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Summary

� The link between above- and belowground communities is a key uncertainty in drought

and rewetting effects on forest carbon (C) cycle.
� In young beech model ecosystems and mature naturally dry pine forest exposed to 15-yr-

long irrigation, we performed 13C pulse labeling experiments, one during drought and one

2 wk after rewetting, tracing tree assimilates into rhizosphere communities.
� The 13C pulses applied in tree crowns reached soil microbial communities of the young and

mature forests one and 4 d later, respectively. Drought decreased the transfer of labeled

assimilates relative to the irrigation treatment. The 13C label in phospholipid fatty acids

(PLFAs) indicated greater drought reduction of assimilate incorporation by fungi (�85%) than

by gram-positive (�43%) and gram-negative bacteria (�58%).
� 13C label incorporation was more strongly reduced for PLFAs (cell membrane) than for

microbial cytoplasm extracted by chloroform. This suggests that fresh rhizodeposits are pre-

dominantly used for osmoregulation or storage under drought, at the expense of new cell for-

mation. Two weeks after rewetting, 13C enrichment in PLFAs was greater in previously dry

than in continuously moist soils. Drought and rewetting effects were greater in beech systems

than in pine forest.
� Belowground C allocation and rhizosphere communities are highly resilient to drought.

Introduction

Extreme climatic events, such as an enhanced frequency and
intensity of drought or intermittent heavy rainfall, are predicted
to increase in Central Europe (Gobiet et al., 2014; Stocker,
2014). The impacts of drought on microbial communities range
from immediate reductions in metabolic activities, to acclima-
tion of physiological processes, to shifts in species composition
under reoccurring drought (Hagedorn et al., 2016; Hartmann
et al., 2017; Schimel, 2018). In general, fungi have been
observed to be rather resistant to drought compared with bacteria
(Yuste et al., 2011; de Vries et al., 2018; Sun et al., 2020;
Wilhelm et al., 2023). However, gram-positive bacteria with a

thick peptidoglycan cell membrane layer can be even more
resistant to natural drought than fungi (Fuchslueger et al., 2016;
Hartmann et al., 2017). In addition to the resistance of microor-
ganisms, their resilience, that is their ability to recover by reaching
the same activity level as before drought, is of central importance
in how microbial communities cope with drought (Hodgson
et al., 2015; Ingrisch et al., 2020; Canarini et al., 2021). The
increased cell repair and maintenance costs required to resume
microbial growth upon drought recovery may lead to drought
legacy effects on microbial metabolism (Brangar�ı et al., 2020).

As above- and belowground systems are tightly coupled, the
responses of microbial communities to drought are particularly
complex because drought effects on microbial communities colo-
nizing the rhizosphere are linked to plant responses (Solly
et al., 2023). More than half of recent tree photosynthates are*These authors contributed equally to this work.
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allocated belowground (Joseph et al., 2020), supporting plant
root growth and supplying rhizosphere communities with new
assimilates via rhizodeposition (Epron et al., 2012; Karlowsky
et al., 2018a; Villarino et al., 2021). Extreme drought weakens
the above- and belowground linkage (von Rein et al., 2016; Solly
et al., 2023) by suppressing plant growth (Hagedorn et al., 2016;
Ouyang et al., 2021) and/or reducing belowground C allocation
(Ruehr et al., 2009; Fuchslueger et al., 2014; Canarini &
Dijkstra, 2015; Joseph et al., 2020). In turn, this may alter soil
microbial community structure and functioning (Felsmann et al.,
2015; Karlowsky et al., 2018b).

Pulse labeling experiments with carbon-13 (13C) are a powerful
approach to trace plant assimilates into rhizosphere communities,
that is the microorganisms feeding on rhizodeposits (e.g. Streit
et al., 2014). The 13C label can be traced into phospholipid fatty
acids (PLFAs), which are essential components of the cell membrane
of microbial groups in the rhizosphere. Incorporation of 13C in
PLFAs reflects the formation of new microbial cells and hence can
serve as an indicator for the growth of rhizosphere communities
(Kaiser et al., 2015). In comparison, extracted microbial biomass
following chloroform fumigation mainly comprises microbial cyto-
plasm (Hogberg et al., 2010), which can also be used for other
metabolic processes, for adjusting osmotic potentials (Karlowsky
et al., 2018b), or for storage (Mason-Jones et al., 2023). In 13C
pulse labeling experiments in mountain grasslands, Fuchslueger
et al. (2014) observed a reduced transfer and incorporation of assim-
ilates into bacteria after a 2-month drought, but not into associated
arbuscular mycorrhizal fungi. Growth-related lipid biomarkers
showed a stronger reduction under drought than metabolic com-
pounds, suggesting that drought shifts the metabolic turnover of rhi-
zospheric microorganisms (Karlowsky et al., 2018a). Further,
rewetting of mesocosms in a mountain grassland following experi-
mental summer drought led to rapid recovery of assimilate transfer
to microbial communities and of the communities’ use of the assim-
ilates (Karlowsky et al., 2018b). These results indicate high resilience
of the coupling between plant and the rhizosphere communities
processing new C from rhizodeposits (Ingrisch et al., 2020). Less
evidence is available for forests, possibly due to the methodological
challenges of performing 13C pulse labeling experiments with large
trees (Hogberg et al., 2010; Epron et al., 2012), but belowground C
allocation has been found to be highly sensitive to drought and sub-
sequent rewetting (Hagedorn et al., 2016; Nickel et al., 2018).

