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Significance

Climate change increases the frequency of drought events and leads to higher
variability in precipitation. Drought impairs rhizosphere (root and the root-associated
microbiome) functioning in trees and leads to a reduced assimilate supply

belowground. It remains unclear if rhizosphere and thus whole tree functioning can
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quickly recover after drought release. We show that rhizosphere metabolic activity in
previously drought-exposed 100-year-old Scots pine increased in response to subtle
soil moisture increases (induced by light rainfall). As a consequence of this activity
change, the belowground allocation of new assimilates was immediately stimulated.
Even light rainfall events can lead to a fast recovery of rhizosphere functioning and
the increased C and energy demand is instantly met by altered whole tree assimilate

allocation.

Abstract

Drought limits carbon (C) assimilation and alters C allocation within trees,
thereby impairing tree growth. Recovery of root and leaf functioning and prioritized C
supply to sink tissues after drought may compensate for drought-induced reduction of
assimilation and growth. It remains unclear whether drought-induced impairment of C
allocation to sink tissues and its potential recovery following drought are controlled by
altered sink metabolic activities or by the availability of new assimilates.
Understanding such mechanisms is required to reliably predict forests’ resilience to a
changing climate.

Here, we investigated the impact of drought and drought release on C allocation
in a 100-year-old Scots pine forest. We applied '3CO2 pulse labelling to naturally dry
non-irrigated control and long-term irrigated trees and tracked the fate of the label in
above- and belowground C pools and COz2 fluxes.

Allocation of new assimilates belowground was ca. 53% lower under the dry non-
irrigated conditions than in irrigated plots. A short rainfall event, which led to a
temporary increase in the soil water content (SWC) in the topsoil, strongly increased

the amounts of C transported belowground in the non-irrigated plots to values
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comparable to those in the irrigated plots. This switch in allocation patterns was
congruent with a tipping point at around 15% SWC in the response of the respiratory
activity of soil microbial communities.

These results indicate that the metabolic sink activity in the rhizosphere and its
modulation by soil moisture can drive C allocation within adult trees and whole forest
ecosystems. Even a subtle increase in soil moisture can lead to a rapid recovery of
belowground functions that in turn affects the direction and magnitude of C transport

in trees.

Introduction

While climate projections predict a higher frequency of extreme weather events,
such as hot drought periods (1) but also intermittent heavy rainfall (2), we have limited
knowledge on how tree C allocation (the distribution of assimilates among tree
organs), which is important for whole tree functioning, is impaired by water restriction
(3, 4). Moreover, we lack information on the extent to which C allocation can recover
after drought (5, 6). There are several reasons for this knowledge gap: (i) Most
experiments on C allocation dynamics have investigated the impact of extreme
drought events on trees and ecosystems (7-9) but neglected the more common subtle
variations in soil moisture occurring in natural ecosystems. For example, a simulation
of the European 2003 drought — assumed to represent an extreme event — in a range
of forest ecosystems showed that the soil water reduction was moderate (10)
compared to the drought conditions created in most experimental studies on C
allocation (e.g., 3, 11). (ii) There are indeed many studies that address subtle
variations in soil moisture but most of these have solely focused on aboveground

responses of tree C relations (12, 13) or integrated whole ecosystem CO2 exchange
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impacts (14, 15) while not taking into account interactions and linkages between
shoots and roots and the associated rhizosphere microbiome. For juvenile trees,
though, C transfer between shoots, roots and rhizosphere microbes was found to be
crucial for both plant and microbial functioning under stress (9).

Concerning the aboveground-belowground linkage, drought moderately
increased C allocation to roots in some studies (16) while reduced allocation was
reported in others (17). These inconsistencies are difficult to interpret because the
mechanisms that control C allocation within plants and ecosystems are largely
unknown; this is a critical knowledge gap considering that ca. 50% of the energy
demanding processes in the rhizosphere — including roots, mycorrhizal fungi and
bacteria — are fuelled by recently assimilated C (18). The mechanisms of C allocation
under water stress remain particularly unexplained in mature trees and hence in old-
grown forests due to a lack of experimental studies, although their understanding is
crucial for predicting forest functioning in a drier climate.

