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Summary for table of contents

The dynamics of recently-assimilated carbon are a key driver of the carbon budget of
terrestrial ecosystems and of their response to global change. Our study shows that
belowground transfer of photosynthates is related to plant physiological controls, which,
unlike environmental controls, are still poorly characterized. Our study contributes to
improve the understanding of the dynamics of carbon allocation and isotopic signatures in

terrestrial ecosystems.
Abstract

Environmental factors and physiological controls on photosynthesis influence the carbon
isotopic signature of ecosystem respiration. Many ecosystem studies have used stable carbon
isotopes to investigate environmental controls on plant carbon transfer from above- to
belowground. However, a clear understanding of the internal mechanisms underlying time-
lagged responses of carbon isotopic signatures in ecosystem respiration to environmental
changes is still lacking. This study addressed plant physiological controls on the transfer time
of recently assimilated carbon from assimilation to respiration. We produced a set of six
wheat plants with varying physiological characteristics, by growing them under a wide range
of nitrogen supply and soil water content levels under standardized conditions. The plants
were pulse-labelled with *C-CO,, and the isotopic signature of CO; respired in the dark by
plants and soil was monitored continuously over two days. Stomatal conductance (gs) was
strongly related to the rate of transfer of recently assimilated carbon belowground. The higher
gs, the faster newly assimilated carbon was allocated belowground and the faster it was
respired in the soil. Our results suggest that carbon sink strength of plant tissues may be a
major driver of transfer velocity of recently assimilated carbon to plant respiratory tissues and

soil respiration.
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Introduction

Improving our understanding of the fate of recently assimilated carbon (C), the
variability of its allocation to above- and belowground ecosystem compartments, as well as
its respiratory losses to the atmosphere is essential to estimate and model the sensitivity of the
global terrestrial C budget under changing environmental conditions (Litton et al. 2007). In
particular, determining the velocity and the quantity of recently assimilated C allocated to
different ecosystem components is a crucial step to improve our understanding of C dynamics
in terrestrial ecosystems (Kuzyakov and Gavrichkova 2010).

Using stable isotopes as tracers allows one to follow photosynthates from source
organs to CO; respired by different organisms in terrestrial ecosystems (Dawson et al. 2002;
Briiggemann et al. 2011; Epron et al. 2012). Under natural conditions, changes in
photosynthetic discrimination (A) imprint the carbon isotope composition (5'°C) of new
photoassimilates, as leaf physiology responds to environmental conditions (Farquhar et al.
1989), which can then be tracked in the plant until these photoassimilates are respired. The
time lag between changes in A and associated changes in §'°C of respired CO,, later referred
to as isotopic time lag, has often been used to understand the impact of environmental
variables on the C cycle (see reviews by Kuzyakov and Gavrichkova 2010; Mencuccini and
Holtta 2010; Briiggemann et al. 2011). However, recent studies have challenged the
simplicity of these time-lagged responses, by shedding light on diel variations of §'°C in
respired COa, post-photosynthetic and respiration fractionation, damping of the '*C signal as
it is transferred belowground, all of which contributing to blur the time lag from assimilation
to respiration (Gessler et al. 2008; Kodama et al. 2008; Werner and Gessler 2011). It has

become increasingly clear in the last decade that investigating the isotopic time lag responses
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to external, i.e., environmental drivers should not neglect the internal drivers, i.e. plant
physiology.

Plant biochemistry and physiology play a major role in C allocation and particularly
in the transfer of C from above to belowground, affecting the isotopic time lag through its
three main components: velocity of C transfer, quantity of C transferred to different organs,
and substrate identity carrying the isotopic signal (Paul and Foyer 2001; Briiggemann et al.
2011). We expect that frequent measurements in plant-soil systems that cover a range of
environmental and physiological conditions, but in which day-to-day environmental
conditions remain constant, should shed light on the physiological drivers underlying changes
in rate of C transfer belowground and §'3C of respired COs.

The present study avoided day-to-day environmental variability to address plant
physiological controls on the transfer time of recently assimilated C, from leaf assimilation to
above- and belowground respiration. A set of wheat plants with varying physiological
characteristics was produced by growing them under a wide range of nitrogen (N) supply and
soil water resource levels, two resources known to be of major importance for plant
physiological status (Poorter and Nagel 2000), while all other environmental conditions were
standardized and kept constant on a day-to-day basis. The plants were pulse-labelled with
13CO,, and the isotopic signatures of CO, respired by aboveground biomass (i.e., leaves, leaf
sheath and extremely small stem, further referred to as shoot; §'*Cr-shoot) and by soil (8!*Cr-
soil) Were monitored over two days in the dark. The release of '*C label by shoot and soil
respiration was related to plant physiological variables to identify the most relevant
physiological drivers of short-term rate of C transfer belowground. We hypothesized that the
isotopic time lag would be shorter in plants with higher photosynthetic activity and higher

transpiration rates.
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Material and methods

Experimental setup

Wheat plants (7riticum aestivum L.) were grown under different N and soil water
resource levels, in order to create plants covering a wide physiological status range. Square
pots (18x18x17 cm height) were filled with a 2:1 mixture of vermiculite and sieved (I cm
mesh) clay loam soil (28.5% organic matter, pH 6.8, texture of inorganic matter: 30% clay,
41.8% silt, 28.2% sand). Seeds were germinated on a thin layer of soil. One week after
germination, the plantlets were transferred in the pots, following an even pattern (16
individuals per pot, i.e., 658 plants m?) on three quarters of the pot surface. A PVC
(polyvinyl chloride) soil collar (7 cm diameter, 5 cm high) for soil CO; efflux measurements
was inserted 2.5 cm deep in the remaining quarter of the pot surface area.

