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Abstract

Above and belowground compartments in ecosystems are closely coupled on daily
to annual timescales. In mature forests, this interlinkage and how it is impacted by
drought is still poorly understood. Here, we pulse-labelled 100-year-old trees with
13CO2 within a 15-year-long irrigation experiment in a naturally dry pine forest to
quantify how drought regime affects the transfer and use of assimilates from trees to
the rhizosphere and associated microbial communities. It took 4 days until new **C-
labelled assimilates were allocated to the rhizosphere. One year later, the 13C signal
of the 3-h long pulse labelling was still detectable in stem and soil respiration, which
provides evidence that parts of the assimilates are stored in trees before they are
used for metabolic processes in the rhizosphere. Irrigation removing the natural water
stress reduced the mean C residence time from canopy uptake until soil respiration
from 89 to 40 days. Moreover, irrigation increased the amount of assimilates trans-
ferred to and respired in the soil within the first 10 days by 370%. A small precipitation
event rewetting surface soils altered this pattern rapidly and reduced the effect size
to +35%. Microbial biomass incorporated 46 + 5% and 31 £ 7% of the C used in the
rhizosphere in the dry control and irrigation treatment respectively. Mapping the spa-
tial distribution of soil-respired 13CO2 around the 10 pulse-labelled trees showed that
tree rhizospheres extended laterally 2.8 times beyond tree canopies, implying that
there is a strong overlap of the rhizosphere among adjacent trees. Irrigation increased
the rhizosphere area by 60%, which gives evidence of a long-term acclimation of trees
and their rhizosphere to the drought regime. The moisture-sensitive transfer and use
of C in the rhizosphere has consequences for C allocation within trees, soil microbial

communities and soil carbon storage.
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1 | INTRODUCTION

Water is essential for all organisms and thus, the increasing intensity
and frequency of drought in large areas of the Northern hemisphere
is impacting the diversity and functioning of forest ecosystems. In
Central Europe, for instance, net ecosystem C uptake decreased in
the extremely hot and dry year 2003 (Ciais et al., 2005) and for-
est health suffered and productivity declined in response to the dry
summer 2018 (Buras et al., 2020). Climate projections indicate an
exacerbation of the drought regime, with average summer precipita-
tion expected to decrease by 25% in Central Europe until the end of
21st century (Stocker et al., 2014).

Impacts of drought on ecosystems range from immediate reduc-
tions of the metabolic activity of plants and soil organisms and the
acclimation of physiological processes to species shifts under pro-
longed or reoccurring drought (Frank et al., 2015; Hagedorn et al.,
2016; Reichstein et al., 2013; Schimel, 2018). The interrelation of
different ecosystem processes and in particular the coupling of the
above- and belowground system is one of the critical unknowns in
predicting drought effect on ecosystems (Frank et al., 2015; von
Rein et al., 2016). Especially limited knowledge exists in mature for-
ests where these processes are difficult to quantify, and timescales
of C metabolization within trees and the C transfer among tree com-
partments can range between days and decades (Herrera-Ramirez
et al., 2020). Up to 50% of recent tree photosynthates are assumed
to be transferred within a few days from trees into the belowground
compartment (Epron et al., 2011; Hogberg et al., 2008; Joseph et al.,
2020), where they fuel root processes and soil microbial commu-
nities living in close association with the roots (Epron et al., 2012;
Hagedorn et al., 2016). In mature trees, phloem transport leads
to distinct time lags in plant-soil coupling (Dannoura et al., 2011;
Kuzyakov & Gavrichkova, 2010) and a substantial fraction of assim-
ilates is intermediately stored in the wood parenchyma before it is
used for respiratory processes (Muhr et al., 2013). So far, it remains
uncertain to which extent this ‘pre-aged’ C is transferred and used
in the rhizosphere as pulse-labelling experiments have been mostly
confined to only a few weeks (e.g. Epron et al., 2011). However, rel-
ative old radiocarbon ages of newly formed fine roots (Solly et al.,
2018) indicate that a substantial fraction of C used in the rhizo-
sphere consists of C that has been assimilated several years earlier.

Drought affects the use and partitioning of C in the plant and soil
systems at different timescales by immediately influencing the sink
and source activity of plants and associated belowground communi-
ties, by altering the formation of osmolytic and storage compounds
and by long-term adjustments of the root-to-shoot ratios (Brunner
et al., 2015; Gessler et al., 2017; Manzoni et al., 2012). For saplings
and young trees, experimental drought was found to decrease C al-
location of recently assimilated C to their rhizosphere and associated
microorganisms, either through a decreasing C demand of the rhi-
zobiome or through a reduced photosynthetic CO, uptake (Barthel
et al., 2011; Hagedorn et al., 2016; Ruehr et al., 2009). Upon rewet-
ting, however, this decline in allocation during drought was compen-
sated by an enhanced transfer of assimilates to the belowground,

partly to regain rhizosphere functioning (Hagedorn et al., 2016;
Ruehr et al., 2019). At the annual to decadal timescale, plants are
adjusting their rooting system to the water limitation and the al-
tered water demand of the aboveground compartment. In general,
plants give priority to roots when water (or nutrients) are limiting
which leads to consistent increases of the root-to-shoot ratio under
drought (Poorter et al., 2012). However, fine root biomass shows
variable responses that seem to depend on the severity of drought
(Brunner et al., 2015). While mild drought frequently increases
C allocation belowground (Gaul et al., 2008), more severe and long-
lasting drought was observed to lead to a decrease (Hommel et al.,
2016). These acclimative allocation and growth adjustments under
drought will also impact the C transfer from plants to soils, but these
indirect legacy effects remain unknown for forests. For grasslands,
Fuchslueger et al. (2016) showed that drought history and hence the
acclimation of grasslands to previous drought events decreased the
allocation of assimilates to the rhizosphere and associated microbial
communities—the detailed mechanism remained elusive.