The common understanding of the impact of water stress on tree C allocation is
that reduced photosynthesis during drought determines the availability of
carbohydrates (source control) and can lead, together with impaired phloem transport
(19), to reduced C allocation to sink tissues. More recent research indicates control of
plant C allocation but also of C assimilation by sink metabolic activity (sink control). In
this respect, the belowground sink activity of roots (11) and associated microorganism
(20) seems to play a decisive role. Mild water deficit can increase root growth and
metabolic activity to improve water foraging and consequently increases belowground
C demand, leading to higher assimilate transport belowground (21). In contrast,
drought that exceeds a critical level inhibits belowground metabolism and thus

reduces belowground C demand leading to less C being directed to the rhizosphere
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(22). Reduced C sink strength can even lead to a down-regulation of photosynthesis
(20). In tree saplings, this was assumed to be a result of the acclimation of C
assimilation to the reduced sink demand and occurred with a delay of two weeks after
the reduction of the belowground sink activity (11) probably as result of leaf sucrose
accumulation (cf. 23).

Sink control has also been observed directly after drought release: in beech
saplings, increased root activity and thus C demand resulted in the prioritized transport
of new assimilates belowground, and only in a second step, with a delay of weeks, did
photosynthesis re-adjust to the new conditions and to the higher C demand (11). If the
tree C balance after drought release had been under source control, first
photosynthesis and only later belowground C transport and sink activity would have
increased. So far, experimental studies typically only include young trees and it is
unknown if these mechanisms also operate in mature trees in old-growth forests which
store large amounts of reserves that may buffer C allocation.

Rhizosphere microorganisms are an important part of the belowground C sink in
ecosystems (24), and the C transfer between forest plants and soil microorganisms is
known to be negatively affected by hot droughts (9). It is not fully understood, however,
whether drought itself suppresses microbial activity or rather a lower C transfer from
plants to the rhizosphere microbiome is the driving force. Moreover, it is not clear if
and to what extent rhizosphere microorganisms and their activity are involved in the
sink control of whole-tree C allocation.

Taking advantage of a long-term (15 years) precipitation manipulation (irrigation)
experiment in a dry inner Alpine valley in Switzerland (25) and the natural fluctuations
of drought and rainfall, we studied the effects of drought and intermittent drought

release by a precipitation event on C allocation in a 100-year-old Scots pine forest.
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We applied 3CO: pulse labelling to 10 mature trees and traced the flux of newly
assimilated C from needles into branch, trunk, root and soil microbial biomass pools
and into above- and belowground respiration (Fig. 1). We hypothesized that the soll
moisture deficit in the dry non-irrigated plots during periods without rainfall would result
in less allocation of recent assimilates belowground and a higher proportion remaining
in aboveground tree tissues and fluxes compared to irrigated trees (Fig. S1). We
further predicted that short rainfall events, that increase soil moisture above a critical
threshold value — allowing increased rhizosphere metabolic activity — would
temporarily lead to prioritized transport of assimilates belowground in the normally
xeric plots. We expected that rhizosphere sink activity, including the metabolism of
roots and associated microorganisms, would control the whole-tree C allocation
patterns. As sink control influences photosynthesis with a delay of weeks after
changes in sink activity and C allocation patterns (11), we hypothesized that short

rainfall events would have only minor effects on C assimilation (Fig. S1).

Results and Discussion

We started a first 3C labelling campaign at the end of August 2017 after >2
weeks of almost no rainfall (<0.9 mm) (Fig. S2a), when soil water content in the non-
irrigated plots approached values < 15% below 2 cm soil depth (Figs. S2, S3). Even
though leaf water potential was significantly lower (p = 0.007) in the dry non-irrigated
compared with the irrigated plots (Tab. 1, Fig. S4), no significant differences were
observed for stomatal conductance, transpiration, photosynthetic rate (Tab. 1, Fig.
S5) or total 13C assimilation during pulse labelling (Tabs. 1, S1). It took approximately
six days for the 13C assimilated in the canopy of the 10- to 15-m-tall trees to be

transferred to the rhizosphere (Fig. 2 b-e). Dry conditions in the non-irrigation
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treatment significantly reduced the allocation of 13C to belowground C sinks, including
non-structural (sugar and starch) and structural C pools in roots, the soil microbial
biomass (irrigation effect on 13C allocation to belowground pools: p = 0.01, Tab. 1)
and cumulative soil respiratory flux (irrigation effect: p = 0.009, Tab. 1): 30 days after
labelling the 3C transferred to these belowground sinks was by 53% lower in non-
irrigated compared with irrigated trees (Fig. 3, Tab. S2). In contrast to the generally
lower transport of new assimilates belowground, mycorrhizal root tips showed
comparable *3C incorporation in non-irrigated and irrigated plots (Fig. S6). In forest
understorey ecosystems it was recently observed that smaller amounts of recent
assimilates were transported belowground under drought but that rhizosphere
microbes, including mycorrhizal fungi, obtained a relative larger proportion of these
assimilates thus partially compensating for the change in plant allocation patterns (9).
This suggests that plants continue to support the rhizosphere microbiome with recently
fixed C during drought to help to sustain its function in water and nutrient acquisition
(cf. 26).