Plants were grown under controlled conditions in a growth chamber (PGV36,
Conviron, Winnipeg, Canada). The pots were rotated weekly to avoid position effects in the
chamber. Chamber conditions followed a 14h photoperiod (photosynthetically active
radiation, PAR, of ca. 400 pmol m? s') with day/night temperatures of 20°C/15°C,
respectively. CO2 concentrations were maintained at app. 400 umol mol! and air humidity
between 60 and 70%. Leaves of well-watered Zea mays L. were used as phytometers to
provide an integrated '*C signature of background CO: in the chambers, since the '*C
discrimination of Cy species is relatively constant under non-limiting conditions (Evans et al.
1986; Buchmann et al. 1996). Phytometer leaf biomass was sampled every two weeks, dried
and finely ground prior to isotope ratio analysis (see below). Direct measurements of §'°C of
COz in the chamber atmosphere were made on a biweekly basis to validate the range of §'°C
of background CO; obtained from the phytometer results.

Different resource level combinations of N and soil water were applied during two
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months. We used a full factorial combination of two fertilization levels (non-fertilized, plants
1, 2 and 3 and fertilized plants 4, 5 and 6) and three soil water content (SWC) levels (47%,
plants 1 and 4; 63%, plants 2 and 5; and 71%, plants 3 and 6). N fertilization consisted of a
daily input of 20 ml of a 5 g N L solution (N:P:K 1:0.4:0.6, Wuxal® Liquid, AgNova
Technologies Pty Ltd, Victoria, Australia). Daily weighing and watering of the pots to exactly
compensate water losses due to evapotranspiration ensured the accuracy of the water resource
level. Two pots were used for each combination of resource levels. After two months of
growth, one pot was used for ecophysiological measurements, to assess plant physiological
status. The other pot was used for '*C labelling of the plant and subsequent measurements of
813 CRresoil and 8" Croshoot in the dark for two days, which were related to the ecophysiological

parameters measured in the first pot.

Leaf gas exchange and sampling of unlabelled material

Leaf gas exchange measurements were conducted on plants of the unlabelled pot,
which had been subjected to the same N and soil water resource levels as those of the labelled
pot. Measurements took place on the same day as the '3C labelling. The following variables
were measured on five of the youngest fully expanded leaves after 4 h in the light:
transpiration rate in the light (E;), stomatal conductance to H,O in the light (gs), and CO>
assimilation rate (A). In addition, leaf dark respiration rate (r1) was measured after 5 h in the
dark. Measurements were conducted under standardized conditions with a portable
photosynthesis system (Li-6400, Li-Cor Inc.), using a dew point generator (Li-610, Li-Cor
Inc.) and a CO> source to ensure constant relative humidity (60%) and CO> concentration
(400 umol mol!) in the incoming flow of the Li-6400 leaf chamber. A 1000 pmol m? s’
light source (6400-02B, Li-Cor Inc.) was used for measurements in the light.

Leaf gas exchange measurements were performed at 1000 umol m? s!, close to the
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plants’ maximum photosynthetic ability, to maximise the expression of physiological
differences among plants. Since the other environmental conditions were kept equal, A and g
at 1000 pmol m™ s™! are expected to be proportional to A and gs at 400 pmol m™ s! (e.g. Ye
and Yu, 2008) and can be related to the physiology of plants growing at 400 pmol m™ s™!.
Bulk leaf and root biomass from the unlabelled pots were dried (48h at 60°C), and
finely ground prior to determination of C and N concentration and §'*C analysis. Soil was
sampled as described below, and bulk soil C and N concentrations, 8'*C signatures as well as

microbial biomass §'°C, C and N were measured (see below).

13C labelling and measurements of 8'3C of respired CO:

A 15 minute *C-CO; pulse was applied to the plants at peak biomass (i.e., 86 days
old) at the end of a 10-hour dark period, to avoid mixing labelled and unlabelled recent
photoassimilates. Due to growth conditions of constant photoperiod and temperature, stem
expansion was not yet initiated in our wheat plants. Consequently, measurements were done
at a stage that was similar to stage 5 on the Feekes scale albeit with a higher number of leaves
(i.e. most of aboveground biomass consisted of leaves). Pots were labelled and measured
813CRresoil and 8'*Crshoot One after the other, over an 18-day period during which chamber
environmental conditions and §'*C of background CO, were constant.