Our study aimed at assessing the impact of reoccurring natu-
ral drought on the transfer of recent assimilates from canopies of
mature trees to their rhizosphere at various timescales. We applied
13CO2 pulses to entire canopies of ten 100-year-old pine trees and
tracked the *3C signal in soil-respired CO, and microbial biomass for
1 year. The pulse-labelling experiment was conducted in a naturally
dry pine forest where in parts of the stand the water limitation had
been removed by a 13-year-long experimental irrigation (Schénbeck
et al., 2018). Pulse labelling of both, irrigated (n = 5) and control
(n = 5) trees, was performed in time blocks before and after intermit-
tent rainfall events, which allowed us to assess the impacts of vari-
ous drought regimes—ranging from water shortage in the naturally
dry control, its short-term modulation by intermittent precipitation
events and its removal by long-term irrigation. We measured the soil
respiratory 3¢ signal at various distances from the trees enabling
us to map the spatial extent of the respiratory active rhizosphere
and thus to estimate the long-term acclimation of the rhizosphere to
reoccurring summer drought. Our hypotheses were that in this nat-
urally dry pine forest (1) the velocity and magnitude of the allocation
of recent assimilates to the belowground decreases with decreasing
soil moisture, primarily due to a declining C demand of the rhizobi-
ome and that (2) the difference between the irrigated and the natu-
ral dry site is reinforced by the 15-year-long tree growth stimulation
through irrigation leading to a greater rhizosphere.

2 | MATERIALS AND METHODS

2.1 | Site description and long-term irrigation
experiment

The 3C pulse-labelling experiment was conducted within a long-
term irrigation experiment that started in summer 2003 and is lo-
cated in the Rhone Valley near Leuk, Canton Valais, Switzerland
(46°18'N, 7°37'E, 615 m a.s.l.). The forest is dominated by adult,
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approximately 100-year-old Scots pine (Pinus sylvestris) with inter-
spersed pubescent oak (Quercus pubescens) and has a stem density
of 730 trees per hectare (Rigling et al., 2013). The study area is char-
acterized by a moderately continental climate with a mean annual
temperature of 10.7°C and a mean annual precipitation of 518 mm
(Herzog et al., 2014) and is located at the dry edge of distribution
of Scots pine. In the past 30 years, Scots pine mortality events oc-
curred regularly in this area (Bigler et al., 2006) The soil type is a
shallow approx. 20 cm thick Pararendzina developed on an alluvial
fan (Hartmann et al., 2017).

For the long-term irrigation experiment, the experimental site
(~1 ha) was split up into eight plots of 1000 m? each that are sep-
arated by a 5-m buffer area (Herzog et al., 2014). Four randomly
selected plots (further termed ‘irrigated’) were irrigated by sprin-
klers with 5 mm per day during the vegetation period (from May to
October), which approximately doubles the rainfall compared to the
other four plots under naturally dry conditions (further termed ‘dry
control’). The irrigation water was taken from an adjacent channel
of the river Rhone that is hydrologically disconnected from the sur-
rounding soil (Schénbeck et al., 2018).

2.2 | 3¢ pulse labelling

In late summer 2017, we conducted a whole crown *C pulse-
labelling experiment with 10 trees, five of the dry control plots and
five of the irrigated plots. Access to the 10- to 12-m high tree cano-
pies was provided by large scaffolds that have been built in the for-
est. For the pulse labelling, the whole tree canopy of each tree was
wrapped in a large transparent plastic bag and highly 13C-enriched
co, (*3C excess atom fraction 0.99); 3C (Cambridge Isotopes) was
released to each tree for 3.5 h (Figure 1). The concentration of 13CO2

and 12CO2 in the sealed plastic bag was monitored with an isotope
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laser spectrometer (LGR, CCIA 46d, LosGatos Research Ltd) and kept
manually at about 1500 ppm (with a carbon isotopic composition of
the CO, of approx. 75 atom-%), which exceeded the saturation point
of plant CO,, uptake (Joseph et al., 2020). Temperature in the plastic
bag during labelling was adjusted to ambient temperature by an air
conditioner placed on the scaffolds. After labelling, the plastic bags
were removed and strong industrial blowers were used to flush the
labelled 13CO2 gas away and to prevent the labelled 13C—CO2 gas to
sink to the ground and diffuse into the soils as well to be taken up
by the understorey vegetation. The pulse labelling was conducted
pairwise and every day one tree from a dry control and one from
an irrigated plots were labelled with **C-enriched CO,. The labelling
was started in the end of August 2017 when the control plots expe-
rienced a moderate drought. A small precipitation event interrupted
the pulse labelling and retarded the labelling of the remaining two
pairs by 8 days. Overall, this resulted in two time blocks with three
tree pairs before the precipitation event (n = 6 trees) and two pairs
after it (n = 4 trees). Canopy sizes and tree heights of pulse-labelled

trees were measured with a laser-based ruler.

2.3 | CO, flux rates from soil and stem, and
soil sampling

Soil CO, fluxes and their carbon isotopic signatures were measured
from polyvinyl chloride (PVC) collars (10.5 cm in diameter) inserted
into the soil to 3 cm depth along three transects from each of the
labelled tree at distances of 0.5, 1, 2, 3, 4, 6 and 8 m from the tree
trunk (n = 21 per tree). Rates of soil CO, flux were measured with a
Li-8100A soil CO, flux system with a LI 8100-102 survey chamber
(LI-COR INC.). In parallel, soil temperature at 5 cm was measured
with a portable thermometer. At the same day, the §'3C values of

soil-respired CO, were analysed using the closed-chamber method,

FIGURE 1 Experimental set-up of the 13CO2 pulse labelling of mature pine trees and the spatio-temporal e tracking in stem and
soil-respired CO, using soil collars placed at several distances in three directions from each tree stem. The 13CO2 addition was adjusted
with a mass flow controller based on continuous 13CO2 measurements using a laser spectrometer. Overall 10 approximately 100-year-old
pine trees were pulse-labelled, five of them growing under naturally dry conditions and five under irrigation. Adapted from Joseph et al.