Our finding of reduced export to the belowground compartment under drought is
in agreement with the longer mean residence time (MRT) of the leaf sugars used as
respiratory substrates. The fast turn-over C pool in the canopy of drought-exposed
non-irrigated trees had an MRT of 3.8 days, whereas it was only 0.7 days in irrigated
trees (Tab. S3). This range is consistent with values from other studies on pine (27,
28), and comparable increases in MRT as a result of drought have been observed in
European beech seedlings (3). The authors of the latter study hypothesized that
reduced sink activity, e.g. in the roots was not responsible for the higher MRT, but
rather a higher demand for osmotically active substances in the leaves together with

impaired phloem loading (29). More recently, however, an assessment of temporal
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changes in root and shoot metabolite concentrations and metabolic activity in beech
seedlings demonstrated that not only drought but also drought release initially
impacted sink activity in the roots, and only with a delay did sink activity feed back on
the source organ (11). The reduced sink activity during drought led to reduced leaf
phloem loading and increased metabolite accumulation in the leaves and the
increased root activity after drought to increased belowground transport but not to an
immediate stimulation of photosynthesis.

Our second *3C labelling application after the short rainfall event (8 mm; Fig.
S2a) highlights that, in a 100-year-old forest, even subtle but significant changes in
soil water availability in the uppermost soil layer (precipitation effect: p = 0.04, Tab. 1)
rapidly increased rhizosphere sink activity and C allocation belowground,
demonstrating that sink control mechanisms acting also in old trees. The rainfall event
increased SWC in the uppermost 5 cm of the dry non-irrigated plots to values similar
to those in irrigated plots prior to the rainfall (Fig. S3), while SWC in deeper layers (10
and 80 cm) was less affected (Fig. S2 b, c). This soil moisture increase led to a
significant increase in: (i) the absolute 3CO:2 soil respirational flux (Fig. 2 b, c), and
(i) the incorporation of 3C label into the soil microbial (i.e. bacterial and fungal)
biomass (Fig. 2 d, e) in the non-irrigated compared with the irrigated plots, resulting
in a significant interaction between precipitation and irrigation (p < 0.05). The 3C
balance calculated for 30 days after labelling showed that relative belowground
allocation in trees labelled after the rainfall event was higher in the non-irrigated than
in irrigated plots (Fig. 3, Tab. S2). Trees in the non-irrigated plots significantly
increased relative allocation to roots and the rhizosphere, while belowground

allocation in the irrigated plots remained unaffected by the rainfall event (indicated by
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a significant irrigation x precipitation interaction, p = 0.006 for belowground pools and
p = 0.04 for soil respiration; Tab. 1).

To explore the mechanism behind this rapid change in the partitioning of recent
assimilates between above- and belowground compartments, we estimated the
moisture dependency of microbial soil respiration (and thus microbial activity) from
root-free soil adjusted to different soil moisture levels in the laboratory. Results
revealed a clear tipping point of microbial respiration at around 15% SWC (Fig. 4a).
Such soil moisture dependent tipping points in soil microbial activities have been
observed in various other drought studies (30). Total respiratory *3C soil flux in the
field reflecting the use of new assimilates by the rhizosphere showed a similar
moisture dependency than microbial activity (Fig 4b). This congruence suggests the
existence of a soil moisture depending tipping point for the sink activity of the entire
root-rhizobiome system increasing the use of new assimilates and thus the allocation
to roots and rhizosphere. Even though the number of pulse-labelled trees was rather
low and only one rainfall event was examined (three non-irrigated and three irrigated
trees before and two of each treatment after the rainfall event), 61% of the moisture
dependency of the '3C flux could be explained by the threshold-type Boltzmann
function fitted to microbial respiration in soils without roots (Fig. 4b). At the same time,
total 13C label uptake by trees and leaf-level photosynthetic rates did not differ
significantly between the treatments (Tabs. 1, S1). Consequently, the root-rhizobiome
activity and whole-tree assimilate allocation patterns changed rapidly after a short
rainfall event without a change in CO2 assimilation. These findings indicate that
belowground metabolic activity and its modulation by soil moisture drove C allocation

and transport within the adult trees and the whole forest ecosystem.
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The re-activation of the rhizosphere sink by intermittent rainfalls likely depends
on both, rainfall patterns and vertical distribution of the rhizosphere. Our mature pine
forest had 60% of its entire fine root system in the uppermost 10 cm (measured down
to 80 cm (31)), which corresponds to other temperate forest ecosystems (32). Fine
roots from the uppermost soil layer are physiologically more active and more strongly
colonized with mycorrhizal fungi as compared to deeper roots that ensure the water
supply of trees during severe droughts (33-35). We thus assume that the observed
rewetting of the topsoil affected the largest part of the metabolically active rhizosphere,
but in soils with deeper fine root systems such as Mediterranean forests (36)
responses of the rhizosphere sink to intermittent rainfalls might be less pronounced.

