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Abstract

Aims The influence of changing carbon (C) assimi-
lation and relative C partitioning during plant devel-
opment on the transfer of absolute C amounts (mg C
per plant) into the subsurface should be analyzed and
estimated. Moreover, an approach to determine the
precision of the modeled C transfer values should be
developed.

Methods Several relative '#C partitioning coefficients
were derived from pulse labeling experiments at dif-
ferent developmental stages using spring rye as a
model plant. Subsequently, relative '“C allocation was
dynamically linked with daily shoot C mass incre-
ments to obtain precise information about C partition-
ing at different plant developmental stages and during
the entire growing season.

Results The transfer of assimilated C into the subsur-
face during the plant development is a highly dynamic
process, in which the maximum root growth pre-
ceded maximum shoot growth by approximately 17
days. The model simulations indicate that 18 & 2 %
of all assimilated C that was not respired by shoots
was transferred into the subsurface during the entire
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growing season. This flow splits into 9 &= 0.8 % C for
root growth, 6 = 0.7 % C for belowground respira-
tion, and 3 &£ 0.3 % C for detectable rhizodeposition.
Nearly half of the downward-transferred C flowed
into the subsurface between elongation growth and
the last boot stage. Moreover, highly correlated rela-
tionships between root growth, rhizodeposition, and
belowground respiration were found.

Conclusions Our study clearly shows that the
dynamic linking of relative C partitioning with abso-
lute C assimilation can provide detailed and precise
information about the downward-transferred C during
different developmental stages and the entire growing
season.

Keywords Carbon partitioning - '4C pulse labeling -
Root growth - Rhizodeposition -
Belowground respiration

Introduction

Precise quantification of plant-derived carbon (C)
input into soils has become increasingly important
from the perspective of soil fertility and the reduc-
tion of anthropogenic impacts on the global C cycle
(Bolinder et al. 2012; Janzen 2006; Moureaux et al.
2008; Stockmann et al. 2013; Virto et al. 2012). Deter-
mining the magnitude of this C input is critical for
understanding the terrestrial C cycle (Chapin et al.
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2009) and for improving belowground process models
(Litton and Giardina 2008; Wiesmeier et al. 2014).
Unfortunately, estimates of the soil C input from
plant roots are highly uncertain (Bolinder et al. 2007;
Nguyen 2003; Toal et al. 2000; Wiesmeier et al. 2014).
The reasons for this uncertainty are numerous and
include both methodical and physiological aspects.

Carbon transferred into roots is used for root
growth, rhizodeposition, and root respiration. Root
respiration provides energy and C skeletons for plant
physiological processes, such as maintenance, root
growth, and active uptake, as well as the assimilation
of nutrients (Bloom et al. 1992; Lambers et al. 1996;
Plaxton and Podesta 2006). Rhizodeposition is a col-
lective term that includes the production of exudates
(free sugars, amino acids and organic acids), the pro-
duction of mucilage, and the sloughing-off of root cap
cells (Jones et al. 2009). In addition to their impor-
tance for supporting and protecting root tips in the
process of soil penetration and for improving nutrient
uptake, rhizodeposits drive microbial life in the rhi-
zosphere and influence the soil structure (Jones et al.
2009; Rasse et al. 2005). In contrast to some labile
substances of rhizodeposition, which can be metab-
olized within a few hours (Rasse et al. 2005), the
microbial turnover of senescent or dead roots requires
substantially more time (Pritchard and Rogers 2000;
Milchunas 2009; Steingrobe et al. 2001). The respira-
tion of roots, the microbial turnover of rhizodeposits
and senescent or dead roots, and the mineralization of
older soil C cause continuous mixing of C from differ-
ent sources, making it difficult to distinguish between
plant-derived C and older soil C.

Consequently, an investigation of root growth using
root ingrowth and rhizotron techniques or the deter-
mination of the shoot/root ratio can provide only
sub-flows of soil C input. Moreover, the turnover
of senescent or dead roots during plant development
must be taken into account, which can distort results
(Milchunas 2009). To estimate the total C input from
plant roots into the subsurface (the entirety of roots,
soil, and soil gas), it is therefore useful to deter-
mine relative C partitioning coefficients, which indi-
cate the allocation of assimilated C into shoots and
roots, belowground respiration, and rhizodeposition
as percentages of fixed C (Nguyen 2003). The pre-
cise determination of these coefficients is possible by
using pulse labeling of plant shoots, as demonstrated
by Remus et al. (2016).
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The assimilation of labeled CO, allows the trac-
ing and quantification of the flow and turnover of
freshly assimilated C within a plant-soil-soil gas sys-
tem and the separation of recently assimilated C from
old soil C (Babst et al. 2005; Dilkes et al. 2004,
Keith et al. 1986; Keutgen et al. 1995; Kuzyakov
et al. 2001; Meng et al. 2013; Staddon et al. 2003;
Swinnen et al. 1994b; 1994a; Swinnen 1994; Wang
et al. 1989; Warren et al. 2012). The relative C
partitioning coefficients derived from a pulse label-
ing experiment provide only the distribution of the
C assimilated during pulse labeling. Therefore, the
averages and/or medians of the relative C partitioning
coefficients from different labeling experiments and
the aboveground biomass or the combined usage of
shoot/root ratios, the average relative C partitioning
coefficient of rhizodeposition, and the aboveground
biomass have been used to upscale the soil C input
during the growing season (Bolinder et al. 2007,
Bolinder et al. 2012; Kuzyakov and Domanski 2000;
Kuzyakov and Schneckenberger 2004; Nguyen 2003;
Wiesmeier et al. 2014).

Unfortunately, we do not know which measure
of central tendency, i.e., the average or the median,
is more suitable, especially if there are substantial
differences between both estimators. For example, a
large difference between the two measures has been
observed for the total belowground C transfer under
barley, where the median was 17 %, and the aver-
age was 28 % of the assimilated C (Kuzyakov and
Domanski 2000).

Moreover, it must be considered that the relative
amount of assimilated C transferred into the subsur-
face by younger plants is significantly greater than that
transferred by older plants, and the relative amount
of downward-transferred C continuously but non-
linearly decreases during plant development (Swinnen
et al. 1994b). For example, a '*C transfer into the sub-
surface of 33 % to 55 % has been observed under
wheat and barley 24 h after pulse labeling at tiller-
ing, whereas this transfer was less than 10 % after
labeling at grain filling (Gregory and Atwell 1991).
Additionally, other authors found that the C transfer
into the subsurface depends on the age of the investi-
gated plants (Carbone and Trumbore 2007; Keith et al.
1986; Sauerbeck et al. 1976; Sey et al. 2010; Xu and
Juma 1993). Therefore, unbalanced sampling during
the growing period can cause a distortion of the results
(Jones et al. 2009).
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Furthermore, the rate of the daily absolute C assim-
ilation or biomass production of crops (expressed as
mg C per plant per day) and the relative C transfer
into the subsurface (expressed as a percentage of fixed
C) exhibit completely different opposing trends over
time. For example, the relative amount of fixed C that
a wheat plant uses for root growth decreases exponen-
tially from elongation until the ripening stage (Swinnen
et al. 1994b). However, the rate of daily absolute C
net assimilation of young plant shoots is low and
increases continuously during plant growth until it
reaches a maximum, then, subsequently, declines until
the end of the growing season. This trend can be fit with
the time derivative of a sigmoid growth function, which
is typical of the cumulative growth of crops (Causton
and Venus 1981; Yin et al. 2009; Zeide 1993).