(2020)
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where each chamber was closed for 15-30 min with a PVC-Lid (de-
pending on the efflux rates). Gas samples were taken with a syringe
at the beginning and end of the closure and transferred in 12-ml
glass vials (‘exetainer’, Labco) for measuring their §'°C values. Two
additional samples were taken from ambient air near the soil collars
of each tree. Gas samples were taken before labelling and 2, 3, 4, 6,
10, 15, 20 and 30 days as well as 8, 10, 11, 12 and 13 months after
labelling. Gas samples were analysed with a modified gas bench Il
(Zeeman et al., 2008) that was combined with a Delta?“*XP mass
spectrometer (Thermo Fisher).

§13C__ was calculated with the following equation (Hagedorn

resp

etal., 2012).

8"3Cresp = (8" Cenamber X Cenamber — 8™ Cambient X Cambient) / (Cchamber — Cambient)
()
are the 8*°C values in the soil cham-
and C
trations in the chamber and the ambient air respectively. In addition,
A613CO2 was calculated using the difference of the 613CO2 value be-

where §°C and 5'°C
ber and the ambient air, and C

chamber ambient

are the CO, concen-

chamber ambient

tween soil collars influenced by the pulse labelling and ambient ones
outside the labelling area.

In 2018, the 613CO2 values of stem-respired CO, were also mea-
sured by wrapping the stems in a height of ca. 1.5 m with plastic
foliar, sealing it with tape and taking gas samples 1 day after closure.
The 613Cresp and AS”CO2 of stem-respired CO, were calculated as
the difference in §*3C values of CO, between 13C-labelled and un-
labelled trees.

Soils were sampled on the same day when CO, efflux rates were
measured. The soil samples were collected at three depth layers
after removing the litter layer: 0-2, 2-5 and 5-10 cm. For each tree,
samples were taken at 12 points within 1-m distance from the trunk
of each labelled tree evenly distributed among the directions of the
three transects for CO, flux measurements using a 2-cm diameter
soil auger. All samples per tree and depth were bulked homoge-
neously. Over the entire sampling campaign encompassing 10 sam-
pling dates, a total of 120 soil samples was collected for each tree.
Soils were immediately processed by removing roots using a 4-mm
sieve and freezing sieved soils. Soil gravimetric water content was

measured by drying soil aliquots at 105°C for 24 h.

2.4 | Soil microbial biomass carbon

Soil microbial biomass carbon (MBC) and soil extractable organic C
(EOC) were determined using a chloroform fumigation-extraction
method after unfreezing the soils (Vance et al., 1987). The fumi-
gated and unfumigated soil samples were extracted with a 0.5 M
K,SO, solution (fresh soil: 0.5 M K,SO, solution = 1:4, end-over-
end shaking 1 h). The obtained soil solutions were used to analyse
the 83C values and corresponding carbon concentrations accord-
ing to Lang et al. (2012). Briefly, 1 ml of the soil extract and 1 ml
of oxidizing agent (4.0 g K,S,04 + 200 pl of 85% H,PO, + 100 ml
of distilled water) were added in 12-ml vials. After that, the CO,

present in the vial headspace and acidified samples was removed
with high-purity helium (Grade 5.0 99.999% He). To accomplish oxi-
dation, the sample vials were placed in aluminium blocks to oxidize
dissolved organic C to CO, (at 100°C for 60 min). Finally, the e
values and the C concentrations of the evolved CO, samples were
measured using a modified GasBench Il coupled to an Isotope Ratio
Mass Spectrometer.

The concentration of MBC was calculated as the difference of or-
ganic C between fumigated and unfumigated soil divided by a factor
of 0.45 (Vance et al., 1987). The pool of microbial biomass on an area
basis was estimated by multiplying microbial biomass with the mass
of soil on an area base using measured soil bulk densities. The §'3C of

MBC was calculated with the following mass balance equation:
8'3Cupc = (8"°Cr x C¢ —8"3C e x Cye) / (Cr = Cr) » (2)

where §"3C, and §'°C ; are the values of '°C-EOC in the fumigated
and unfumigated soils, and C; and C ; are the concentrations of EOC in

the fumigated and unfumigated soils respectively.

2.5 | Calculation of soil CO, effluxes and B¢
mass balance

Total soil CO, effluxes during the first 30 days following the pulse la-
belling were estimated by interpolating linearly between daily meas-
urements. After that, we interpolated soil CO, effluxes between
measurements by the temperature dependency of soil CO, effluxes
from the irrigated plots assessed from 2011 to 2019 showing a Q,,
value of 3.88 (Data S1). Soil CO, effluxes from irrigated soils were then
calculated for each day using daily averages of continuously moni-
tored soil temperatures at 10 cm. For soils of dry controls, we addi-
tionally considered the moisture limitation of soil CO, effluxes by first
calculating the ratio between the fluxes from dry control and irrigated
(non-water limited) plots and applying it to continuously monitored
volumetric soil water contents for the dry summer months 2018.

For assessing the 13C mass balance, we first estimated the amount
of 13C by converting the 5'°C value (relative to the Vienna PeeDee

Belemnite, VPDB) to atom fraction in % (also named atom %)

1

8BC,) = x 1
% (7G) 1+ (1/ (8"°Cpvpps + 1) - 0.01117960)

00, (3)

where 0.01117960 is the international accepted °C/*2C ratio of the
standard VPDB.