In a previous study at the same site (25), we showed that concentrations of
soluble sugars in all tree compartments (needles, stems, and roots) were comparable
between non-irrigated and irrigated trees in summer and autumn, when soil moisture
was clearly lower in the non-irrigated plots. It was concluded that carbohydrate supply
and demand were balanced over the long term. Here, we observed a strong and
significant depletion of the soluble sugars in the roots in the non-irrigated plots (relative
to values in the irrigated plots) shortly after the rainfall event (p < 0.05), and only two
weeks later the pool was replenished (Fig. 2a). This suggests that despite long-term
adjustments of the C balance, short-term fluctuations can occur due to fast increases
in belowground metabolic activity (Fig. 4), leading to a transient imbalance of supply
and demand. Consequently, the increased C demand explains the higher proportion
of new assimilates transported belowground and corroborates the idea of sink control
of C allocation. Notably, changes in C allocation driven by the root-rhizobiome system
act on very short time scales: even though the rainfall event occurred shortly after the

first 13C labelling the belowground allocation of '3C remained low in the non-irrigated
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plots (Fig. 3). Only the new assimilates formed right after the rainfall event were
differently distributed, supporting the importance of new assimilates in fueling
belowground processes (18) and indicating that the distribution patterns of new
assimilates are kept stable after the initial allocation.

Our results provide the first evidence for adult trees that drought reduces the
allocation of recent assimilates belowground. Our findings also demonstrate that
mature forest ecosystems in xeric environments can exhibit highly dynamic short-term
changes in assimilate distribution: sudden increases in soil water availability in the
uppermost soil layer can result in a boost of belowground metabolic activity and
carbohydrate depletion in roots which, in turn lead to strongly increased assimilate
transport to the rhizosphere. We acknowledge that we only captured a single recovery
event in a single ecosystem and thus we are cautious in extrapolating our results to
other forest ecosystems with different species and to droughts and subsequent
recovery events of different magnitudes and duration. As a consequence, more
experiments on C allocation in various old-growth forest ecosystems under a range of
environmental conditions are needed. Our results, however, provide first indications
that fluctuations in soil water availability in dry sites allow belowground processes to
recover fast after rainfall events, and the increased C and energy demand is
immediately reflected in changes in whole-tree and ecosystem assimilate allocation
patterns. The moisture-sensitive sink strength of the rhizosphere, including roots and
the root-rhizobiome system represents an important but so far overlooked driver of
forests’ responses to drought and drought release, altering the direction of carbon

transport in trees and ultimately modifying physiological acclimation to drought.
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Materials and Methods
Experimental site

The 13C pulse labelling experiment was carried out with approximately 100-year-
old Scots pine (Pinus sylvestris L.) trees growing in a naturally regenerated forest
(Pfynwald) in the dry inner-Alpine valley of the river Rhone, one of the driest parts of
the European Alps (46° 180 N, 7° 360 E, 615 m a.s.l.). The soil is a shallow 20 cm
thick Pararendzina (37), annual mean temperature is 10.1°C, and annual precipitation
is ca. 600 mm. In the recent past, the forest has been subjected to drought- and heat-
induced forest mortality (38). Since 2003 (for 15 years), four plots of 25 x 40 m? each
have been irrigated at night with 600 mm yr! between April and October (25), thus
doubling the amount of precipitation per year and removing soil water limitation. Four
corresponding non-irrigated plots serve as naturally dry controls (for more details see

Supplementary Methods).