Based on these considerations, it seems neces-
sary to link dynamic absolute C assimilation of the
shoot and relative C partitioning coefficients for the
whole vegetation period by a modeling approach to
obtain age-balanced C transfer values, which facili-
tate a description of the process of C allocation within
the plant-soil system during plant development with
high precision. To the best of our knowledge, the
only approach that partially meets these requirements
is that presented by Keith et al. (1986), which was
further developed by Swinnen et al. (1994b). This
approach (hereinafter referred to the Keith-Swinnen
method) is based on repeated single-pulse labeling
experiments at different plant developmental stages
and modeling of the distribution of a C tracer within
plant-soil-soil gas systems during plant development.
According to the Keith-Swinnen method, the '#C
amounts of roots, rhizodeposition, and belowground
respiration are dynamically linked with the ratio of
14C incorporation in the shoots and the daily shoot
growth rate to calculate the absolute C transfer into
the subsurface at each moment during an investiga-
tion period. A precondition of this approach is that the
partitioning of the C tracer within the plant-soil-soil
gas system represents the use of C (assimilated at the
time of pulse labeling) for root growth, rhizodeposi-
tion as well as root respiration and microbial turnover
of rhizodeposits. As demonstrated by Remus et al.
(2016), this precondition was fulfilled when sampling
occurred between 15 and 21 days after labeling. The
details and the underlying idea of the Keith-Swinnen
method are described in the Section “Modeling the
relative and absolute C fluxes”.

The Keith-Swinnen method has two major flaws.
First, Swinnen and colleagues only investigated the
timespan between elongation growth and ripening.
During this time period, one linear and three simple
exponential functions were sufficient to model relative
C partitioning within the plant-soil-soil gas system
(Swinnen et al. 1994b). Therefore, it is unknown
whether it is possible to model relative C partition-
ing with sufficient precision on each day and over
the whole growing season when more complex func-
tions are needed. Second, the Keith-Swinnen method
cannot provide information about the precision of the
calculated absolute C fluxes. Hence, the aim of our
study was to address the identified shortcomings of
the Keith-Swinnen method and to provide detailed and
precise information about the process of C allocation
during plant development.

Our research had the following objectives:

—  Modeling relative '*C partitioning within the
plant-soil-soil gas system and shoot growth from
emergence to the ripening stage with sufficient
precision.

— Modeling and quantifying absolute C transfer into
the subsurface during the growing season.

— Investigating the influence of different observa-
tion periods on the estimation of soil C input.

— Further developing the Keith-Swinnen method by
designing an approach to estimate modeling pre-
cision based on model simulations.

— Analyzing the relationships among root growth,
rhizodeposition, and belowground respiration.

To obtain data on shoot growth and relative C par-
titioning between plant emergence and ripening, an
outdoor and a field experiment were simultaneously
conducted using spring rye as the model plant.

Materials and methods
Cultivation of plants, labeling dates, and sampling

To determine the relative '*C partitioning within the
plant-soil-soil gas system at different plant develop-
mental stages and the shoot growth of spring rye,
an outdoor experiment and a field experiment were
simultaneously performed.

The field experiment was conducted on loamy sand
(albic luvisol) at the Leibniz Center for Agricultural

@ Springer



496

Plant Soil (2016) 408:493-513

Landscape Research (ZALF), Miincheberg, Germany
(N 52° 31°, E 14° 07’). Approximately two weeks
before rye seeds were sown in the field, 19 plastic
pots (length: 110 cm, outer diameter: 16 cm, inner
diameter: 15 cm) made from commercially available
KG sewer pipes and accessories (KG DN 160 from
Marley, Germany) were placed in the field using a
specially manufactured driller. To accommodate these
pots, holes of 110 cm depth were drilled in the field.
The obtained soil was placed stepwise in portions
of approximately 10 cm soil depths on plastic wrap.
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 open pots) was fertilized with 94 kg of Ca ha™!,
114 kg of K ha~!, 12 kg of Mg ha~!, 20 kg of P
ha~!, and 16 kg of S ha~! using a commercial mineral
fertilizer (Thomaskali, K+S KALI GmbH, Germany)
on the day before sowing. Subsequently, the field was
fertilized with nitrogen by applying liquid fertilizer
(60 kg N ha~! 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 and
106 mg N on each of the two nitrogen-application
dates.

The seeds were sown in the field in order to have
the pots in the plant stand. A single plant was grown in
each pot. Between sowing and harvesting, the average
daytime temperature was 11 °C. Total precipitation in
the whole year was 549 L m~2 and did not differ from
the average precipitation at this site. At the time of
labeling, three to four pots were dug out and trans-
ferred to an open space that was equipped for labeling
and CO; collection from the head space of the pots
(see Section “!“4C pulse labeling”). Between labeling
and harvest (21 days), the pots were irrigated with
deionized water using an amount that was equivalent
to the local precipitation.

In the field experiment, ca. 120 (non-labeled) plant
shoots (per sampling) were harvested at 11 different
sampling dates between emergence and ripening to
model the shoot growth (see Section “Modeling the
relative and absolute C fluxes”).
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Tracer application, preparation, and analysis
14 .
C pulse labeling

In the outdoor experiment, each plant was separately
labeled with '4CO, at six different developmental
stages between emergence and the late milk-ripening
stage. The top of each pot was closed by a perforated
cap with two tubing connections (inlet and outlet)
24 h before labeling (a figure of the pot design is
presented by Remus et al. (2016). Subsequently, the
holes in the cap around the reduction tubes and the
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 a liquid silicon
rubber (TACOSIL 170 with 3 % cross-linker no. 28
from Thauer & Co. KG, Germany) in order to sep-
arate the soil gas in the pots from the atmosphere.
Before labeling, the tubing connections in the caps
were closed, and the plants were covered with trans-
parent plastic bags. Then, each plant was labeled with
up to 10 MBq '#C using a locking opening of the
bag. After removing the plastic bags, the tubing con-
nections were opened and connected to flexible tubes
to supply fresh air and to suck gas out of the soil
headspace. The CO; of the soil gas was continuously
trapped in an NaOH solution to determine the '*C
activity of the belowground respiration. The NaOH
solution (3 x 12 ml 1 j; NaOH) was renewed daily
until harvest (21 days after labeling).

Sample preparation

Rye shoots were cut at their base at harvest (21 days
after labeling) and dried in an oven at 104 °C. Sub-
sequently, the pots (sewer pipes) were dissected into
five pats, each 20 to 30 cm long. The soil (includ-
ing roots) of each pat were immediately frozen at -26
°C and later defrosted separately at 4 °C overnight to
separate the roots from the soil. After hand-picking of
roots from the soil portions of approximately 5 to 6
kg, the roots were washed with 250 ml of deionized
water in an Erlenmeyer flask on a horizontal shaker
for 1 h to remove the adhesive soil. Next, the roots
were dried at 104 °C. The soil that was separated from
the roots by washing was operationally defined as rhi-
zosphere soil. The washing water and the rhizosphere
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soil were transferred to the top of a sieve with a 300-
pm mesh size. A wet-sieving procedure was started to
separate small root fragments and rhizodeposits. Siev-
ing was considered to be completed when only white
sand was visible on the top of the sieve. Then, the
sand (including root residues) from the top of the sieve
was dried at 104 °C. The soil that passed through the
sieve were dried at 104 °C after complete evapora-
tion of water (approximately 1 to 2 L) at 80 °C to
obtain all '*C labeled material from the rhizosphere
soil.

After hand-picking of the roots, each soil portion
(approximately 5 to 6 kg) was homogenized by hand.
The dry soil mass of each bulk soil portion was deter-
mined in 50 g of fresh weight (two replications). In
addition, two bulk soil aliquots (50 g each) were taken
from each soil portion. Consequently, ten aliquots
were taken from bulk soil of each pot. Each bulk soil
aliquot was dissolved in 250 ml of deionized water
and shaken in an Erlenmeyer flask on a horizontal
shaker for 1 h. Then, the water and the dissolved bulk
soil were transferred to the top of a sieve with a 300-
pum mesh size. Next, a wet-sieving procedure was
started to separate rhizodeposits and small root frag-
ments, which could not be selected by hand-picking
from bulk soil. Sieving was considered complete when
only white sand was visible on the top of the sieve.
The sand (including root fragments) from the top of
the sieve, the washing water (approximately 1 - 2 L),
and the soil fraction (passing the sieve) were treated
similarly to the rhizosphere soil in order to obtain
root fragments (> 300 pm) that could not be obtained
by hand-picking and detectable rhizodeposits (< 300
pm) from bulk soil aliquots.