The total °C enrichment (*3C excess atom fraction, here abbrevi-
ated as 13C excess) for EOC, MBC or respired CO, was then deter-
mined as follows:

13Cexcess = (1(13C)P,sample - X(lgc)P, blank) /100 xF, (4)

where 7(°C)p, cmpte 2nd 1(°C)p, panic are the atom fraction (in %) of the

samples determined at a given time point after 13CO2 pulse labelling
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and the natural abundance of 13C respectively. F are the pools of EOC,
MBC or the flux of respired CO,,.

The soil 13C02 flux from the entire rhizosphere of each pulse-
labelled tree was estimated by interpolating 13C excess of soil-
respired CO, linearly between adjacent soil collars placed at various
distances (e.g. between 1 and 2 m) from each of the tree stems. The
flux during a given period was obtained by integrating these fluxes
in time.

The visualization of §'3C values in soil-respired CO, was con-
ducted in two steps. At first, we estimated 513C values for 12 di-
rections around each tree by interpolating values of the measured
three transects for each distance class. Subsequently, the inverse
distance weighting (IDW) interpolation technique and designed tool
in ESRI ArcGIS 10.5 was used for visualization, considering 13CO2
is a locational dependent variable. IDW interpolation determines
values in places without on-ground measurement using a linearly
distance-weighted combination of a set of observation points. The
number of nearest input sample points to be used to perform inter-
polation was specified as 12. The measured point shape files were
interpolated in raster format for 10 trees and 30 days following
pulse labelling. Figure 7 shows the combined output.

The 3¢ pool in microbial biomass in the rhizosphere of each pulse-
labelled tree stem was obtained by first linking 13C excess in micro-
bial biomass measured at a distance of 1 m from each tree stem to
the soil 13CO2 flux at day 10 (r*=0.83, p < 0.001; Figure S2) and then
using the decline of the measured soil 13CO2 flux with increasing dis-
tance from each stem to estimate *3C excess at each location. In
addition, we integrated these values over the entire area to yield the
13C excess in microbial biomass for the rhizosphere of each pulse-
labelled tree.

The 3C uptake by trees was estimated based on the amount of
99%13C—CO2 supplied to the pulse labelling chamber from the gas
cylinder (Table 1). The fraction of 13C taken up by trees being respired
from the soil was calculated by dividing 13C excess of soil-respired
CO, by this value. The total recovery of 3C in various compartments
of tree biomass, CO, fluxes from tree canopy, stems and soil was
75% of the amount of 1°C assimilated (Joseph et al., 2020).

2.6 | Data and statistical analysis

The time lag between the pulse labelling and thus *3C assimilation
in the tree crown and the time of the first appearance of the 3C
signal in soil-respired CO, and microbial biomass as well the peak
time, when *3C signal of both parameters was maximal, were iden-
tified with the help of the Peak analyzer (OriginPro 2020). The lat-
eral extension of *3C respiration depicting rhizosphere respiration
was estimated by first fitting 13C excess of soil-respired CO, to
the distance from tree stems using exponential functions. At the
temporal 13C peak (10 days after pulse labelling), we determined
the maximal extension of rhizosphere along each transect from the
tree trunks, by estimating when the A613C-C02, the difference
in 8"3C in soil-respired CO, between labelled and unlabelled soil,

S i ey

was 5%o. This value was regarded to reflect a significant *3C sig-
nal originating from new assimilates and it equalled approximately
5% of the A613C—CO2 within the first meter from the trunks. The
highly active rhizosphere of each tree was defined to be delimited
by a A8"3C-CO, of 25% of its maxima within the first m from the
tree trunks. These radii were then used to calculate the rhizos-
phere area.

The temporal dynamics of *3C signal in soil-respired CO, was es-
timated by fitting A613C—CO2 values after the 3C peak to a one or
two-pool model (Epron et al., 2012), with the latter being:

y=ay xexp (—x/7q1) +ay * exp (—x/73), (5)

where a, and a, are the sizes of A613C—CO2 of the rapid cycling pool 1
[in %o] and slow cycling pool 2 at time t =0 (A613C—CO2 peak), 7, and
7, are the mean residence time (MRT=1/k, k = rate constant of decline
in A3"3C-CO,) of the two pools [in days] and x is the time after the
peak. X2/DoF was chosen as a criterion to optimize the goodness of
the fit as compared to the number of fitting parameters in the one- or
two-pool model. The overall mean residence time ., of AS3Cin
soil respiration of the two-pool model was then calculated based on
the relative contribution of the two pools a, and a, (Equation 5) nor-
malized to 1 (f, and f,) and their mean residence times.

Toverall = f1 % 71 +fp * 7. (6)

The effect size of the irrigation treatment was calculated as
percentage effect = (irrigated - control dry)/irrigated x 100. Linear
mixed effects models employing maximum likelihood (Ime function
from the nlme package in R 3.5.3) were used to test the influence
of the long-term water regime (irrigated vs. dry control, named
irrigation) and the timing (first vs. second time block of labelling)
separated by the intermittent precipitation event as fixed effects.
p values were calculated according to Satterthwaite's approxima-
tions. Labelling pairs and individual tree were included as random
effects. Models were run for all dates where the autocorrelation
structure (corAR1 function in the nlme package) was included in
the models to account for repeated measurements with a first-
order autoregressive covariate structure. In addition, we tested cu-
mulative values, specific periods and spatial patterns without the
corAR1 function. For spatial pattern, we also included crown area
as a co-variable. The dependent variables were log-transformed to
improve normality and homoscedasticity of the residuals. All statis-

tical analyses were performed using the R platform (version 3.5.3).

3 | RESULTS

3.1 | Soil moisture and soil respiration

In summer 2017, when the pulse labelling was carried out, pre-
cipitation from June to August was 190 mm, while it amounted
only to 67 mm in summer 2018. As a result soil moisture contents
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ones, but 45% smaller after it (Figure 3). Most interestingly, in
2018, in the year following the *C pulse labelling, the A§*3C in
soil-respired CO, was about three times greater under the dry
< 0.05; Figure 4).