13C pulse labelling

In late summer 2017, 10 (five naturally non-irrigated and five irrigated) 100-year-
old Scots pine trees were CO:2 labelled (Fig. 1). Three pairs of trees were pulse
labelled during a dry period (little precipitation within >2 weeks before pulse labelling)
on consecutive days, and another two pairs were labelled immediately after a short
rainfall event (see Fig. S2). Transparent plastic chambers enclosing the whole crown
were erected from scaffolds and temperature and relative humidity were kept at
ambient levels using a mobile air conditioning system (Fig. 1). At each labelling event,
two trees, one irrigated and one non-irrigated, were labelled simultaneously. After
sealing the chamber CO2 with >99 atom% *3C (Cambridge Isotopes, Tewksbury, MA,

USA) was released into the chamber over a period of 3.5h, increasing the 3CO:
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concentration to 1000—1500 ppm, with a 8'3C of up to 250,000 (%.) (measured with an
isotope laser spectrometer (LGR, CCIA 46d, LosGatos Research Ltd, San Jose, CA,
USA); Figs. S7, S8). Afterwards the chambers were removed, and large industrial

blowers set up on the forest floor were used to rapidly remove non-assimilated 3COx.

Measurements of soil water contents, leaf gas exchange and canopy, stem and
soil 3COz2 efflux

Soil water: Volumetric soil water content (SWC) at depths of 10 and 80 cm was
measured every 15 min across the eight plots of the experimental site using soil
moisture sensors (ECH20 EC-5, Decagon Devices, Pullman, WA, USA). In addition,
soil water content was repeatedly determined gravimetrically at 0-2 cm, 2-5 cm and 5-
10 cm depth by sampling soils at 12 locations around each of the pulse-labelled trees,
bulking the samples, and drying them at 105°C.

Gas exchange: Leaf-level gas exchange (transpiration (E), stomatal
conductance (gs), assimilation (A)) was measured with a portable gas exchange
measurement device (LI-COR 6400; LI-COR, Lincoln, NE, USA) before and after the
rainfall event in the upper third and thus fully sun-exposed part of the canopy. Four
trees of each treatment (irrigated and non-irrigated) and needles from three twigs of
each tree were measured before and after the rainfall event. The CO2 concentration
inside the cuvette was set to 400 ppm, cuvette temperature to 25°C, photosynthetic
photon flux density to 1000 pmol m~2 s™1. Relative humidity was adjusted to ambient
conditions and flow rate set to 650 umol st. Branch water potential was determined
with a Scholander pressure chamber (39) in six trees per treatment (and with three
branches per tree) before the rainfall event. Both, leaf-level gas exchange and branch

water potential were determined around midday.
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13CO: fluxes (high resolution measurements): For tracking the temporal patterns
of $3C allocation, canopy (leaves and branches), stem and soil 3CO: fluxes of trees
labelled before the rainfall event (n = 6) were measured with an hourly resolution for
20 consecutive days after pulse labelling (Fig. S9) by coupling three stable isotope
laser spectrometers (LGR, CCIA 46d, LosGatos Research Ltd, San Jose, USA) with
custom-made automated soil, leaf and branch chambers designed for gas exchange
measurements(40) (Fig. 1). Soil chambers were installed at a distance of 0.5 m from
the stem of each tree, stem chambers were attached at the stem approx. 1.5 m above
ground and branches from the upper third of the canopy were inserted into the canopy
chambers. We assumed no strong gradients in light, VPD or other environmental
conditions within the sparse canopy of the trees at our stand. In a Scots pine stand
with a comparable structure no intra-canopy gradients in gas exchange were observed
(41) and thus we are confident that the branches selected were representative for the
whole canopy.

Chambers were programmed to be open during non-measurement intervals to
avoid CO2 accumulation and increases in temperature and humidity inside the
chamber system. In the measurement mode they were closed, and the respired CO2
was allowed to accumulate for five minutes when the gas stream was passed to the
isotope laser spectrometer. The 5'3C value of respired CO2 was calculated as a two
end-member mixture of ambient and respired CO2 sampled in the chamber over time
(42) and fluxes were determined from the linear CO2 concentration increase over time
and were related to the surface area of the leaves (canopy), stem or soil. For the 3C
mass balance calculation (see below) for canopy respiration fluxes, only measured
nighttime CO: fluxes and &'3C values were considered, and daytime fluxes were

calculated according to the temperature dependency of nighttime fluxes and the actual
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temperature. Daytime &'3C values were extrapolated from the time course of nighttime
values with an exponential decay function.

Laser-based measurements were used for estimating (i) the time-integrated
canopy and stem fluxes for the mass balance calculation (see below) and (ii) the mean
residence time (MRT) of recent assimilates in the canopy, stem and the soil (Tab. S3).
Exponential decay models were fitted in the phase of label decrease according to (27)
and two labile C pools (i.e. soluble sugars and starch) with different MRT values were
assumed.

