cannot be guaranteed. 14C partition-
ing studies on oilseed rape (Remus et al., unpub-
lished) showed a delay of 14C turnover in soil and
young leaves under severe drought stress after label-
ing, which was stimulated again after re-watering.
Additionally, (Brüggemann et al. 2011) reported an
increased mean residence time of recently assimilated
C in leaf biomass under drought stress.
In addition, it is also necessary to consider that root
growth and the decomposition of root matter might
occur simultaneously (Milchunas 2009). Thus, an
extension of the sampling period beyond 21 days
would increase the risk of bias in C partitioning mea-
surements due to the turnover of 14C from senescent
roots, as has been discussed for continuous labeling
experiments (Meharg 1994).

Conclusions

Based on our analysis of 14C kinetics at three different
levels, we conclude that the proportional distribution
of a C tracer into shoot, root, rhizodeposition, and
belowground respiration between days 15 and 21 after
pulse labeling should accurately represent the use of
C (assimilated during labeling) for root growth and
the production of detectable rhizodeposits, as well as
for root respiration and the microbial turnover of fresh
rhizodeposits, under favorable conditions. Moreover,
it was possible to show that depletion of the tracer in
the mobile C pool at three different plant ages required
the same time, and that the release of labeled CO2

in the soil gas at three different developmental stages
featured the same dynamics. Consequently, the use of
repeated single-pulse labeling experiments at differ-
ent plant developmental stages during the vegetation
period should provide precise relative C partition-
ing coefficients with high temporal resolution, which
are necessary for good estimations and modeling of
plant-derived C transfer to the subsurface.
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The investigations in this study were performed using
spring rye as model plant, which showed similar
tracer kinetics as spring wheat. However, it cannot
be excluded that other plant species or genotypes
might show different timings of C partitioning and
respiratory turnover. Therefore, studies of other plant
species or genotypes with the same design should
reveal the extent to which these variables influence
tracer transfer into the subsurface.
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