The same pattern was found for stem respiration. However, as

control trees than under irrigated trees (legation
total soil CO, effluxes were greater under irrigation, the total ef-
flux from the °C label (=13C excess) did not differ between the
treatments.

The overall temporal dynamics of the 3C pulse in soil-
respired CO, was best described by a two-pool model (Table
< 0.02)

and showed a significant negative relationship with soil mois-

S1). The overall MRT was faster under irrigation (P

Irrigation

ture at 0-5 cm depth in the first 4 days following pulse labelling
(Figure 6).

3.3 | Spatial patterns of *C-based rhizosphere
respiration

The spatial mapping of soil-respired *3C reflecting rhizosphere res-
piration showed the highest rates in an area of approximately 1-m
distance to the tree stems (Figure 7), from where the 8¢ signal
decreased exponentially to an average distance of 3.8 m, at which
the 13C signal was still detectable (Table 2). A few hot spots also
existed at a distance of 6 m (Figure 7). The lateral extension of the
highly active rhizosphere which we defined to have a AES“C—CO2
above 25% of the *3C peak height was 2.5 m. In comparison, tree
canopies had an average radius of 1.29 + 0.17 and 1.52 + 0.21 in
the dry control and irrigated treatment respectively. The size of
the rhizosphere and tree crowns were significantly correlated with
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FIGURE 3 Temporal dynamics of the A5'°C values within 3-m distance from tree stems (upper two panels) and *3C excess in soil Co,
efflux of the entire area around the pulse-labelled trees (lower two panels) in the irrigated and the dry control treatments over more than a
year. Three trees per treatment have been labelled in the time block before the rainfall event ((a) and (b)) and two trees per treatment have
been labelled after the rainfall event at higher soil water contents ((c) and (d))

that of the tree crowns (p < 0.01), with the radii of the maximal
and active rhizosphere extending on average 170% and 78% be-
yond the radii of the tree crowns respectively (Figure S3). Long-
term irrigation affected the spatial distribution of the 8¢ signal
of soil-respired CO, (Table 2; Figures 7 and 8). On average, the
maximal rhizosphere (confined by a detectable A3"3C-CO, of 5%)
of irrigated trees reached 1.2 m further away from tree stems than
< 0.05). The radius of the

active rhizosphere was 0.6 m larger in the irrigated trees. When

the one of the dry control trees (legation
scaled up to the area basis around tree stems, irrigation increased
the active rhizosphere area by 60%. The ratio of rhizosphere to the
crown area did, however, not change significantly with irrigation
(Figure S3).

3.4 | 3Cexcess in soil respiration

Relating Aﬁ”C-CO2 to interpolated soil respiration rates and inte-
grating 13C signal in space and time yielded *3C excess in soil-respired
CO, for each of the pulse-labelled trees. For the first 10 days, irriga-
< 0.01)
but the effect size was greater for the pulse labelling carried out

. . 13 . . .
tion increased the ““C excess in soil-respired CO, (legation

in the time block before than after the precipitation event (e.g.
370 vs. 35%; P
respired CO, to the amount of assimilated 13CO2 for the first 10 days

Timing  Irrigation < 0-05)- Relating the 13C excess in soil-
showed that long-term irrigation increased the allocation and use
of recent assimilates not only in absolute but also in relative terms
(P
threshold type relationship with soil moisture (Figure 6). Moreover, it

irrigation < 0-05). Overall, 13C excess in soil-respired CO, showed a
was positively related to the transport velocity of recent assimilates
from the tree canopy to the rhizosphere (Figure 5). 13C excess in
root biomass showed a similar response pattern, but only timing was
significant (Table 1).

On an annual timescale, irrigation increased *C excess in soil-
respired CO, by 78% as compared to the dry control for the first pulse
labelling before the precipitation event, due to the strong increase
during the first 30 days. When pulse-labelled in the second time
block after the precipitation event, at a higher soil moisture during
= 0.051). In
relative terms, when compared with the *3C uptake by trees, the 1°C

pulse labelling, this effect disappeared (PTiming « Irrigation
losses by soil respiration averaged 30 + 2% integrated over a year
(Table 1; Figure S4). Respiratory '3C losses were not significantly in-
fluenced by the water regime: the higher 13CO2 flux from the soil

in the irrigation treatment during the initial phase was compensated
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by a smaller 13CO2 flux in later stages (P, = 0.002; Figure S4;

Table 1).

Irrigation

3.5 | Spatio-temporal dynamics of 13C in
microbial biomass

The 13C signal in soil microbial biomass C (MBC) also varied with
time after labelling and soil depth (Figures 8 and 9). In the top-
soil, the *3C excess in MBC was highest down to 5 cm depth. In
agreement with soil-respired CO,, the 13C excess in MBC started
to appear 4 days and peaked approximately 10 days after pulse
labelling (Figure 9). The irrigation effect on 13C excess in MBC
differed between the two time blocks of the pulse labelling

Soil-respired 13CO2 (mg1SC tree™ 10 days_1)

(P = 0.002; Table 1). The *3C excess in MBC av-
eraged across all depth was 2.3 times greater under irrigation

Timing x Irrigation

before the precipitation event, but 1.8 times smaller in irrigated
soils after the precipitation event.