13CO; fluxes (low resolution measurements): For quantifying soil *3C fluxes from
the entire rhizosphere of each of the 10 pulse-labelled trees (6 trees before the
precipitation and 4 trees afterwards), we installed soil collars of 10 cm diameter along
three transects at distances of 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 6.0 and 8.0 m from the tree
stems. Soil respiration (Rs) was measured at up to a daily resolution with a soil CO2
flux system LI-8100A with a LI 8100-102 survey chamber (LI-COR, Lincoln, USA)
placed on the soil collars over 30 days following pulse labelling. For measuring &'3C
values of soil-respired CO2, the collars were closed with lids and gas samples were
taken with syringes after 15-20 min. In addition, ambient air close to the soil surface
was collected during each sampling period. In gas samples, the 3'3C values and the
CO2 concentration were analysed with a GasBench Il (modified according to (43))
coupled to a Delta Plus*® isotope ratio mass spectrometer (IRMS) (ThermoFinnigan,
Bremen, Germany). The d*3C value of the respired CO2was calculated as a two end-
member mixture of ambient and respired CO2 sampled in the chamber after 15-20 min
(42).

The low-resolution soil fluxes were used to estimate the soil 13C fluxes integrated

over time- and space for each of the pulse-labelled tree (see below).
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Moisture dependency of microbial soil respiration

The moisture dependency of heterotrophic soil respiration was determined for 20
g of root-free soil samples from 0-2, 2-5 and 5-10 cm depth, which were first dried at
room temperature and then rewetted to the desired water content (n=6 per moisture
content). Carbon mineralization was measured in gas-tight glass jars of 500 ml
volume, equipped with an opening rubber septum through which 8 ml of gas samples
were extracted after 24, 48, 72, and 96 h. These samples were injected into pre-
evacuated 4 ml exetainers and analysed for CO2 concentrations by gas

chromatography (Agilent 7890, Agilent Technologies Inc., Santa Clara, CA, USA).

Determination of *3C recovery in above- and belowground pools

Sampling and pre-processing: Needle (combined current and previous year’s
cohorts) and branch samples were collected in the upper third of the canopy 1 h before
pulse labelling, directly after labelling (0O h) and until 30 days after labelling (cf. Figs
S10, S11). The needles were removed from the branches, transferred into paper bags,
microwaved to denature all enzymes and then oven dried. The branch material was
stored in exetainers in liquid nitrogen and was later oven dried. Stem wood samples
plus stem phloem were taken 10 and 30 days after pulse labelling (Figs S10, S11).
For stem samples, 10-mm increment cores were taken with an increment borer (Haglof
Sweden AB, Langsele, Sweden) at three locations in a 120° angle around the stem at
breast height at each sampling time point. The core samples were transferred into
exetainers and immediately stored at -20°C. After drying, the outer 30 tree rings and
the phloem were used for further analysis. For root sampling, coarse roots were traced
from their insertion point into the stem, excavated from the soil, microwaved, oven

dried and homogenized. Water-soluble compounds and starch were extracted from
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subsamples of all tree tissues (see Supplementary Methods). To assess mycorrhizal
root tips, three soil cores with a diameter of 2 cm were randomly sampled from the
upper 0-10 cm of the soil (the main rooting horizon (31)) in the immediate vicinity of
each tree 0, 7, and 14 days after labelling, and the samples were pooled per tree. Vital
mycorrhizal root tips were immediately collected from the soil cores under a
stereomicroscope and kept at =70°C until processing. All bulk tree tissue samples
(needles, wood, roots, mycorrhizal root tips), ground to a fine powder after drying at
80°C, using a steel ball mill (MM 400 Retsch GmbH, Haan, Germany) for further
analyses. For the assessment of C concentrations and &'3C in the bulk organic matter
of tree tissues, starch and water soluble compounds (WSC), ca. 0.6 mg of the
homogenized and dried material was weighted into tin capsules for further isotope
analysis (see Supplementary Methods). To quantify soil microbial biomass, 12 soll
cores of 2 cm diameter were sampled within 1 m distance of each tree and bulked. All
roots were removed from the soil, and the samples were then immediately frozen and
later analysed for soil microbial biomass using the chloroform fumigation extraction
method. Both the concentration and isotopic signature of extracted organic C from
non-fumigated and fumigated samples were determined by oxidizing extractable C to
CO:2 (44) and measuring the ¥CO2 with an isotope ratio mass spectrometer (IRMS)
(GasBench Il coupled to a Delta V plus; ThermoFinnigan, Bremen, Germany) and

calculated as described previously assuming a conversion factor of 0.45 (45).