To avoid diffusion of labelled CO; into the soil and to maintain above- and
belowground compartments separate during subsequent gas measurements, a 1 cm-thick agar
gel (at 30°C, to avoid plant damage) was poured around the soil collar prior to labelling. The
pot containing the plants was then inserted in a custom-built transparent air-tight PVC main
chamber (29 cm diameter, 72 cm high), equipped with a fan to ensure good air mixing and a
septum for gas sampling. A custom-built 0.25 L polyethylene soil chamber was fitted air-

tight on the soil collar, inside the main chamber (see detailed description of setup in



176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

supplementary material). The main chamber and the soil chamber were both connected
independently online to an IRMS via a custom-built setup, enabling measurements of §'*Cr-
shoot and 8'Crosoil €very 26 minutes, and to an infra-red gas analyzer (Li-840, Li-Cor Inc.,
Lincoln, NE, USA), measuring CO> concentrations continuously. Because the agar gel
prohibited soil CO to diffuse into the main chamber, §'*Cr-shoot Was measured directly.

Plant aboveground biomass was labelled by dissolving 10.48 mg of 99% pure '*C-
Na>COs in the chamber, which amounted to 500 pmol mol™! of '3C-CO; in the chamber
headspace. The labelled carbonate was placed in a cup inside the chamber, and sulphuric acid
was injected in excess into the cup through a septum. To ensure photosynthetic uptake of the
13C label, photosynthetically active radiation (PAR) of app. 400 pumol m™ s’ was maintained
inside the chamber during labelling, using a greenhouse lamp positioned outside the chamber.
Chamber temperature was monitored, ensuring heating of the chamber due to the lamp was
negligible. The effectiveness of the uptake of labelled CO2 was controlled by monitoring CO>
concentration inside the chamber. After 15 minutes, the chamber was opened and flushed
with outside air for five minutes. Before the online 8'°C measurements started, the chamber
was closed and flushed with CO»-free synthetic air until all CO2 was removed. To avoid any
artefact due to potential contamination of soil efflux CO, by enriched '*C-CO, during the
labelling, we considered only gas measurements performed at least 2h after the pulse.

To avoid re-assimilation of respired label, 8'*Crsoil and §'*Cr-shoot Were monitored
online in the dark for two days. Air humidity was also monitored to make sure it remained
stable.

After two days of monitoring, soil was sampled (5cm diameter core over the entire
pot depth), sieved (2mm mesh) and split into two subsamples. One subsample was dried (48h
at 60°C) and used for bulk soil analyses of §'°C (see below) and total C and N concentrations

after manually removing the roots. The second subsample was kept at 4°C and used for
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determination of microbial biomass §'3C, C and N (see below). Roots were collected by wet
sieving of the soil remaining in the pot after coring. Leaves were cut 1 cm above the root
crown. Leaf, root and soil (after removal of roots) samples were dried (60°C for 48h) and

finely ground prior to isotope ratio analysis (see below).

C, N and 6'3C in soil microbial biomass

C, 8"3C and N of soil microbial biomass were determined by fumigation-extraction.
From each sieved soil sample, an approximately 10 g subsample was fumigated for 24h with
chloroform vapour before extraction, while another approximately 10 g subsample was
extracted without fumigation. Soil was vigorously shaken for 30 minutes in a K»SO4
extraction solution (0.5M for microbial biomass, 0.03M for isotope ratio analysis). The
extracts were then filtered and kept frozen until total organic C and N analysis (TOC analyser
DIMA TOC-100, Dimatec, Essen, Germany) or lyophilized before isotope ratio analysis (see
below). Microbial biomass C was calculated as [(total C in fumigated soil) - (total C in non-
fumigated soil)] / 0.45, and microbial biomass N was calculated as [(total N in fumigated
soil) - (total N in non-fumigated soil)] / 0.54 (Brookes et al. 1985; Vance et al. 1987; Wu et

al. 1990). Microbial biomass 8'3C was calculated as

microbes CF_ CNF

oBC

where F and NF stand for fumigated and non-fumigated soil and C for total C. Gravimetric
soil water content was determined by comparing the mass of 10 g of soil before and after

drying at 105°C.

Isotope ratio mass spectrometry measurements
The §'3C value of gas samples was measured with a modified Gasbench II periphery

(Finnigan MAT, Bremen, Germany) equipped with a custom-built cold trap coupled to the
10
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IRMS (DeltaP™XP, Finnigan MAT). The §'3C values in bulk leaf, root and soil as well as in
microbial biomass extracts were measured with an elemental analyser (Flash EA 1112 Series,
Thermo Italy, Rhodano, Italy) coupled to an IRMS (DeltaP™XP). The long-term precision (~
1.5 years) of the quality control standard (caffeine) was 0.09%o for 8'3C. Isotopic values are

expressed in delta notation (%o), as the sample isotope ratio Reample (1*C/'2C) relative to that of

— Rsample -1

the international standard Randard (Vienna Pee Dee Belemnite, V-PDB): R ondard

813C values were expressed as atom% to estimate the total amount of *C added by

pulse-labelling as follows:

13
0.0111802 x 0°C +1
1000

13
1+0.0111802 x 0°C +1
1000

atom% =

2

where 0.0111802 is the standard value for the C isotope ratio of V-PDB.