Total *¥C allocation from trees to the active rhizosphere,
comprising respired CO, and microbial biomass, was 2.6 times
greater in the irrigated than in the control trees before the
Irrigation = 0'004’
Table 1). We also estimated the contribution of microbial biomass

precipitation event but only 1.3 times after it (P

to the *3C used in the rhizosphere (respired CO, and microbial
C) until the *3C peak, when further processing of microbial
C can still be assumed to be small. Results showed that in rel-
ative terms microbial biomass incorporated greater fractions
of recent assimilates in the dry control than in the irrigation
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TABLE 2 Spatial patterns of soil-respired 13CO2 following pulse labelling of mature trees, depicting the rhizosphere size. Active
rhizosphere was defined to have a 13CO2 signal strength of 25% of its maxima within the first m from each stem. Maximal lateral extension
was confined to have a AS”’CO2 signal >5%o that is significant. Values were reported as means * standard errors

Lateral extension (radius)

Timing Treatment active rhizosphere (m)
Before precipitation Irrigated 2.6+0.12
Dry control 2.0+0.19
After precipitation Irrigated 3.2+0.55
Dry control 2.5+0.155
Statistical significance Crown area 0.0009
Timing 0.09
Irrigation 0.01
Timing xlrr. 0.15

Bold indicates significant values (p < 0.05).

treatment (PIrrigation = 0.019; Table 1). The fraction of **C pro-
cessed in the rhizosphere that was incorporated into microbial
biomass was 47% in the dry control and 31% in the irrigated

treatment.

Area of total
rhizosphere (m?)

Area of active
rhizosphere (m?)

Maximal lateral extension
(radius) rhizosphere (m)

3.8+0.42 20.8+2.0 46.1+10.2
2.9+0.22 13+ 1.1 261+4.1
5.3+0.67 321%0.5 55.6+12.3
3.6+0.38 19.8£0.1 417 +85
0.17 0.0009 0.15

0.088 0.09 0.87

0.042 0.01 0.25

0.59 0.15 0.544

4 | DISCUSSION

Our B¢ pulse-labelling experiment with mature trees documents
the ‘carbon footprint’ of trees in forest soils—recent photosynthates
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FIGURE 7 Spatio-temporal dynamics
of 13C excess in soil-respired CO, under
the canopy of the mature pine trees in the
dry control and irrigation treatment in the
time block before (two upper rows) and
after (two lower rows) the intermittent
rainfall event. The tree stems are in the
middle of each circle and tree canopies
have an average radius of 1.29 + 0.17 m
and 1.52 £ 0.21 in the dry control and
irrigated treatment respectively

FIGURE 8 Cumulative flux of soil-
respired **CO, (**C excess) during the
first 10 days following pulse labelling, and
13¢C excess in microbial biomass carbon
(MBC) at 0-2, 2-5 and 5-10 cm depth

10 days after pulse labelling. Means and
standard errors of three mature pine trees
per treatment in the time block before the
rainfall event and two trees per treatment
in the time block after the rainfall event

FIGURE 9 Spatio-temporal dynamics
of 13C excess in microbial biomass
following pulse labelling of mature pine
trees before and after a rainfall event. The
heat map shows the 13C excess at 0-2,
2-5 and 5-10 cm soil depth under the
irrigated treatment and the naturally dry
control within the first m distance from
the trees

arrived 4 to 6 days after their assimilation in the rhizosphere, where
they were rapidly transferred to soil microbial communities but still
used for respiratory processes 1 year after their original assimilation.
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Most importantly, our results show that soil moisture status alters
the spatio-temporal pattern of the C flow from the above into the
belowground that will impact a multitude of ecosystem processes.
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4.1 | Spatio-temporal dynamics of rhizosphere
respiration

The time lag of a few days between 13CO2 uptake and rhizosphere
respiration give evidence of a rather intimate coupling of the
above- and belowground C cycle in this mature forest. However,
these time spans observed in the 12-m tall and approximately
100-year-old pine trees are substantially greater than in previous
whole tree pulse-labelling experiments with similarly sized but
younger trees (Epron et al., 2011), showing time lags of only 0.5
to 1.3 days for 15- and 20-year-old oak and beech trees and 1.6
to 2.7 days for 12-year-old maritime pine trees. The different ve-
locities of C transfer between beech and oak, on the one hand,
and pine, on the other hand, likely reflect differences in phloem
anatomy (Dannoura et al., 2011; Epron et al., 2012). Vessel sizes
promoting a more rapid transport are generally larger in broad-
leaf than in conifer trees. Moreover, phloem transport rates have
been shown to be greater in faster than in slower growing trees
(Deslauriers et al., 2017) potentially explaining the differences be-
tween the pine trees in the experiments of Dannoura et al. (2011)
and our trees. In boreal Scots pine (c. 14-year-old and 4-m tall),
13C tracer arrived 1 day after pulse labelling and peaked 1-3 days
thereafter (Hogberg et al., 2008). Our pulse-labelling experiment
revealed that the velocity of assimilate transport from the canopy
of the mature pine trees to their rhizosphere is closely linked to the
respiratory use of these assimilates in the rhizosphere (Figure 5),
suggesting that the balance between C supply by assimilation and
C use in sink tissues not only determines where C is allocated (see
e.g. Hagedorn et al.,, 2016) but also how fast. The belowground C
demand arises from the metabolic activity of roots, associated my-
corrhizal fungi and soil microorganisms feeding on root exudates
(Epron et al., 2012; Hogberg et al., 2010; Kuzyakov & Gavrichkova,
2010). In our study, the 13C Jabel arrived at a similar time in soil
extractable organic C and microbial C than in soil-respired CO,
(Figure 9), supporting previous findings that recent photosynthates
allocated to the roots are rapidly transferred to the soil and their
microbial communities (e.g. von Rein et al. 2016). After its peak
10 days after pulse labelling, the *3C signal in microbial biomass
declined strongly, implying that the new microbial C was processed
further and replaced by more recent but unlabelled assimilates.
The quantitative importance of root exudation and respiratory
processes in roots, associated symbionts and microbial communi-
ties remains largely elusive until now (Wang et al., 2021). Here, we
could show that at the *3C peak 10 days after pulse labelling, mi-
crobial biomass constituted between 28% and 49% of assimilates
processed in the rhizosphere, that is, soil-respired CO, and micro-
bial biomass. The *3C incorporation into microbial biomass is likely
an underestimate as it comprises only the uppermost 10 cm of the
soil, which, however, constituted 70% of the entire soil organic C
stock and 60% of fine root biomass (Brunner et al. 2019; Hartmann
et al.,, 2017). Nonetheless, our estimate is in agreement with the
separation of various components of soil respiration in an oak for-

est, showing that approximately 30% of the annual autotrophic

respiration originated from mycorrhizal respiration with a stronger
contribution in late summer (Heinemeyer et al., 2011).