Fragmentation into roots, rhizosphere soil, and
bulk soil, as well as soil portions of different soil
depths, was performed to obtain representative sam-
ples because 14 activities in roots, rhizosphere, and
bulk soil, as well as at different soil depths, consider-
ably differ. More information about this procedure is
presented by Remus et al. (2016).

C analysis
The C content and '*C activity of shoot, root, soil sam-

ples (= 300 um and < 300 pum) from the rhizosphere
and bulk soil were determined by combustion at 1200

°Cin a continuous O, flow. The CO; from the elemen-
tal analyzer (CS 500, ELTRA GmbH, Germany) was
absorbed in a CO; trap Qureshi et al. (1985), which
was filled with 7 ml of Carbo-Sorb E (PerkinElmer,
Rodgau, Germany). Then, 3 ml aliquots of CarboSorb
E were mixed with 12 ml of Permafluor-Scintillator
(PerkinElmer) to measure the '“C activity in a lig-
uid scintillation counter (LS 6000SC, Beckman, Ger-
many). The '4C activities, released by belowground
respiration, were determined using 3 ml aliquots of
the NaOH solution from the CO; traps of the labeling
experiments after the aliquots were mixed with 12 ml
of UltimaGold-Scintillator (PerkinElmer). The liquid
scintillation counter was calibrated using 14C 3H, and
background standards from Beckman according to the
manual for the device.

14C calculations for all components

The amounts of '4C resulting from belowground res-
piration were calculated using the specific '4C activity
of the NaOH solution in the CO; traps (expressed as
Bq per ml NaOH) multiplied by the total volume of
NaOH in the trap. Finally, the respired '#C activities
for each day were added together to obtain the total
14C activity of the belowground respiration.

The total amount of '#C for shoots and hand-picked
roots was calculated by multiplying the specific '*C
activity (Bq per mg shoot or root material) by the
total weight of shoots and roots, respectively. The total
14C amount of the root fragments that could not be
recovered by hand was calculated using the specific
14C activity (Bq per mg) of the > 300 um samples
of rhizosphere and bulk soil and the weight of the
soil fractions > 300 um in the rhizosphere and bulk
soil from the entire pot. Next, the amounts of 14C in
root fragments and roots were summed to obtain the
total amount of '“C in the entire root system. The
amount of '*C from rhizodeposition was determined
by multiplying the specific '*C activity (Bq per mg)
of the soil fractions < 300 um, which was obtained
by wet-sieving rhizosphere and bulk soil, by the total
weight of these fractions in the whole root system
and pot, respectively. These two amounts of '“C were
summed to obtain the entire detectable rhizodeposi-
tion. The “C-labeled substances of this fraction were
operationally defined as detectable rhizodeposition

@ Springer



498

Plant Soil (2016) 408:493-513

because a portion of the labeled rhizodeposits was
surely released as labeled CO, by microbial turnover
between labeling and plant harvest.

Modeling and quantification of the C fluxes during
the growing season

The different *C fluxes

The sum of the #C recovered in the shoots, roots, and
rhizodeposits on the day of harvest and the '“C from
the belowground respiration collected after labeling
until harvest (21 days after labeling) is defined as the
14C amount of the plant-soil-soil gas system. The '4C
activity of the shoot included the '“C of the stem,
leaves, and ears (if present). The '“C activity of the
root includes the '“C activities of the handpicked
roots and the root fragments from the sand of the
rhizosphere and bulk soil fractions that could not be
selected by hand-picking. The “C-labeled detectable
rhizodeposition was determined as the sum of the '4C
found in the soil fractions < 300 m of the rhizosphere
and bulk soil (see Section “Sample preparation”). In
this study, we were unable to distinguish between the
respiration activities of roots and microbes. Therefore,
the 1C-labeled belowground respiration includes the
14C-labeled CO, released by root respiration as well
as the microbial turnover of '*C-labeled rhizodeposits.

To obtain the relative C partitioning coefficients
from each investigated system, the sum of all C
amounts recovered in the plant-soil-soil gas system
was adjusted to 100 %. Afterward, the relative C
partitioning coefficients for each component were cal-
culated and expressed as percentages.

Modeling the relative and absolute C fluxes

The modeling process following the Keith-Swinnen
method is presented in Fig. 1. As shown in this flow
chart, the process starts with modeling shoot growth
during the growing season after sampling non-labeled
plant shoots in the field experiment (top of Fig. 1). In
this step, a non-linear regression based on the amount
of C (mg C per plant shoot) in the rye shoots is per-
formed. Next, the first derivative of the best-fitting
shoot-growth function is generated to obtain shoot
growth rates, expressed as mg C per plant per day
(upper-right corner of Fig. 1).
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Figure 1 also indicates that after pulse labeling
(top left), the amount of '*C in each component is
determined, and the relative C partitioning coefficients
are calculated (middle). Based on these data, suit-
able models for the relative distribution of '*C into
shoots, roots, detectable rhizodeposition, and below-
ground respiration during the plant development are
sought. Therefore, 10,200 combinations of four possi-
ble partitioning functions (4-tuple) with an acceptable
goodness-of-fit of each curve are compared. The 4-
tuple of the '“C partitioning functions whose sum
exhibits the smallest deviation from the 100 % line
(see Fig. 2) is used to model the '*C partitioning
within the plant-soil-soil gas system, expressed as a
percentage of the total '*C amount recovered in the
investigated system 21 days after labeling (middle-
right of Fig. 1). The idea underlying the Keith-
Swinnen method is that the ratio of '#C incorporation
into the structural C pool of the shoot and the shoot
growth rate must equal the ratio of '*C incorpora-
tion into the structural C pool from the roots and the
root growth rate on the labeling day, provided that the
distribution of the assimilated '#C and its respiratory
turnover in the plant is nearly finished at sampling.
Based on this idea, a proportionality equation (Eq. 1)
is used. In this equation, the time-dependent func-
tions of the '*C partitioning coefficients of the shoot
(14C% shoot (1)) and root (14C% root (1)) Tespectively, are
in the numerator. These two functions provide the rela-
tive fractions of net fixed '4C incorporated into shoots
and roots, respectively.

In the denominator on the left side, the first deriva-
tive of the shoot growth function is represented as
the growth rate of the shoot (dC shoot/dt), calcu-
lated as mg C per plant per day. The denominator
on the right side represents the time-dependent root
growth rate (dC root/dt), which cannot be measured
in an experiment by direct weighing because growth
and decomposition of roots can occur simultaneously.
However, after rearrangement of Eq. 1, the root growth
rate (dC root/dt, Eq. 2) of each day can be modeled
in terms of C increment per day (mg C per root per
day) by dynamically linking the daily incorporation
of *C into the shoots and roots with the daily incre-
ment of the shoot growth, as shown in the bottom of
Fig. 1.

The substitution of *C incorporation into the roots
using the other '“C partitioning functions (Fig. I;
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Fig. 1 Flow chart of the study approach: from '#C pulse labeling to modeling C flux rates within the plant-soil-soil gas system

dotted lines) allows for modeling of the absolute
C flux rates of the detectable rhizodeposition (dC

rhizodep./dt, Eq. 3) and the belowground respiration
(dC belowgr. resp./dt, Eq. 4).

@ Springer



500

Plant Soil (2016) 408:493-513

Furthermore, modeling the total C transfer rate into
the subsurface (dC total transfer/dt, Eq. 5) is made
possible by summing the individual C flux rates. Con-
sequently, integrating the C flux rates over a time
interval or the whole growing season provides the total
absolute amount of C that flowed into the different
components over the investigation period.