Excess '°C was calculated in plant, soil CO> efflux and soil microbial biomass to take
into account differences in plant biomass between resource levels and consequently the
possible differences in assimilation of labelled C during the '*C-CO> pulse. Excess *C in the
plant (either excess 'Croot Or excess *Csnoot, depending on the tissue considered) was
calculated as follows:

Ch_ 1
13 —
excess “C,p,, = (atom%, —atom%o,)x B x 100 xM—C (3)

where atom% s and atom% p, are sample and background (measured on the unlabelled sample)
atom% of the plant tissue, respectively. B is the dry mass (mg m™), C% is C concentration
and Mc is the molar mass of carbon (12 g mol™).

Excess '3Cr in shoot-respired CO, (excess *Cr-shoot) Or soil CO; efflux (excess '*Cr-

soil) Was calculated as:

11
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excess °C, = (atom%, —atom%, ) x F “4)
where F is either shoot respiration rate or soil COz efflux rate (mmol m2h™). Soil CO, efflux
rate is expressed relative to soil surface area.

Excess *C in soil microbial biomass (excess *Cumicrobes) Was calculated as follows:

T
excess °C oc

microbes

= (atom%, —atom%, ) x

)

c
where TOC is the total organic C content of microbial biomass (ug g dry soil). Since
measurements of the natural background §'*C of soil microbial biomass were not available,
we used the background §'3C of root biomass as a proxy for atom% 1, of soil microbial C.

The total amount of label released in soil CO; efflux was calculated by integrating
excess *Cresoil released during the measurement period (from 2 to 48h after the pulse). Since
none of the standard regression models (linear, polynomial with a reasonable degree,
exponential, etc.) fitted the excess *Crusoil curve, we integrated it numerically using 3-point
quadratic interpolation. Note that due to IRMS failure, the gas measurements of pot 6 stopped
24 hours after labelling (i.e., 5 hours after peaking). Excess *Crsoil values after that time
were predicted with an exponential decay function that was fitted to the data available for that
pot between 19 hours (the time of maximum excess '*Cr-soi) and 24 hours (IRMS failure)

after labelling.

Statistical analyses

Data were analysed using R 2.14.2 (R Development Core Team 2012). The
experimental setup was not intended to test the effects of different resource levels, but to
identify functional relationships between the isotopic signatures and the ecophysiological
variables measured over a set of plants that differed in their physiology. We used the

following parameters to characterize changes in excess '*Cr-shoot and excess '*Crosoil Over

12
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time: i) initial slope of decreasing excess '*Cr-shoot, i1) time between labelling and maximum
excess PCresoil, iii) maximum excess '*Cresoil, iv) total excess'>Cr-soil (i.€. its curve area),
which provided a more integrative estimate of total amount of label released during the
measurement period. The following exponential decay function was used to estimate mean
residence time and half-life of the '3C label in shoots:
N(t) = No e(—\ 1) (6)
where ¢ is the time after labelling, Ny the initial excess '*Cr-shoot, A the decay constant and N(¢)
the excess *Crshoot at time ¢. Mean residence time (t) of 1*C in shoot-respired CO> was then
calculated as [t = 1/ A] , and half-life of 1*C label in shoots as [t12 = In(2)/A = tIn(2)].
Relationships between these excess 'Cr variables and leaf gas exchange

measurements were tested using linear regression models with all six plants.

Results

Physiologically different plants

The different combinations of resource levels of N and soil water resulted in the
sought-after wide range of plant physiological characteristics, providing the set of plants
necessary for our '3C pulse-chase experiment. Leaf dark respiration rate (1)) varied by 1000%
(Table 1), root:shoot ratios by 850%, transpiration rate in the light (E) varied by about 300%,
stomatal conductance to H>O in the light (gs) varied by about 240%, while CO» assimilation
rate (A) and intrastomatal : atmospheric partial pressure of CO; (ci/ca) varied by about 25%. It
is to be noted that due to a Li6400 block temperature control malfunction, although E; and gs
are significantly positively correlated, they are not on a 1:1 relation across plants (R*=0.72,
p=0.033).

The differences in physiology due to N and soil water resource levels were reflected

in plant C and N concentrations as well as their §!°C values (Table 1). Leaf, root and soil N

13
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concentrations varied between 2.3 and 7.2%, 1.2 and 3.4% and 0.4 to 0.8%, respectively.
Prior to 1*C labelling, the §'3C values of leaves and roots were on average -27.83+0.54%o and
-27.46+0.42%o, respectively (overall meantSE,), and the 8'*C value of bulk soil was on
average -25.3340.10%eo.