The long-term 8¢ tracking—detecting the 13€C label of the 3.5-h
pulse-labelling experiment 1 year later—gives evidence that soil
CO, effluxes in forests reflect an integral of plant-derived C with
residence times ranging from days to years. This supports the con-
ceptual model of Kuzyakov and Gavrichkova (2010) that time lags
between photosynthesis and soil respiration reflect the various
sources of soil-respired CO,. The continuous respiratory use of pre-
aged C detected here can be attributed to two dominant pathways:
(1) On the one hand, it can originate from a storage pool in trees,
where assimilates are transiently stored before they are used for
metabolic processes years later (Herrera-Ramirez et al., 2020). (2)
Alternatively, the 3C signal in soil-respired CO, could result from
the turnover of fine roots and their associated microorganism that
have incorporated the *3C signal of the pulse labelling and slowly
decompose in the following year. In our study, the strong e signal
in stem-respired CO, after 10 months (Figure 4) gives clear evidence
that assimilates are still used for tree metabolism and hence it also
seems likely that they are continuously allocated to the rhizosphere.
This is supported by the 14C-based findings that new fine roots con-
sist of several years old C (Solly et al., 2018), showing that pre-aged
Cisin fact allocated and used in the rhizosphere.

The spatial mapping of the 8¢ signal in soil-respired CO, doc-
uments that recent photosynthates were distributed and used for
respiratory processes in a radius of 3 to 6 m around individual tree
stems—a lateral extension that falls into the range of empirical es-
timates of the fine root distribution around trees (Schwarz et al.,
2010). The values also agree with a 5-m wide radius of the fine root
system measured for 12-m tall loblolly pine trees based on the dis-
tinct °C signature from long-term CO, enrichment (Johnsen et al.,
2005). The hot spots at the outermost distance from the tree trunk
observed in our study indicate that few roots or associated mycor-
rhizal fungi may also extend beyond this range, but given that such
hot spots were found in only one of the 10 pulse-labelled trees, this
appears to be rather the exception. Our finding that the spatial ex-
tension of the rhizosphere respiration corresponds approximately to
twice the size of tree crown projection area implies that in this pine
forest with a canopy cover of 70% in the dry control and 90% in the
irrigated plots and an average distance between tree stems of 4.1 m,
there is a strong overlap of the rhizosphere among adjacent trees
and thus an intense exploitation of resources and competition in the
soil (Brunner et al., 2004; Géttlicher et al., 2008).

4.2 | Soil moisture alters short and long-term
rhizosphere dynamics

The drought regime—ranging from a moderate water shortage in the
dry control, its short-term modulation by small precipitation events
and its experimental removal by long-term irrigation—clearly af-
fected the spatio-temporal pattern of rhizosphere respiration. Water
limitation altered the allocation and use of recent assimilates in the
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rhizosphere at various timescales, reaching from immediate effects
on rhizosphere respiration to indirect effects through an enlarged

rooting system developed over several years.

1. At the daily to weekly timescale, the amount of **C respired from
the soils was significantly greater in the irrigation treatment,
indicating that naturally dry conditions before the precipita-
tion event restricted the allocation of recent assimilates to
the belowground. This is consistent with drought experiments
in grasslands and with young trees (Fuchslueger et al., 2014;
Hagedorn et al., 2016), for which there are two potential mecha-
nisms: water limitation either decreases CO, assimilation through
photosynthesis and thus reduces the C availability inducing
a ‘source limitation’, or suppresses the ‘sink’ activity in the
rhizosphere where dry conditions reduce the metabolization
of assimilates. This reduction in demand in turn feeds back
on photosynthesis (Gessler & Grossiord, 2019; Hagedorn et al.,
2016). In our experiment conducted under a natural moderate
drought, the whole crown assimilation of the 13C tracer as
well as leaf-level photosynthesis remained unaffected by irri-
gation (Joseph et al., 2020), which indicates that a limited sink
activity in the rhizosphere was primarily responsible for the
reduced rhizosphere respiration in dry soils. This conclusion is
corroborated by the relatively greater incorporation of recent
assimilates into microbial biomass (as compared to respiratory
activity in the rhizosphere) in dry compared to irrigated soils
(46 vs. 31%), signifying that the metabolization of assimilates
is most strongly constrained by water.

Our results show that intermittent precipitation events can
strongly alter the dynamics and allocation patterns of recent
assimilates from tree canopies into the soil. While drought re-
tarded and suppressed the *3C signal in soil respiration before
the intermittent precipitation event, assimilates were transported
faster afterwards. In the dry control treatment, increased soil
moisture as a consequence of light rainfall increased the e
signal in root biomass, soil-respired CO,, in EOC and in soll
microbial biomass as compared to the previous drier conditions
and even surpassed the permanent moist irrigation treatment in
the case of microbial biomass. We attribute this switch primarily
to a removal of water limitation for metabolic activity in the
surface soils of the dry control by the precipitation event.
Here, soil moisture contents ranged around 15% (volumetric
and gravimetric water contents per moist soil) which is con-
gruent with reported critical thresholds values for microbial
activity (e.g. Manzoni et al., 2012). Hence, the slight increase
in soil moisture by the intermittent rainfall pushed this bio-
logically most active soil layer with the highest densities of
fine roots (Brunner et al., 2019) and microbial biomass above
this threshold and led to an increased respiratory activity of
the rhizosphere and their associated microorganisms (Joseph et
al., 2020). The moisture-induced increase in the belowground
sink activity seemed also to be linked to the transport veloc-
ity of assimilates in tree stems, suggesting that an enhanced

S i ey

use of assimilates by the rhizobiome following rewetting may
rapidly feeds back on the allocation of photosynthates within
mature trees.