14 14
C% shoot(t) C% root(t) (l)
dCshoor - dCroot
dt dt

dCrotal transfer

14 14 14
C% root(t) + C% rhizodep.(t) + C% belowgr. resp.(t)

14
dCroot _ C% root(t) (2)
dl 14C% shoot (1)
dCsnoot
dt
dCrpi Y4 Cq i
rhizodep. % rhizodep.(t) 3)
dt 4Co% shoorsy
dCspoot
dt
14
dcbelowgr. resp. Coq, belowgr. resp.(t) (4)
dt 14C% shoot (1)
4Cshoot
dt
%)

dt 14C% shoot (1)

4Cshoot
dt

Modeling and analysis of age-balanced relative '*C
partitioning coefficients

As described in the Introduction, the C transfer into
the subsurface depends on the age distribution of the

100—_.__.‘-—‘———;-.—.;.—‘._-..—__;’_’_'. uuuuuuu
80
—_—=100 %
e 60 sum of all 4 curves
— "4 ¢, shoot (t
') % (t)
S 14
— 40.~ === '%4C,root (t)
-~
“
\M “c, belowgr. resp. (t)
N
20 l ‘“?QJ ------ 14 ¢, rhizodep. (t)
NS
....{..... LS Sl
....I'--.. ~Fso L
0 D T T et

0 20 40 60 80 100 120
Days after emergence

Fig. 2 Partitioning of 14C into shoots, roots, detectable
rhizodeposition (rhizodep.), and belowground respiration
(belowgr. resp.) during the growing season. The amount of 4C
is expressed as a percentage of the '#C amount recovered in
the plant-soil-soil gas system 21 days after labeling. The dashed
black line represents 100 % of this 14C amount, whereas the
dotted gray line indicates the actual sum of all four functions at
each point in time. The modeling of '“C partitioning is based on
the means of 3 pots per date. Error bars represent the standard
deviation of these values. The '4C partitioning in the gray areas
is extrapolated because no measurements are available for these
periods
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investigated plants. Therefore, age-balanced datasets
of relative '“C partitioning coefficients were cre-
ated by calculating these coefficients for each day
of the sampling period (from day 16 until 84 after
emergence) and over the whole growing season (120
days) using modeled time-dependent partitioning of
14C into roots, detectable rhizodeposition, and below-
ground respiration (see Fig. 2). Subsequently, the
mean, median, standard deviation, and range of each
dataset, with 69 and 120 coefficients, respectively,
were determined.

Determination of the reliability and precision
of the modeled C input

Development of an approach to quantify modeling
precision

The modeling error of the Keith-Swinnen method
cannot be estimated using Gaussian error propaga-
tion because C partitioning and shoot growth are
time-dependent non-linear processes. Therefore, the
modeling error was estimated using 125,000 model
simulations; this method is similar to the method for
error calculation described by Hoffmann et al. (2015).
For these simulations, 50 prediction intervals of the
best-fitting functions of shoot growth and the relative
l4c partitioning into shoots, roots, rhizodeposition,
and belowground respiration were generated.

In contrast to the study of Hoffmann et al. (2015)
in which equidistant prediction intervals were used, in
our study, the probability levels of the prediction inter-
vals were determined using a vector of 50 normally
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distributed numbers to avoid assigning equal weight to
less and more probable prediction functions. The vec-
tor was generated from a normal distribution with an
expected value (1) of 0 and a standard deviation (o)
of 0.33 because for a normal distribution, more than
99 % of all possible values are located within the range
of w £3 %0, 1i.e., in our study in the interval between
-0.99 to +0.99.

Using this distribution, the upper and lower mean
prediction bands of the best-fitting curves were gener-
ated. Positive random numbers were used to determine
the probability levels of the upper bands, whereas
absolute values of negative random numbers were
used for the probability levels of the lower mean
prediction bands. In this manner, for each curve, a
function family of 50 curves, which were normally
distributed around the best-fitting curve, was gener-
ated. The values of the 50 random numbers used
had an average of -0.00017 and a standard devia-
tion of 0.30719, and they ranged from -0.71596 to
0.51516.

In the next step, the time derivatives of the 50 mean
prediction functions of the shoot growth curve were
calculated and combined with the 50 '*C partitioning
functions (mean prediction bands) of the shoots and
roots. Hence, 125,000 different combinations of func-
tions were created and used for modeling root growth.
Afterward, from all combinations, the arithmetical
mean, median, standard deviation, spread, and coeffi-
cients of variation of the amount of C used for root
growth during the growing season were calculated
using Eq. 2.

In the same manner, statistics regarding the C flux
into rhizodeposition and belowground respiration, as
well as the total subsurface C input, were calculated
using Egs. 3, 4, and 5 with 125,000 simulation runs.
In addition to the statistics of the entire growing sea-
son, statistics were also estimated for the sampling
period.

Influence of the observation period on C input
estimates

In our study, the youngest plants were labeled 16 days
after emergence, and the oldest plants were labeled at
the late milk-ripening stage (84 days after emergence).
Therefore, it was necessary to extrapolate the C fluxes
for the periods between days 0 and 15 and between
days 85 and 120 to estimate the C transfer into the

subsurface for the entire growing season. In contrast to
our study, Swinnen and colleagues investigated spring
wheat between elongation growth and the dough-ripe
stage (Swinnen et al. 1994b), which corresponds to
day 34 and 98 after emergence in our experiments.
The observation period in our study is thus 4 days longer
than that of the study of Swinnen et al. (1994b).
In addition, the length and position of the extrapo-
lated periods differ in both studies. To investigate the
influence of such differences on the estimates of the
downward-transferred C, the extrapolated downward-
transferred C values from day O until day 15, from
day O until day 33, from day 85 until day 120, and
from day 99 until day 120 after emergence were cal-
culated using our models and the parameters from the
Keith-Swinnen method.

Relationships among the recently assimilated C
in roots, rhizodeposition, and belowground
respiration

To investigate the relationships among the amounts
of recently assimilated C in roots, rhizodeposition,
and belowground respiration over all of the observed
developmental stages, the relative amounts of '“C
(expressed as a percentage of the total recovered “C
of the plant-soil-soil gas system) of each component
were contrasted with each other. Afterward, correla-
tion and regression analyses for each set of paired data
were performed. In addition to the measured 14C, the
modeled transfers of recently assimilated C into these
components were contrasted.

Statistical analyses

Non-linear regressions were used to determine the
best-fitting models to describe relative '4C partition-
ing and shoot growth during the growing season. The
coefficients of determination (R2) for all non-linear
regression analyses were calculated using 1-(SS error /
SS corrected total), based on Kvalseth (1985). Further-
more, Spearman rank correlation analyses and non-
linear regression analyses were used to analyze the
relationships among root growth, detectable rhizode-
position, and belowground respiration (see the Section
“Relationships among C fluxes of recently assimilated
C in the subsurface”). All statistical calculations were
performed using the Mathematica 9 software package
(Wolfram Research).
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Table 1 Parameter values and statistics for the models presented in Fig. 2, which were generated using non-linear regression analysis

Values of P-values of
Curve Model a b c a b c R?
Y4 Cq, shoot (1) axe " 98.78 0.95 0.05 <0.01 <0.01 <0.01 0.994
4Cq, roor (1) axto 39.43 0.01 <0.01 <0.01 <0.01 0.966
Y Co, betowgr. resp.(t) a/(1+ (t/b)) 34.96 27.90 2.58 <0.01 <001 <0.01 0.999
Y Cop rhizodep.(t) a/(1 + b e*) 22.18 0.36 0.05 0.16 0.52 <0.05 0.986

The values of the parameters are rounded to two decimal places

Results
Modeling, quantification, and comparison of C fluxes
Modeling of shoot growth and “*C partitioning

The relative distribution of '#C in the plant-soil-soil
gas system rapidly changed during the investigated
period and depended on plant age (see Fig. 2). In the
plant-soil-soil gas system, 32 % of the assimilated '“C
that was recovered 21 days after labeling remained
in the shoots, which were labeled after emergence,
whereas 68 % was transferred into the subsurface (root
growth: 28 %, rhizodeposition: 12 %, respiration of
root and microbes: 28 %). In contrast, when labeled
at the late milk-ripening stage, 93 % of the assimi-
lated '*C remained in the shoots, and only 7 % was
transferred into the subsurface (root growth: 3 %, rhi-
zodeposition: 2 %, respiration of roots and microbes:
2 %).