After labelling, leaf excess '*C showed a 2.4-fold range, while root excess '*C showed

a 10-fold range (Table 2). Soil showed little to no labelling, while excess '3C in soil microbial

biomass showed a 4.666-fold range (Table 2).

Excess 13C of shoot- and soil-respired CO2

Pulse-labelling triggered a large initial excess *Creshoot Of up to 11 pmol m™ h'l, 2h
after labelling (Fig. 1a). 12 ranged from 7.2 to 14.5 hours, and 1 ranged from 10.4 to 20.9
hours (Table 2). Excess *Cr-shoot decreased continuously during the following two days,
however, showing different temporal patterns for the six wheat plants studied. In contrast,
excess *Cr.soil values first increased for all plants, and then peaked between the 15™ and the
21% hour after labelling (Fig. 1b). At the end of the measurement period, excess *Cr-soil Was

still positive (0.85+0.33 pmol m h™! across all six plants).

Relationships between excess 13C and physiological variables

The initial slope of decreasing excess '>Croshoot With time, a proxy for rate of C
transfer belowground (see Discussion), was significantly negatively related to leaf stomatal
conductance (Fig. 2a, R?=0.72, p=0.033) across all plants. None of the other ecophysiological
variables was significantly related with the initial slope of decreasing excess '*CRr-shoot,
although the relationship with E; (R?=0.50, p=0.12) tended to be stronger than with A
(R?=0.24, p=0.32) or ci/ca (R?>=0.18, p=0.40). Both t and #1» were negatively related to 1|

(R?=0.81, p=0.014), as a higher respiration rate lead to faster loss of labelled C.

14
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The time until maximum excess '*Cr.soil values were reached, i.e., the transfer time,
decreased significantly with stomatal conductance (Fig. 2b; R?>=0.76, p=0.023). Although
none of the other variables showed a significant relationship with transfer time, again, the
relationship with E; (R?=0.49, p=0.12) tended to be stronger than that with A (R?=0.08,
p=0.60). We found no further significant relations between excess '*Cr-sil and any other soil
or plant variable.

Maximum excess *Crsoil Was negatively related to pre-labelling root §°C value
(R?=0.91, p=0.012) and soil N concentration (R?=0.67, p=0.045, Fig.3a) and positively
related to root excess °C after labelling (R?=0.80, p=0.039, Fig. 4a). In addition, maximum
excess *Crsoil tended to be negatively related to root N concentrations (R?=0.65, p=0.052,
Fig. 3b) and leaf N concentrations (R?=0.62, p=0.064). The total amount of label released
during the measurement period by soil CO; efflux (Fig. 1b) was positively related maximum
excess PCrusoil (R?=0.99, p<0.001) and to root excess '°C after labelling (R>=0.85, p=0.025,
Fig.4b), but negatively related to soil N concentrations (R?=0.73, p=0.030, Fig.3c) and pre-
labelling root §'*C values (R?=0.85, p=0.027). In addition, the total amount of label released
tended to be positively related to leaf C concentrations (R*=0.55, p=0.091), and negatively
related to leaf §'°C values before labelling (R>=0.61, p=0.068), root N concentrations
(R?=0.64, p=0.055, Fig. 3d) and leaf N concentrations (R?>=0.64, p=0.057). Soil water content
was not significantly related to excess '*Creshoot and excess '*Cr.soil parameters (data not

shown).

Discussion

Physiological drivers of isotopic time lags

The wide range of growth conditions yielded wheat plants that covered a wide
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physiological status range. We found a strong relationship between plant physiological status,
and the velocity of newly-assimilated C transfer from leaves to sink organs. In particular, the
controls of C transfer appear to strongly involve gs: the larger g, the shorter the time between
assimilation and respiration of labelled C. Our plants had not yet produced stems, and their
leaves were of similar length, consequently the entire aboveground biomass was
photosynthetically active and the distance from above- to belowground was similar for all
plants and differences in C transport velocity depended on the time of transport, not on the
distance. Thus, larger gs was associated with faster C transfer from assimilation sites to
respiration sites. Under growth conditions of constant day-to-day environmental parameters
for all plants (i.e. humidity, temperature and CO; concentration, as was the case in our
experiment), differences in plant physiology arise from differences in the plant’s internal C
and water balance (e.g. Goldschmidt and Huber 1992; Paul and Foyer 2001; McCormick et
al. 2009).

Our results do not point towards source strength controlling C transport velocity.
Assimilation rate could be used as a proxy for source strength in this experiment, since the
plants had been kept in the dark for 10h prior to labelling, thus sucrose concentration in the
leaves must have been low in all plants and unlikely to modify source strength in this
experiment. We found no significant relationship between assimilation rate and transfer
velocity of labelled C, suggesting that even if source strength had a gross effect, it was
accompanied by other factors, resulting in no detectable net effect. In contrast, sink strength
controls over C transport velocity, and involving g, is supported by several lines of evidence.