Soluble sugars in roots

Concentrations of soluble sugars in roots (Fig. 2a) were determined according

to (46) as described in detail by (25).
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13C mass balance estimation

The amount of 13C taken up by the trees (calculated based on the amount of
99%%*3C-CO:2 supplied to the pulse labelling chamber from the gas cylinder; see Tab.
S1) and recovered in the different tree pools, the soil microbial biomass, and the CO2
released from branches, stem, and soil were used for a *3C mass balance estimation
of individual trees and their related rhizosphere. To assess the total *3C enrichment in
tree pools as a result of labelling, total biomass (g) of the different plant compartments
(needles, branches, stem, and roots) was calculated for each tree from allometric
functions specific for P. sylvestris using tree height and diameter at breast height
(DBH) as input parameters (47). In a next step, total C of each biomass pool (Cpool: g)
was calculated by multiplying the biomass by the specific C content (%) of the pool as
determined by the isotope measurements. We performed these calculations
separately for bulk C and for non-structural C (NSC = starch plus WSC). From the
difference between bulk C and NSC we computed the structural C pool (SC) (Tab.
S2). The C pool of the microbial biomass (0-10 cm depths) was estimated by
multiplying microbial biomass with the mass of soil on an area base using measured
soil bulk densities. *3C excess, i.e. the 3C enrichment due to labelling expressed in
atom% (Supplementary Methods and (3)) 30 days after the pulse labelling was
multiplied by the C pools of tree and microbial biomass. For the scaling of the *3C
excess of the microbial biomass to the circular area around each tree, we linked them
to the decline of soil-respired 3CO:2 with distance from the stems. The CO: flux rates
from the canopy and stem (hourly resolution) were multiplied by the 13C excess and
the surface area and integrated over the 30 days after the pulse labelling (see
Supplementary Methods). Needle area was determined from the needle mass

obtained from tree allometric functions (47) and the specific leaf area determined for
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every tree and we assumed the canopy chamber to be representative for gas
exchange of the whole canopy. Stem area was determined from DBH and tree height
assuming the stem to be a truncated cone with the upper diameter being 5% of DBH.
For estimating soil 3CO:2 flux from the entire rhizosphere of each tree, we interpolated
linearly between the fluxes from adjacent soil collars placed at various distances from
the tree stems (see Fig. 1) measured at daily resolution and integrated them in time.
13C in pools and fluxes were related to the 2C applied during pulse labelling to obtain
recovery rates (see Supplementary Methods), and the relative allocation to different

pools and fluxes was calculated (Supplementary Methods; Fig. 3, Tab. S2).

Statistical analysis

Data were analysed by fitting linear mixed effects models with maximum
likelihood using the Ime function in the nime package (R version 3.1.2.). For the entire
study period, treatment (irrigated vs. non-irrigated) and date of measurement (before
and after the precipitation event) were used as fixed effects in the models and
individual tree was included as a random effect. The corAR1 function in the nime
package was included in the models to account for repeated measurements with a
first-order autoregressive covariate structure. In all final models, the dependent
variables were log or square-root transformed to achieve normality and

homoscedasticity of the residuals.
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Tables

Table 1: Results of the linear mixed effects models testing the effects of precipitation,
irrigation and their interaction on soil water content, predawn leaf water potential, gas
exchange parameters, total 13CO; taken up and the relative allocation of *3C to belowground
pools and soil respiration. DF= Degrees of freedom (num DF, denom DF); ** =P <0.01, * =
P < 0.05. Leaf water potential was measured only before the rainfall event (see Fig. S4)