All the tested models featured high goodness-of-fit,
and in contrast to the rhizodeposition curve, all param-

eters of the other curves were statistically significant X o @l
(p < 0.01; Table 1). Figure 2 also shows the sum of 5 1500 =

the four models used to describe the relative partition- g

ing of *C within the plant-soil-soil gas system. This o 1000 \.
sum exceeds the 100 % line by up to 0.7 % on day L \\
10 and falls below the 100 % line by up to 1.2 % on 8 500 = Gonasn \
day 31 after emergence. The cumulative sum up to t é ‘

= 120 (days after emergence) was 12,000.4, compared
to a desired value of 12,000. Therefore, the modeled
14C partitioning had an inaccuracy of approx. +0.003
% (overestimation) over the entire growing season.
As shown in Fig. 3, the Gompertz model was suit-
able (R? = 0.966) for describing the shoot growth of
field-grown rye plants. All three parameters (a, b, and
c) of the Gompertz model were statistically significant
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with p-values < 0.001. Figure 3 also shows the curve
of the growth rate, created by differentiating the Gom-
pertz equation of shoot growth with respect to time (t).
The maximum rate of shoot growth was reached on
day 56 after emergence.

Modeling absolute C fluxes

All modeled C fluxes of the plant-soil-soil gas system
are presented in Fig. 4. In contrast to the shoot growth
maximum on day 56, the C transfer into the subsur-
face reached a maximum on day 38 after emergence. It
should be noted that the curve of the C transfer into the
subsurface corresponds to the sum of C incorporated
into roots and the flow into rhizodeposition and below-
ground respiration. The C flux curves of belowground
respiration, rhizodeposition, and root growth reached
their maxima on day 36, 38, and 39 after emergence,
respectively. This pattern indicates that root growth

0 20 40 60 80 100

Days after emergence

Fig. 3 Growth of spring rye shoots (field experiment), shown
as the amount of C per plant shoot throughout the growing sea-
son (each point represents a pooled sample of 120 plant shoots,
Conoot = a % e~ ", R? = 0.966, black line, left axis), and
growth rate of the shoot, shown as the increment of C per plant
shoot per day (gray line, right axis)
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Fig. 4 Modeled C flux rates of spring rye during the grow-
ing season: sum of C that was used for shoot growth and was
transferred into the subsurface (total C), shoot growth (shoot),
transfer into the subsurface (transfer), root growth (root), below-
ground respiration (belowgr.), and detectable rhizodeposition
(rhizo.)

preceded shoot growth because their maxima were
temporally separated by approximately 17 days.

Total C fluxes and their distribution in the plant-
soil-soil gas system were calculated by integrating the
different C flux rate curves (shown in Fig. 4) and are
summarized in Table 2. The largest amount of C was
transferred into the subsurface during stem elongation
up to the late boot stage. Considering the absolute C
values used for root growth, belowground respiration,
and rhizodeposition over the whole growing period
(211.1, 155.9, and 77.1 mg C/plant), which are pre-
sented in Table 2, and those values for the timespan
between stem elongation and the late boot stage (97.8,
67.9, and 37.0 mg C/plant), the C amount for root
growth, belowground respiration, and detectable rhi-
zodeposition during stem elongation until the late boot
stage amounted to 46 %,44 % and 48 %, respectively.
Table 2 also shows that 18.3 % of the assimilated C (of
the plant-soil-soil gas system) was transferred into the
subsurface during the whole growing period and split
into 8.7 % for root growth and 9.6 % for detectable
rhizodeposition and belowground respiration.

Influence of initial labeling time on estimates of C
input

In this study, the youngest and oldest plants were
labeled 16 and 84 days after emergence, respectively.
Therefore, it was necessary to extrapolate the C fluxes
between days 0 and 15 and between days 85 and 120
to estimate the downward-transfer of C over the entire
growing season (Table 3). Table 3 also presents the

Table 2 Partitioning of assimilated C during individual developmental stages and over the whole growing season for spring rye,
expressed as mg C per plant or percentages (growing season only)

Development Emergence Tillering Stem elongation  Ear emergence Development Ripening Growing season
stage up to late boot up to flower- of fruit

stage ing
Days 0-19 20-33 34-55 56-70 71-83 84-120 0-120
Units mg C mg C mg C mg C mg C mg C mg C %
Net assimilation ~ 40.1 240.5 847.3 558.0 339.7 406.9 24325 100
Shoot growth 12.3 128.1 641.5 494.6 318.1 393.8 1988.5 81.7
Transfer into
subsurface 27.8 109.9 202.6 66.2 23.6 14.0 4441 18.3
Root growth 11.6 48.2 97.8 342 12.3 7.0 211.1 8.7
Belowground
respiration 11.3 41.5 67.9 214 8.1 5.6 155.9 6.4
Detectable
rhizodeposition 4.9 20.1 37.0 10.6 4.1 14 77.1 32
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Table 3 Comparison of the absolute C transfer into the subsurface during the extrapolated periods (0-15 and 85-120 days after
emergence, upper table) and the periods from day O until day 33 and from day 99 until day 120 for a potential first and last labeling
on day 34 (elongation growth) and day 98 (dough-ripe stage) after emergence (lower table)

Extrapolated C amounts and their percentages (0 until 120 days = 100 %)

Before first labeling

After last labeling Sum

Days 0 until 15 85 until 120 Ountil 15 + 85 until 120
Units mg C % mg C % mg C %

Transfer into 10.8 24 12.9 29 23.7 53
subsurface

Root growth 4.5 2.1 6.4 3.0 10.9 5.1
Belowground

respiration 44 2.8 5.2 3.3 9.6 6.1
Detectable

rhizodeposition 1.9 2.4 1.3 1.7 32 4.1

Days 0 until 33 99 until 120 Ountil 33 + 99 until 120
Units mg C % mg C % mg C %

Transfer into

subsurface 127.5 28.7 3.8 0.9 131.3 29.6

Root growth 55.3 26.2 1.8 0.9 57.1 27.1
Belowground

respiration 49.2 31.6 1.7 1.1 50.9 32.7
Detectable

rhizodeposition 23.1 29.9 0.3 0.4 23.4 30.3

The C amounts were integrated over the investigated periods and are expressed as mg C per plant and the percentage of total C flux

between days 0 and 120 (100 %) for the corresponding components

C fluxes that would be extrapolated if the first and
last labelings were performed on day 34 and 98 after
emergence, respectively, i.e., at elongation growth and
the dough-ripe stage, as described by Swinnen et al.
(1994b).

The sum of the extrapolated absolute C transfer into
the subsurface between days 0 and 15 and between
days 85 and 120 only amounted to approximately
5 % of the modeled C flux over the whole growing
season (Table 3). Moreover, the low shoot growth rates
during the first period and the low relative C transfer into
the subsurface during the last period (see the Section
“Modeling of shoot growth and '“C partitioning”)
indicate that a deviation from the assumed curve pro-
gression will only have a small influence on the total
calculated C amount. In contrast, the extrapolated C
amount for sampling between day 34 and 98 after
emergence amounts to approximately 30 % of the
modeled C flux over the whole growing season.
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Considering that the period between day 16 and
84 is only 4 days longer than the period between
day 34 and 98, our findings indicate great uncer-
tainty in the C calculation if the investigation does
not start several days after plant emergence. How-
ever, the expansion of the investigated period from the
late milk-ripening stage to the dough-ripening stage
provides less improvement in the C calculation, as
indicated by the results presented in Table 3.

Precision of modeled C transfer into the subsurface

As described in the Section “Development of an
approach to quantify modeling precision”, for each
component of the subsurface (root growth, below-
ground respiration, and detectable rhizodeposition),
125,000 model simulations of the Keith-Swinnen
approach were performed to obtain C fluxes with
different probabilities. Subsequently, the C-transfer
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values of each component were added to obtain a
set of 125,000 values of the total C transfer into the
subsurface. Means, medians, standard deviations (Sd),
ranges, and coefficients of variation (CV) generated
by model simulations and integration of the C flux
rates over the sampling period (days 16-84) and the
whole growing season (days 0-120) for each com-
ponent and the whole subsurface are presented in
Table 4.