As the precipitation event occurred shortly after the first time
block of pulse labelling, it might have also affected the allocation
patterns of C assimilated by trees in this block. However, the
3¢ signal in soil-respired CO, and microbial biomass remained
small, which suggests that the initial allocation (that occurred
before the rain event and its effect on soil water contents)
seems decisive for the distribution of assimilates in trees and
how much of them are transferred to the soil. Overall, the 3C
tracing indicates that C allocation within entire 100-year-old trees
coupling the above- and belowground system is highly sensi-
tive to small changes in soil moisture around critical threshold
values for the rhizobiome activity. Under sufficient moisture,
the enhanced use of assimilates by the rhizobiome induces an
increased allocation of recent assimilates to the rhizobiome.
Vice versa, drying of surface soils below critical moisture lev-
els for microorganisms will decrease the sink activity of the
rhizobiome already at moderate drought levels that are not
critical for tree vitality, as trees are able to access water also
from deeper soil layers, which has consequences for allocation
and probably also the processing of assimilates within trees.

2. Annual timescale. In the year following the *C pulse labelling, ir-

rigation decreased the A613C—C02 signal of transiently stored as-
similates in soil-respired CO,, but as soil respiration rates were
increased to a similar extent, the respiratory losses of pre-aged as-
similates remained unaffected by irrigation in quantitative terms.
This pattern indicates that the isotopic signal of the 1-year-old C
was diluted by a greater respiratory activity in moist soils—either
by a stronger allocation and respiratory use of ‘younger’ but now
unlabelled assimilates in the soil as observed during the initial
phase of the pulse labelling the year before or by an enhanced
release of ‘older’, more than 1-year-old C through an accelerated
mineralization of soil organic matter.

. Decadal timescale. While the *3C signal intensity reflects the daily

to annual moisture effects on the C allocation from tree canopies
into the soil, the spatial pattern mirrors the long-term acclimation
of trees to soil moisture regimes. Our spatial mapping of the B¢
signal showed that irrigation enlarged the lateral extent of the
rhizosphere respiration by approximately 30%, which when scaled
up to an area basis indicates that the removal of summer moisture
limitation for more than decade increased the overall ‘footprint’
area of each tree by 60%. The substantially greater rhizosphere
of irrigated trees is consistent with the fine root biomass that has
continuously increased over the years reaching an 80% greater
biomass after 13 years (1 year before this pulse-labelling experi-
ment; Brunner et al., 2019). In addition, the extension may re-
sult from an enlarged mycorrhizal network as observed in other
drought experiments (Hagedorn et al., 2016). The increased fine
root biomass and rhizosphere expansion of irrigated trees are in
agreement with other water manipulation experiments showing

smaller fine root biomass under drought conditions, very likely in
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response to the reduced aboveground C assimilation and the high
C costs for forming roots (Brunner et al., 2015). In this pine forest,
the aboveground growth of pine trees was also clearly enhanced
by the experimental removal of water limitation (Hartmann et al.,
2017; Rigling et al., 2013). In conjunction with our observation
that rhizosphere area parallels canopy size, this strongly suggests
that trees adjust their rhizosphere system to the resources avail-
able (carbon, water and nutrients). Somewhat counter-intuitively,
under ambient dry conditions repeatedly leading to tree mortality,
trees appear not capable to invest in their rhizosphere at least not
in absolute terms although it would be beneficial to their water
and nutrient supply. This pattern might be different under mild
drought or in response to a single drought event where drought
is observed to enhance fine root production (Gaul et al., 2008),

especially upon recovery from drought (Hagedorn et al., 2016).

The moisture-dependent belowground C allocation at the daily
to decadal timescale has consequences for soil microbial communi-
ties and soil carbon cycling (Canarini et al., 2017). In our long-term
experiment, irrigation increased the labile soil organic matter pool
and shifted the microbiome from a largely oligotrophic to a more
copiotrophic life strategy (Hartmann et al., 2017). However, it re-
mains uncertain to which extent the enhanced C inputs into soil
organic matter are balanced out by an accelerated microbial decom-

position under continuously moist conditions.

5 | CONCLUSION

Our whole tree pulse-labelling experiment in a mature forest docu-
ments that the drought regime affects the coupling of the above- and
belowground system and the feedback between plant and soil pro-
cesses at various timescales. The spatio-temporal B¢ tracing in the
soil gives evidence for an allocation of recent assimilates from tree
canopies to the rhizosphere and associated microbial communities
within days, but also for a retarded C transfer for more than a year
through intermediate C storage within trees. Rhizosphere respiration
responded highly sensitive to the 15-year long-term irrigation and the
intermittent rainfall event. We suggest that the modulation of rhizos-
phere respiration by soil moisture plays a decisive role in C allocation
in trees under moderate drought. The reduced C sink activity of roots
and associated mycorrhizae and microbial communities below criti-
cal moisture contents appear to reduce the velocity and the amount
of assimilates allocated to the belowground. This effect is amplified
by the long-term acclimation of trees to repeated summer droughts,
with a reduced growth and thus spatial extension of the rhizosphere
system. Potentially, the reduced sink strength in the belowground in
dry soils feeds back on tree's CO, uptake and the allocation and pro-
cessing of assimilates in trees. In the rhizosphere, the decreased C
supply from trees under drought has consequences not only for the
microbial activity in the short term, but also for soil microbial commu-
nity and soil C storage in the longer term. Predictions on the interplay
of these interlinked above and belowground processes are hampered

by non-linear responses of these processes to soil moisture, fre-
quently unknown depth patterns of fine roots and their associated
rhizobiome and the great temporal variability of soil moisture in the

three-dimensional soil space.
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