First, previous experiments have established a link between gs and C sinks: the
strength of C sinks is involved in controlling stomatal conductance (e.g. Koller and Thorne
1978; Peet and Kramer 1980; Goldschmidt and Huber 1992), together with environmental

conditions in the atmosphere surrounding the leaves (Lambers ef al. 1998). In addition, sink
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strength rather than by source strength likely drives whole-plant C allocation (Ho 1988; Paul
and Foyer 2001), turnover and allocation of different C pools being driven by competing C
sinks (Kozlowski 1992).

Second, shorter transfer times of newly assimilated C driven by increased sink
strength are consistent with the Munch hypothesis that C transport in phloem is driven by a

hydrostatic pressure gradient from source to sink (Gould et al. 2005).

In addition to transfer towards C sinks, the fate of recently assimilated C during the
dark period can include C storage as well as its direct respiration by aboveground biomass,
both of which are unlikely to represent a significant fraction of the labelled C in our
experiment. Storage could interfere with our interpretation of excess *Cr-soil by creating a
pool of labelled C that would not appear in belowground respiration. However, experimental
C starvation has been shown to lead to preferential allocation of recent photoassimilates
towards growth and respiration rather than towards starch synthesis (for example, less than
10% of the photoassimilates were allocated to starch synthesis in starved French bean plants
starved for three days, Nogues et al. 2004). The decrease in newly assimilated C availability
for aboveground respiration over time is represented by the initial slope of *CRreshoot With
time, and can result from respiration by aboveground biomass, storage (but see above) or
transfer to sink organs. Note that it cannot be due to isotopic dilution by photosynthesis, since
plants were maintained in the dark. Our data show that the initial slope of '*Cr-shoot iS not
significantly related to leaf respiration rate. Therefore, we consider that in our experiment, the
transfer of labelled C belowground is the main driver of the initial slope *Cr-shoot With time,
and therefore of its observed relationship with g;.

The effect of C starvation resulting from extended exposure to darkness on C storage

is less clear belowground than aboveground and appears to depend on plant adaptation. In
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crop species, C starvation under prolonged darkness leads to the exhaustion of root non-
structural C pools fairly rapidly: within 48h in maize (Brouquisse et al. 1998), but more than
three days in French bean (Bathellier et al. 2009). In contrast, shading a mountain grassland
had no effect on starch formation in roots, which was likely related to adaptation to a short
growing season and to grazing (Bahn ef al. 2013). Since wheat has been selected to maximise
grain production, it is expected to exhibit a crop species type of response to prolonged
darkness, with little storage in the dark. Thus, we hypothesize that storage of labelled C likely
occurred shortly after the pulse, but that it was not maintained over an extended period of
darkness, and only minimally interfered with the interpretation of excess '*Cr-soil.

Excess *Cr-soil responded not only to leaf gas exchange variables, but also to N
resources, as less label was transferred belowground under conditions of higher soil N
availability. We found negative relationships between N concentrations in the soil and in plant
tissues on the one hand, and maximum excess '*Crsoil as well as total excess '*Cr.soil on the
other hand. These results bring further support to the sink strength hypothesis, for several
reasons. Firstly, N fertilization generally decreases plant root:shoot ratio (Mooney et al. 1995;
Lehmeier et al. 2008), resulting in a relatively smaller plant belowground biomass C sink for
root growth and maintenance (Amthor 2000). Secondly, higher N availability reduces the C
costs associated with N assimilation, which represent a large fraction of root respiration

(Bloom et al. 1992).

Identity of respired carbon pools

Plant physiological drivers seem to control rate of C transfer belowground, i.e., two of
the three main components of isotopic time lags: transfer velocity and quantity of C
transferred. Our experimental design did not allow identifying the third component of

isotopic time lag, the identity of labelled molecules transported and respired. Nonetheless, we
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can hypothesise what has been transferred based on the consistent, albeit variable in its
magnitude, three-phase pattern of temporal dynamics of excess '*Croshoot and 'Crosoil,
observed along the wide physiological status range created with the six plants: 1) during the
first 10h, excess '*Croshoot strongly decreased while excess '*Cr-soil increased, 2) from the 10
to the 25" hours, excess '*Croshoot decreased while excess *Cr-soil peaked, 3) after the 25%
hour, both excess *Cr.shoot and *Cr.soil decreased at a slower rate. These results are consistent
with previous studies that showed the presence of several C pools with different turnover
times (Schnyder ef al. 2003; Carbone and Trumbore 2007; Lehmeier et al. 2008; Lehmeier et
al. 2010). The identity of the different C pools has not been characterised in our study.
However, specific C pools that differed in their turnover times have been identified in Lolium
perenne grown under controlled conditions (Schnyder et al. 2003; Lehmeier et al. 2008;
Lehmeier et al. 2010) as well as in perennial grasses and shrubs (Carbone and Trumbore
2007). Based on these experiments, we hypothesize that the first phase can probably be
attributed to a fast-turnover C pool, perhaps organic acids (Lehmeier et al. 2010). In the
second phase, a second C pool, possibly mono- or disaccharides such as sucrose might have
been respired (Scofield et al. 2009; Lehmeier et al. 2010). Finally, the third phase could result
from the respiration of storage compounds such as fructans or transitory starch (Scofield et
al. 2009; Lehmeier et al. 2010).