The simulation runs of the Keith-Swinnen approach
provided similar means and medians for each com-
ponent and period. The greatest difference was 8 mg
C, which was observed for total C transfer into the
subsurface. This difference was only 1.8 % of the C
(445 mg C) transferred into the subsurface during the
whole growing season. As expected, means and medi-
ans were always greater for the entire growing period
than for the shorter period. The differences between
the means and medians of the C transfer into the

Table 4 Means, medians, standard deviations (Sd), ranges,
and coefficients of variation (CV) of downward-transferred C
yielded by 125,000 model simulations per component and inte-
gration of the C flux rates over the sampling period (days 16-84)
and the whole growing season (days 0-120)

C flux as mg C per plant

Days 16 - 84 0-120
Transfer Mean 418 445
into Median 413 437
subsurface Sd 31 43
Range 339 -542 344 - 616
CvV 7 % 10 %
Root Mean 199 212
growth Median 197 208
Sd 15 20
Range 160 - 261 163 - 294
CvV 7 % 9 %
Belowground Mean 145 156
respiration Median 143 153
Sd 11 16
Range 121-182 123 -210
CvV 7 % 10 %
Detectable Mean 74 77
rhizodeposition Median 73 76
Sd 6 8
Range 57 - 100 57-112
CvV 8 % 11 %

subsurface indicate that over the longer period, 24 mg
(median) to 27 mg (mean) more C was downward-
transferred than in the shorter period; this difference is
plausible. Moreover, all the other statistics show plau-
sible values. Table 4 also shows that the variability of
the 125,000 C transfer values of each component and
entire subsurface are acceptable because the lowest
and highest coefficients of variation (CV) of sampling
period and whole growing season ranged between 7 %
and 8 % and between 9 % and 11 %, respectively. In
addition, the averaged C transfer values of each com-
ponent and the entire subsurface of the whole growing
season (days 0-120) are very close to the correspond-
ing values (right column) of Table 2, which were
modeled with the best-fitted shoot growth (Fig. 3) and
C partitioning curves (Fig. 2).

As shown in Table 2, in total, 444.1 mg C per plant
was transferred into the subsurface over the entire
growing season. This value represents 18.3 % of the
total C that was incorporated into shoot (shoot C mass)
and transferred into the subsurface during plant devel-
opment. Consequently, the value of C transfer into
the subsurface (445 mg C) generated by model sim-
ulations (see Table 4) represents 18.34 % of the total
C transferred into the subsurface and used for shoot
growth. Using the corresponding standard deviation
(43 mg C) indicates that 445 + 43 mg C were trans-
ferred into the subsurface over the entire growing
season. This range represents 18.34 & 1.77 % of the
total assimilated C that was not respired by the shoot.
Using the C values for root growth, belowground
respiration, and detectable rhizodeposition and their
standard deviations from the whole growing season,
presented in Table 4, in the same way, the calcula-
tion shows that 8.7 £ 0.8 %, 6.4 £ 0.7 %, and 3.2 =
0.3 % of the C was used for root growth and flowed
into belowground respiration as well as detectable
rhizodeposition, respectively.

Relationships among C fluxes of recently assimilated
C in the subsurface

A Spearman rank correlation analysis of the '*C in the
roots, rhizodeposition, and belowground respiration
provided correlation coefficients of 0.912, 0.923, and
0.953 for pairwise comparisons of the '4C amount of
rhizodeposition, roots, and belowground respiration.
Each correlation coefficient was statistically verified
with a p-value < 0.001.
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The correlation and regression analyses indicate
that the flows of '*C into the roots, belowground res-
piration, and detectable rhizodeposition were strictly
positively correlated with each other (Fig. 5a). A
high flow of '#C into the roots is associated with
a high flow of '*C into belowground respiration
and detectable rhizodeposition. All three relationships
could be described with the same two-parametric
model (a x x/(1 + b * x2)), with a coefficient of
determination ranging between 0.748 and 0.851.
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Fig. 5 a) Comparisons of '4C (expressed as the percentage of

14C recovered in the plant-soil-soil gas system 21 days after

labeling) determined during plant development in the roots, rhi-

zodeposition (rhizodep.), and belowground respiration (below.
resp.) with each other, and b) comparisons of the modeled
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The comparison of the modeled absolute rates of
freshly assimilated C that flowed into the roots, rhi-
zodeposition, and belowground respiration (Fig. 5b)
indicates positively correlated relationships between
the flow of C in each component of the subsurface.
Moreover, the hysteresis curves (Fig. 5b) imply that
root growth is related to higher belowground respi-
ration and rhizodeposition until the highest C flow
into the root was reached; after this point, the root
growth is related to lower belowground respiration and
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absolute C flux rates (expressed in mg C per plant per day) of
root growth, rhizodeposition (Rhizodep.), and belowground res-
piration (Below. resp.) with one another. It should be noted that

the data on the horizontal axes were sorted according to their
magnitude and not by time (as in the other figures)
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rhizodeposition. A similar pattern was also obtained
for the relationship between the C flux rates of the
detectable rhizodeposition and belowground respira-
tion. Admittedly, values before and after the reversal
point of this curve are only slightly different from each
other. Thus, the relationship between the C flux rates
of the detectable rhizodeposition and belowground
respiration seems to be nearly linear.

Discussion
Modeling '4C partitioning and shoot growth

Our results indicate that the relative '*C partitioning
of the assimilated C strongly depends on the devel-
opmental stage of the plant. In general, the amount
of '*C in the shoots increased during plant develop-
ment. This result is consistent with the varying axial
sink during plant development (Lambers et al. 2008;
Yasumura 2009). In contrast to the spring wheat study of
Swinnen et al. (1994b), who reported an increase only
up to ~ 83 % of all '*C recovered in the plant-soil-soil
gas system 19 days after labeling, we observed incor-
poration into the shoots of up to ~ 93 % during the
ontogeny of spring rye. Furthermore, Sey et al. (2010)
determined that more than 90 % of the 3CO, assim-
ilated by corn at the milking stage was retained in the
shoot. Gregory and Atwell (1991) also observed that
more than 90 % of the '*C assimilated by wheat and
barley at grain filling was retained in the shoots.

Corresponding to the increase in the relative C par-
titioning to the shoots over time, a continuous decrease
in the relative C transfer into the subsurface including
roots, belowground respiration, and detectable rhi-
zodeposition was observed. In contrast to the results
of Swinnen et al. (1994b), in which a nearly constant
flow of 5 % of assimilated '#C into the detectable rhi-
zodeposits was observed between elongation growth
and ripening, our study found a continuous decrease
of this component from approximately 12 % at emer-
gence to approximately 2 % at the milk-ripening stage
(see Fig. 2).

Such differences may be caused by differences
in plant species or environmental conditions. There-
fore, systematic investigations over the entire growing
season are required to determine how C partition-
ing varies depending on the plant species or cultivars
and environmental conditions. Such investigations are

required before the generalizability of the estimates
of root-derived C input into the soil yielded by the
Keith-Swinnen method can be evaluated.

However, the first aim of our study was to model
the relative '#C partitioning within the plant-soil-soil
gas system with sufficient precision from emergence
to the ripening stage. This is a challenge for the Keith-
Swinnen method because a set of functions that fits
the partitioning data well and sums up to 100 % at
each point in time during the investigated period (see
Fig. 2) is required for precise C modeling. For Swinnen
et al. (1994b), it was possible to describe the rela-
tive C partitioning in the plant-soil-soil gas system
between elongation growth and ripening using a set of
four simple functions (three exponential and one lin-
ear function) that amounted to exactly 100 % at each
moment during the growing season. In this study, the
14C partitioning at emergence and tillering was also
analyzed. The regression analyses of the '“C partition-
ing data indicated that it was not possible to use the
14C partitioning functions presented by Swinnen et al.
(1994b) because these functions did not fit our data.