Parameters Fixed effects DF F-value P-value
Soil water content Precipitation 1,3 11.9 0.040*
(0-5 cm) Irrigation 1,3 57.3 0.004***
(g H20 g soil) Precipitation x Irrigation 1,3 2.9 0.18
Leaf water potential
(MPa) Irrigation 1,3 25.2 0.007**
Photosynthesis Precipitation 1,3 0.05 0.84
(umol m?s?) Irrigation 1,3 1.9 0.30
Precipitation x Irrigation 1,3 14.4 0.06
Stomatal conductance Precipitation 1,3 0.13 0.75
(mmol m?s?) Irrigation 1,3 1.94 0.300
Precipitation x Irrigation 1,3 0.86 0.45
Transpiration Precipitation 1,3 0.18 0.70
(mmol m?s?) Irrigation 1,3 4.14 0.17
Precipitation x Irrigation 1,3 0.68 0.49
Total **C-CO: assimilated Precipitation 1,3 11.4 0.042*
(g) Irrigation 1,3 2.9 0.19
Precipitation x Irrigation 1,3 0.1 0.76
13C allocation to Precipitation 1,3 3.0 0.17
belowground pools Irrigation 1,3 13.1 0.01*
(%) Precipitation x Irrigation 1,3 69.2 0.006**
13C allocation to soil Precipitation 1,3 0.13 0.73
respiration Irrigation 1,3 34.3 0.009**
(%) Precipitation x Irrigation 1,3 114 0.04*
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Figure 1: Setup of the 3C pulse labelling (left side) and the tracing of the fate of *3C in
respiratory fluxes and plant and soil microbial pools (right side). A transparent plastic sheet
was erected from scaffolds, enclosing the whole tree crown to form a labelling chamber. 3CO;
was added to the chamber from gas bottles via a mass flow controller. The 3CO;
concentration was monitored with LGR CCIA 46d isotope laser spectrometers. The air
temperature was adjusted to maintain ambient temperature with an air conditioning system
involving a closed coolant system so that no air exchange between inside and outside the
chamber occurred. One branch, stem and soil chamber per tree were connected via a
manifold with automatically controlled solenoid valves to the isotope laser spectrometer.
Within a radius of 8 m (along three transects per tree), soil collars were installed to determine
the spatio-temporal pattern of soil-respired *CO; that was measured in gas samples. Samples
of different plant organs and the soil microbial biomass were taken to determine the 3C
enrichment at different time points after labelling.
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Figure 2: Dynamics of water-soluble carbohydrates in root tissues and of *3C in soil-respired
CO; and microbial biomass before and after the rainfall event. (a) shows the ratio of root
soluble sugars between trees from naturally dry non-irrigated and irrigated plots before as
well as 3 days and 2 weeks after the rainfall event. The data for the time before the rainfall
event were taken from*® where root samples were collected during a dry period in summer.
(b) and (c) show the temporal course of '3C in the soil CO; flux in the non-irrigated, and the
irrigated plots after pulse labelling (at t = 0 days) before and after the rainfall event. Similarly,
(d), and (e) show the '3C-incorporation into soil microbial biomass (on a m? soil surface basis)
in the non-irrigated, and irrigated plots labelled before or after the rainfall event. Error bars
indicate SD in (a) and SE in (b)-(e). * in (a) indicates significant differences at p < 0.05 according
to student’s t-test (n = 3).
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Figure 3. Relative distribution of the recently assimilated 3C from pulse labelling applied
before and after the rainfall event. The percentage of total assimilated '3C recovered in
different pools and fluxes, as well as the overall above- and belowground distribution are
shown in irrigated and non-irrigated plots. Aboveground fluxes comprise canopy plus stem
respiration, while aboveground biomass pools include structural and non-structural C from
needles, branches and the stem (for individual values see Tab. S2). Belowground pools
comprise structural and non-structural C from roots plus the soil microbial biomass (for
individual values see Tab. S2). Data shown are integrated fluxes until day 30 after the
application of the pulse labelling and the recovery in the pools harvested at day 30. Arrow
widths (indicating fluxes) and bars (indicating the overall below- and aboveground
distribution) scale proportionally. Aboveground flux data after the rainfall event were not
directly measured but calculated as described in the Supplementary Methods section. Both,
the relative allocation of new assimilates to total belowground pools and fluxes and to
belowground respiration in particular were significantly affected by the irrigation treatment
(belowground pool p = 0.01; soil respiration p = 0.009) but also by the interaction between
irrigation treatment and the rainfall event (belowground pool p = 0.006; soil respiration p =
0.04; for detailed statistical information see Tab. 1 and Tab. S2).
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Figure 4: Effect of soil moisture availability on microbial C mineralization (=heterotrophic
respiration) rate (a), and on cumulative belowground respiration of recent assimilates (b).
In (a) soil microbial respiration was determined in soil samples (excluding roots) from three
different depths (0-2, 2-5 and 5-10 cm) at different soil moisture levels adjusted under
controlled conditions. In (b) soil 3C-CO, flux cumulated over the 30 days after the pulse
labelling is depicted against the soil water content at 2-10 cm depth shortly after labelling.
Here the variation of the soil moisture is affected by treatment (irrigation vs. non irrigation),
the precipitation event and the spatial variability. The dashed line in (a) represents the fit of
microbial respiration from root-free soil (normalized to maximal rates) to a Boltzmann
equation that was then scaled in (b) to rhizosphere respiration without changing moisture
dependencies. r? is the coefficient of determination and ** depicts p < 0.01 and *** p < 0.001.