Experimental conditions of prolonged darkness after labelling may have induced
changes in the identity of the substrates fuelling respiration, since for example leaves kept in
the dark switch respiratory substrate from carbohydrates to fatty acids, upon depletion of the
former (Tcherkez et al. 2003). However, we measured consistently positive excess '*Cr
throughout our experiment, indicating that respiration was still at least partially fuelled by C
fixed during labelling. Thus, despite the long darkness exposure which might have triggered

the use of older C pools stored in plant tissues before labelling (Nogues et al. 2004), our
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results are consistent with the hypothesis of three recently assimilated C pools fuelling the

three-phase pattern of temporal dynamics of excess '*Cr-shoot and '*Cr-soil.

Isotopic time lag and water status

Based on the Miinch hypothesis, which implies a tight connection between water and
C fluxes in plants, we were expecting that transpiration would impact the isotopic time lag.
Although not significant (but see result section), our results suggest that higher transpiration
tended to be associated with higher phloem flux rate, i.e., a shorter transfer times and thus
shorter time lags between assimilation and respiration of labelled C. These results are in
contrast with some modelling studies which have suggested that higher transpiration,
especially at the diurnal scale, should be associated with a decrease in phloem flux rate, due
to the increase of phloem viscosity resulting from higher water loss and decreased water
transfer from xylem to phloem (HoIlttd er al. 2005; Lacointe and Minchin 2008). This
discrepancy could arise from three non-exclusive hypotheses. First, differences in hydraulic
conductance among plants could modify the relation between Ei, gs and phloem viscosity
across plants. Indeed, transpiration rate is a function of 1) the water potential gradient between
soil and atmosphere around the plant, and i1) plant hydraulic conductance. In our experiment,
the water potential gradient does not appear to play a major role in explaining excess *Cr
patterns, since relative humidity was kept constant and equal among the different plants, and
changes in excess '*Cr were not related to soil water content. In contrast, hydraulic
conductance may have differed among plants along the physiological status range, as plant N
availability could affect root hydraulic conductance (Ruggiero and Angelino, 2007). Second,
changes in the velocity of C transfer from assimilation to respiration should be considered as
the net effect of changes in phloem velocity and concentration, due to changes in water

availability and to changes in hydrostatic pressure related to source and sink activities. On
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one hand, higher E; and gs can be associated with lower leaf water potential, therefore
requiring more sugar loading in the phloem to maintain turgor and drive the pressure flow.
Combined higher sugar concentration in the sieve tubes and lower water content result in
higher phloem viscosity, decreasing phloem velocity, but the sap is more concentrated in C.
On the other hand, changes in sink strength could also alter phloem velocity by modifying the
hydrostatic pressure difference in the phloem and thus phloem velocity.. Third, under steady-
state conditions, gs and consequently E; are plant-regulated, based on the amount of soil water
available (Lambers ef al. 1998). In that case, higher water availability relative to the plant
needs would be associated with higher gs, higher E; and higher water diffusion from xylem to
phloem near the phloem loading sites, resulting in a decreased phloem viscosity and
associated increased sap velocity. This third hypothesis would be consistent with previous
studies that showed decreased C transfer velocity under drought (Ruehr et al. 2009;
Briiggemann et al. 2011 and references therein). In the absence of day-to-day environmental
variations, control by transpiration and thus stomatal conductance over C transfer from
assimilation to respiration is likely released due to plant adaptation to constant water supply
and loss. Consequently, although we found no strong evidence (p values around 0.1, but see
result section) for transpiration being a prominent driver of the isotopic time lag under our
experimental conditions, much in contrast to stomatal conductance, plant water loss is likely

to play an important role, especially under field conditions.

In conclusion, based on leaf gas exchange and excess '*Cr measurements, our study
suggests that under controlled conditions, C sink strength is the main driver of the amount
and velocity of recently assimilated C allocated belowground. Our results show that, in
addition to known effects of environmental conditions, plant physiological status contributes

to shaping the isotopic time lag between assimilation and respiration.
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Table 1: Physiological range of wheat plants with their resources level: soil water content (SWC) and fertilization, including root:shoot ratio and

the following leaf gas exchange parameters: CO> assimilation rate (A), Stomatal conductance to H>O in the light (gs), transpiration rate in the

light (E), dark respiration (), and intrastomatal:atmospheric partial pressure of CO: (ci/c,), as well as pre-labelling §'°C in bulk leaves, roots,

soil as well as C and N concentrations in bulk leaves, roots, soil and soil microbial biomass. na indicates unavailable data.