However, a set of functions that had maximum pos-
itive and negative deviations from the 100 % line
of +0.7 % and -1.2 %, respectively, and a negligi-
ble inaccuracy of +0.003 % (overestimation) over the
whole growing season was found. This set included
the Gompertz function to describe the '*C partition-
ing of the shoots and three other non-linear functions,
as described in the Section “Modeling of shoot growth
and '*C partitioning”.

Shoot growth was also well described by the Gom-
pertz model, which is a typical model for shoot
growth (Causton and Venus 1981; Yin et al. 2009;
Zeide 1993). In contrast to the study of Swinnen
et al. (1994b), in which the authors used a numerical
method to obtain the daily increments of shoot growth,
an algebraic derivative was used in this study.

As shown by Remus et al. (2016), sampling 15
days after labeling should provide exact information
about the partitioning of the tracer, if plants grow
under favorable conditions. Indeed, we decided to har-
vest all labeled plants after the same time, 21 days
after labeling, because we observed a delay of '“C
turnover in soil and young leaves of oilseed rape under
severe drought stress after labeling, which was stim-
ulated again after re-watering (not yet published). An
increased mean residence time of recently assimilated
C in leaf biomass under drought stress was also
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described by Briiggemann et al. (2011). However, no
drought-stress symptoms were observed in the out-
door experiment, and the grain yield of the spring rye
field experiment was 4.163 4 0.454 t per ha. The grain
yield of winter rye ranged between 6 and 7 t per ha
on our experimental area in the last 20 years. Conse-
quently, the grain yield of spring rye was 59 to 69 %
of that of winter rye. This pattern also indicates that
the spring rye grows under normal conditions.

Modeling all absolute C fluxes

The linkage of the relative '*C partitioning (as a per-
centage of the amount of '#C recovered in the plant-
soil-soil gas system 21 days after labeling) with the
shoot growth rate (mg C per plant and day) provided
functions of absolute C partitioning that resembled
asymmetric bell-shaped curves. Although we used dif-
ferent functions to describe the C partitioning in the
plant-soil-soil gas system than Swinnen et al. (1994b),
similar trends for the absolute C fluxes were observed.

Our investigation demonstrated that spring rye
transfers significantly less (18.3 %) C into the
subsurface than spring wheat (approximately 29 %
of the assimilated C) over the whole growing sea-
son (Swinnen et al. 1994b). However, the use of
downward-transferred C for root growth, rhizode-
position, and belowground respiration seems similar
between wheat and rye. Wheat and rye use 41 %
and 47 %, respectively, of the total transferred C into
the subsurface for root growth and 59 % and 53 %,
respectively, of the downward-transferred C flows into
rhizodeposition and belowground respiration in wheat
and rye.

The modeled total C transfer of rye into the sub-
surface indicates that the maximum flux rate of the
C transfer to roots, belowground respiration, and
detectable rhizodeposition took place at stem elonga-
tion and preceded the maximum C assimilation rate
of shoot growth. This result indicates that not only
the relative C partitioning but also the plant biomass
production combined with the relative C partitioning
determines the absolute C fluxes in the plant-soil-soil
gas system.

In our investigation, maximum shoot growth
occurred 17 days after maximum root growth. Inves-
tigations of Swinnen et al. (1994b) also indicate that
the maximum root growth rate precedes the maximum
shoot growth rate. This temporal offset may explain
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the temporal offset of the nutrient uptake by wheat
plants and plant growth reported by Linser H (1972).
This author observed that the point of inflection for the
phosphorus, potassium, and nitrogen uptake curves
preceded the point of inflection of the dry matter
growth curve with a temporal offset of 5 to 10 days.

However, the decrease in the root growth rate after
day 39 was possibly caused by a stronger C sink in the
shoots after this time, which implies that the C sink
in the shoots had already exceeded the C sink in the
roots before the plant switched from the vegetative to
the generative phase.

Precision of modeled C fluxes

Our model simulations showed that the Keith-
Swinnen method is able to provide absolute C fluxes
with high precision: the coefficients of variation of
the calculated C amounts, which were transferred into
subsurface and different components, ranged between
7 % and 8 % and between 9 % and 11 % for sam-
pling period and whole growing season, respectively
(see Table 4). Admittedly, a vector of 50 random
numbers is only suitably restricted to represent sym-
metrically distributed data, and any substantial exten-
sion of the vector requires an enormous computation
time because of the rapid increase in the number of
possible combinations of prediction curves for each
component. Therefore, a second simulation with 50
unique distributed mean prediction bands and equal
distance between all of them was performed similar
to Hoffmann et al. (2015), to compare their results
(data not shown) with those of our favored simula-
tion approach. Moreover, the probability levels of the
upper and lower mean prediction bands in this second
simulation were extended to p = 0.9, where compu-
tation was still possible or did not stop, to analyze
the effect of prediction curves with a wider range. For
example, the histograms of the downward-transferred
C into the subsurface of the sampling period from
the first (favored) and second simulation are shown in
Fig. 6.

The vector used for the probability levels of
the mean prediction bands has an influence on
the symmetry and variation of the estimated val-
ues of the downward-transferred C. However, Fig. 6
clearly indicates that the two different simulation
approaches yielded means that differed by only
approximately 0.2% and medians that differed by only
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Fig. 6 Frequency analyses of the C input values of the entire
subsurface for the sampling period (16 to 84 days after emer-
gence). Histogram of 125,000 simulation runs with 50 random
normally distributed mean prediction bands (above) and a his-
togram of 125,000 simulation runs with 50 equidistant and
unique distributed mean prediction bands (below). CV: coeffi-
cient of variation

approximately 0.5 %; these differences are negligible.
Moreover, the extension of the probability level to p
= 0.9 and the equal weighting of more and less prob-
able prediction curves around the best-fitting curve
provided a coefficient of variation of only ~ 15 %.
Such a precise calculation of the C transfer into the
subsurface is not possible to obtain by a simple esti-
mation method based on using the mean or median of
the relative C partitioning coefficients and the shoot
biomass obtained at the end of the growing period
because the relative partitioning of '#C is extremely
different in young and old plants. For example, the
modeled relative '“C partitioning coefficients of the
C transfer into the subsurface (see Fig. 7) decreased
from 68.9 % at emergence (day 16) to 5.3 % at the late
milk-ripening stage (day 84). The standard deviation
and coefficient of variation of the modeled daily rela-
tive '4C partitioning coefficients of the C transfer into
the subsurface from this timespan (n = 69) amounted
to 18.6 and 72.4 %, respectively. Using the mean

[y
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Fig. 7 Relative transfer of *C (expressed as percentage of '4C
recovered in the plant-soil-soil gas system 21 days after label-
ing; black line) and the rate of total transfer of C (expressed as
mg C per plant per day; gray line) into the subsurface during
the growing season. The curve segments in the gray regions are
extrapolated

(25.7 %) of the modeled daily relative '*C partition-
ing coefficients of the C transfer into the subsurface
from emergence until the late milk-ripening stage and
the shoot C increment from day 16 to day 84 (1590.3
mg C per plant) provides an average C transfer into the
subsurface of 550 mg C (= 1590.3%25.7/74.3), whilst
the median (19.6 %) provides a value of 388 mg C
(= 1590.3%19.6/80.4). Consequently, the simple esti-
mation method leads to an overestimation of 32 %
using the mean or to an underestimation of 6 % using
the median. Considering that the CV of relative '“C
partitioning coefficients of the C transfer into the sub-
surface amounted to 72.4 % and the variation of the
shoot C increment was not included by this simple
method, the estimation of C values has a high degree
of uncertainty.

Using the mean and median of the relative '“C
partitioning coefficients of the C transfer into the sub-
surface from the entire growing season and shoot C
mass at ripeness, the simple method overestimates the
C transfer into the subsurface by 56.6 % and under-
estimates this transfer by 32 % with a CV of 106 %
(calculation not shown here). In addition to the high
variation of the relative C partitioning coefficients,
which lead to a high uncertainty, the fact that this sim-
ple method is not able to consider the different trends
of relative and absolute C partitioning within the plant-
soil-soil gas system (see Fig. 7) leads to an over- or
underestimation of the C transfer depending on the
measure of central tendency, i.e., average or median.
Overall, these results confirm the suspicion that a
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simple method based on the averages or medians
of the relative C partitioning coefficients and above-
ground biomass can provide only raw estimations
for C allocation within plant-soil-soil gas systems
(Kuzyakov and Domanski 2000).

One approach that considers plant growth based on
repeated pulse labeling experiments was suggested by
Werth and Kuzyakov (2008). However, this approach
is only suitable for estimating the soil C input over
a short period in which the shoot growth is nearly
linear, whereas in general, shoot growth follows a
sigmoid curve progression over the whole growing
season (Causton and Venus 1981; Yin et al. 2009;
Zeide 1993).

Another approach to estimate the soil C input dur-
ing the growing season was suggested by Bolinder
et al. (2007), who used the shoot/root ratio and an
average relative C partitioning coefficient for the rhi-
zodeposition. However, apart from the precision of the
average relative C partitioning coefficient, it can be
difficult to determine the amount of root C using root
sampling because sample preparation can cause con-
siderable losses (B6hm 1979; Box 1996; Oliveira et al.
2000; Swinnen et al. 1994b). Furthermore, roots may
be contaminated with soil particles even after wash-
ing, requiring a correction to obtain the real amount of
the root C. For example, in our study, the C concen-
tration of the washed root samples averaged 34 % of
the C concentration of the dry mass, whereas the shoot
samples exhibited a C concentration of 44 % (data are
not shown).

Moreover, parts of the root system can die and
mineralize during plant development (Box 1996;
Milchunas 2009; Pritchard and Rogers 2000; Saggar
and Hedley 2001; Smithwick et al. 2014; Steingrobe
et al. 2001). Therefore, the root biomass at sampling
does not necessarily correspond to the root biomass
actually formed prior to the sampling; consequently,
an approach based on the shoot/root ratio can only be
an approximation of the downward-transferred C, as
noted by Bolinder et al. (2007).

In contrast to the aforementioned method, the
turnover of senescent or dead roots does not matter in
the Keith-Swinnen method because the daily formed
root mass (expressed as root C) is calculated and inte-
grated over the investigated time period in the latter
approach. Furthermore, the use of the C tracer in this
approach enables a complete balance of the recently
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assimilated C within the plant-soil-soil gas system
along with estimates of the downward-transferred C
with a known and acceptable precision.

Influence of the observation period on C input
estimates

The investigation presented in the Section “Influence
of initial labeling time on estimates of C input” indi-
cated that shortening the extrapolated timespan at
the beginning of the growing season by labeling at
emergence instead of during the stage of elongation
growth had a greater effect on the uncertainty of the
C estimates than decreasing the extrapolated timespan
at ripening. Starting the investigation at emergence
caused only approximately 5 % of the estimated trans-
fer of C into the subsurface to be located in the extrap-
olated periods, provided that the C transfer follows
the used models. In contrast, starting the investiga-
tion at elongation caused approximately 30 % of the
estimated transfers to be located in the extrapolated
periods.

Moreover, the absolute amount of downward-
transferred C strongly varied among different devel-
opmental stages. For example, the largest amount of C
was transferred into the subsurface from stem elonga-
tion until the late boot stage. During this period, which
was only 21 days, approximately 46 % of the total
downward-transferred C flowed into the subsurface.

This finding supports the importance of a balanced
age structure for the investigated plants for the calcu-
lation of absolute C fluxes during the growing period
(Jones et al. 2009) and stresses the importance of
sampling throughout the entire growing season.

Relationships among fluxes of recently assimilated C
in the subsurface

The correlation and regression analyses of root
growth, belowground respiration, and detectable rhi-
zodeposition clearly indicated dependencies among
these components (see Fig. 5). The correlation anal-
ysis showed that the '“C flows into the root and
the detectable rhizodeposition were significantly pos-
itively correlated. This pattern confirms the results of
Xu and Juma (1993), who observed a positive cor-
relation between the '#C activities of roots and soil.
This pattern also confirms the observation of Dilkes
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et al. (2004) indicating that the exudation of l4c-
labeled soluble material depends more on the rate of C
input to the roots than on the rate of photosynthesis of
wheat.

Moreover, highly significant positive correlations
between the '“C flow to the roots and the belowground
respiration as well as between detectable rhizodepo-
sition and belowground respiration were determined.
This result indicates that high root growth is connected
not only with high rhizodeposition but also with a
high respiratory turnover of recently assimilated C
in the subsurface. Part of the rhizodeposits will be
respired by microbes; therefore, the production of rhi-
zodeposits should be partially linked to belowground
respiration.

Based on sample preparation (see the Section
“Sample preparation”) that included washing of roots
to remove rhizosphere soil and wet sieving of rhizo-
sphere and bulk soil to separate root fragments and
rhizodeposits, one can assume that the observed rela-
tionships between root growth and rhizodeposition are
artificial because roots can lose C due to washing pro-
cedures (Swinnen et al. 1994b). However, as shown
by Remus et al. (1985), nearly all '*C of the mobile
C pool was respired, exuded, or incorporated into the
structural C pool of the plant at harvesting (21 days
after labeling). Therefore, the amount of '4C that is
able to leave the root by diffusion should be negligible.
Moreover, the correlations between root growth and
belowground respiration as well as between detectable
rhizodeposition and belowground respiration, which
were obtained in undisturbed root-soil-soil gas sys-
tems, support the natural origin of the observed rela-
tionships.

In addition, our results show that the relation-
ships between the relative and absolute C fluxes of
root growth, belowground respiration, and detectable
rhizodeposition are very similar during the grow-
ing season, which implies that rhizodeposition and
belowground respiration depend on root growth. Com-
parisons with the relative C partitioning presented
by Keith et al. (1986) and Swinnen et al. (1994b)
suggest that the same conclusion applies to wheat.

Moreover, a strong, nearly linear relationship was
observed between the absolute belowground respira-
tion and detectable rhizodeposition (Fig. 5b). Based
on this finding, it seems possible to calculate the actual
rhizodeposition for the whole growing season if it is

possible to determine the share of rhizodeposition that
was respired from labeling until harvest on day 21.

Conclusions

As shown in this study, it is possible to model relative
14C partitioning within the plant-soil-soil gas system
from emergence to the ripening stage with sufficient
precision, although a set of complex functions is nec-
essary. This study clearly demonstrates that relative C
partitioning coefficients alone can provide only lim-
ited information about the actual C allocation within
plant-soil-soil gas systems, whereas dynamic link-
ing of relative C partitioning coefficients with shoot
growth at each moment during the growing season
can provide detailed information about the partition-
ing process and quantity of absolute C fluxes. Such
information can be obtained for single developmen-
tal stages as well as for the entire growing season.
However, this study also showed that it is necessary
to investigate the whole vegetation period to obtain
reliable data about the transfer of C into the subsur-
face because the transfer of C into the subsurface
during the plant development is a highly dynamic
process.

Based on model simulations, an approach could be
presented that enables calculation of the precision of
the C-transfer values calculated by the Keith-Swinnen
method; thereby, this method could be improved. The
model simulations indicate that 18.3 £ 1.7 % of all
assimilated C that was not respired by shoots was
transferred into the subsurface during the entire grow-
ing season. This flow splits into 8.7 &+ 0.8 % C for root
growth, 6.4 £ 0.7 % C for belowground respiration,
and 3.2 £ 0.3 % C for detectable rhizodeposition.

Although the Keith-Swinnen method is very labor
intensive, this approach has several advantages com-
pared to other methods discussed in this study. More-
over, because the types of the applied models are easy
to link with plant growth or yield models, the Keith-
Swinnen method has a large potential for the precise
estimation of C inputs for a wide range of plants
under different environmental conditions and manage-
ment practices. To meet this objective, phenologically
dependent relative C partitioning coefficients of rele-
vant crops should be determined, and possible ranges
of variation of relative C partitioning coefficients on
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different genotypes as well as environmental condi-
tions should be analyzed.
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