Plant SWC fertilization ROOt:S.hOOt A s Ei 1 Ci/Ca Bulk leaves Bulk roots Bulk soil Soil .mlcroblal
ratio biomass
0 (umol (mol H,O (mmol (pmol 3C C N 83C C N 83 C N 0 0
%) msh) m?sh) mishmish (%) (B (W) k) (%) (%) (k) () (o) O NOO
1 47 No 2.02 16.5 0.35 345 046 0.76 -29 408 33 -287 519 1.2 -256 10.8 0.4 494  0.18
2 63 No 1.43 15.26 0.57 423 0.08 085 -293 41 28 -279499 12 -253 12.1 0.5 39.1 0.1
3 71 No 3.66 12.72 0.33 235 0.1 0.81 -284 417 23 na na na -249 122 0.5 44.5 0.1
4 47 Yes 0.43 16.46 0.24 1.53 074 0.68 -258 39 7.2 -262 504 2.7 -254 87 0.8 38.9 136
5 63 Yes 0.64 20.48 0.44 271 0.82 0.76 -269 395 62 -26.7 478 34 -254 99 0.8 45.1 5.5
6 71 Yes 0.74 20.48 0.4 27 045 0.74 -275393 54 28 451 1.6 -256 11.5 0.8 31.1 1.4

28



634  Table 2: Post-labelling excess '°C in leaf biomass, root biomass, bulk soil and microbial

635  biomass, as well as mean residence time of '*C label in shoots (t) and half-life (#12) of 1*C in

636  shoot-respired CO». na indicates unavailable data.

Excess °C
soil
leaves  roots soil  microbial T tn
biomass
(umol (Fglr_l 20 : (umol  (umol m
plant m?2dry dry gldry  Zdry (h) (h)
leaf) root) soil) soil)
1 265 352.5 15.2 72.7 18.4 12.7
2 2133 2342 29.1 181.7 10.4 7.2
3 260 na -35.2 na 12.1 8.4
4 388.3 35.8 -193.3 335 20.9 14.5
5 334.2 56.7 25.2 135 19.0 13.2
6 501.7 87.5 8.3 283.3 19.3 13.4

637
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Figure legends

Figure 1: Excess '2C of shoot-respired CO, (a) and of soil-respired CO: (b) after 1*C pulse-
labelling for six pots with soil-wheat plant systems, plants representing a wide

ecophysiological range (see Table 1).

Figure 2: Relationship between stomatal conductance and the initial slope of excess *C in
shoot-respired CO> (excess!*Crashoot) after 1°C labelling (a) as well as the time until maximum
peak of excess 1*C of soil-respired CO: (excess'*Cr-soil) is reached after '3C labelling (b) for
six pots with soil-wheat plant systems, plants representing a wide ecophysiological range (see
Table 1). Linear regressions were highly significant (a: y=-0.022x-0.015, p=0.029, R?>=0.73;

b: y=-13.5x+23.4, p=0.023, R2=0.76).

Figure 3: Relationship between N concentration in soil and root and maximum excess '*Cr-
soil after labelling (a and b, respectively) as well as total excess *Cresoil after labelling (c and
d, respectively), for six pots with soil-wheat plant systems (see Table 1). Linear regressions
were significant for soil N concentration (a: y=-123.40x+119.26, p=0.045, R>=0.67; c: y=-
3785.30x+3544.60, p=0.030, R?=0.73) and marginally significant for root N concentration (b:

y=-21.90x+80.50, p=0.052, R?=0.65; d: y=-637.80x+2295.30, p=0.055, R2=0.64).

Figure 4: Relationship between excess '°C in the root compartment and maximum excess *C
in soil-respired CO, after '*C labelling (excess *Cr-soil, @) as well total excess *Cr-soil after
labelling (b) for six pots with soil-wheat plant systems (see Table 1). Linear regressions were

significant (a: y=0.19x+0.08, p=0.039, R?=0.80; b: y=5.80x+1.58, p=0.025, R?>=0.85).
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Supplementary material

Custom-built setup for online IRMS measurements used to monitor §'3C of respired
CO: in main and soil chambers.

Air flow through the setup was controlled by a computer and electro-valves. The
IRMS air intake circuit was connected alternatively to the soil chamber circuit or to the main
chamber circuit, which were independently equipped with a pump and a CO» scrubber (soda
lime). The IRMS circuit featured a membrane pump (1 L min™' flow rate) and a scrubber,
maintaining CO, concentrations below 1000 umol mol™. Before each measurement, CO> was
scrubbed from all circuits and chambers. CO2 concentrations were then left to increase due to
respiration to at least 300 umol CO, mol™! before directing the air flow to the IRMS. The 300
and 1000 pmol CO, mol! thresholds ensured optimal CO, concentrations for §'"C
measurements. CO> and H>O concentrations were measured with a CO2/H2O gas analyzer

(Li-840, Li-Cor Inc.) placed in the part shared by both soil and main circuits.
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699  Air flow for online measurements of 8'°C in CO,. EV, IRGA and IRMS indicate electro-
700  valves, infra-red gas analyser and isotope ratio mass spectrometer, respectively. The soil
701  chamber is located inside the main chamber; both are independently connected to the IRMS

702  and IRGA circuits.
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