Experimental approaches that have been used to explore the
resistance and resilience of rhizosphere communities in forests
range from microcosm experiments with saplings under con-
trolled laboratory conditions (e.g. Solly et al., 2023) to manipula-
tion experiments in natural forest ecosystems (e.g. Wilhelm
et al., 2023). The magnitude of the effects of drought and rewet-
ting often decrease with increasing scale, most likely related to
the fact that more extreme conditions are generally applied in
smaller-scale experiments (Gao et al., 2020), to cofactors varying
in natural settings, and to a higher heterogeneity in natural eco-
systems combined with larger pool sizes, impeding the detection
of short-term effects (Schrumpf et al., 2011). Forest ecosystems
with large rooting systems and undisturbed soils that have devel-
oped for centuries to millennia are particularly heterogeneous,

making it challenging to translate findings from model ecosys-
tems to natural settings.

Here, we aimed to assess the resistance and resilience of rhizo-
sphere communities in forests to drought. We conducted our study
in the context of two large 13C pulse labeling experiments in two
forest ecosystem types, in which we traced the transfer of tree assim-
ilates to soil microbial communities during drought and after
rewetting: (1) young beech model ecosystems, with 2.5-m-tall
beech trees in open-top chambers exposed to a 2-month severe
drought followed by rewetting (Hagedorn et al., 2016) and (2) a
100-yr-old Scots pine forest, with 10- to 12-m-tall trees growing
under natural ‘moderate’ summer droughts and trees growing
under 15-yr experimental irrigation removing water limitation
(Joseph et al., 2020). In the mature forest experiment, rewetting
occurred as natural precipitation after a prolonged period without
rainfall. We compared the two forest ecosystem types to elucidate
how drought effects observed in model ecosystems can be translated
to natural forests and thus, to estimate the extent to which the
responses of rhizosphere communities to drought and rewetting
can be generalized. In previous assessments of these two experi-
ments, we have shown that the transfer of new tree assimilates to
soil microbial biomass and soil-respired CO2 is reduced by drought
but recovers rapidly after rewetting (Hagedorn et al., 2016; Gao
et al., 2021). These findings indicate that C allocation from trees to
the rhizosphere and the activity of the tree rhizosphere is highly
responsive to temporal changes in soil moisture, even in mature for-
ests (Joseph et al., 2020).

In this study, we specifically aimed to assess how the changes in
C transfer to the rhizosphere under drought and rewetting impacts
the microbial communities using these rhizodeposits. We traced the
13C label provided in the tree canopies of both experiments into
the microbial communities, which we determined by compound-
specific stable isotope analysis of PLFAs and comparing it with the
13C label in microbial cytoplasm. Our hypotheses were: (1) drought
would suppress the supply of recent tree assimilates to rhizosphere
communities, but the communities would recover rapidly upon
rewetting; (2) at the community level, fungi would be most drought
resistant in processing rhizodeposits, followed by gram-positive and
finally gram-negative bacteria; (3) at the cellular level, drought
would suppress the use of 13C-labeled rhizodeposits for new cell
membrane formation more strongly than metabolic uses in the
microbial cytoplasm, due to the need to maintain cells activity or to
adjust osmotic potentials at the expense of growth; and (4) regard-
ing the two forest ecosystem types, effect sizes would increase with
drought severity and decrease with ecosystem complexity and thus,
would be greater in the young beech model ecosystems (exposed to
a severe 2-month drought) than in the mature pine forest experien-
cing a comparably small natural drought intensity.

Materials and Methods

General setup: model ecosystem experiment with young
beech trees

In the model ecosystem study, young beech trees (Fagus sylvatica)
were grown for 4 yr in 16 large open-top chambers (OTCs; 3 m2,
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height 3.5 m; Fig. 1, Supporting Information Fig. S1). Each
OTC consisted of two 1.5-m deep lysimeters. One of them was
used for the pulse labeling and had been filled with a sandy acidic
forest soil with low soil organic C content (0.48%; Table 1).
Twenty-four beech trees had been planted in each lysimeter. The
OTCs had automated irrigation systems and sliding roofs that
closed automatically during rainfall. During the growing season,
the OTCs were irrigated every 2 or 3 d with 67 l m�2 of artificial
rainwater with a chemical composition similar to natural rainfall
(for details see Hagedorn et al., 2016). Four years after their
planting, when the trees had reached a height of 2.5 m, half
(eight) of the OTCs were exposed to an experimental drought
from 22 May until 1 August, which reduced the water supply by
78% compared with controls (n = 8 OTCs). Thereafter, these
OTCs were rewetted with 200 l m�2 for 1 d, followed by the
same irrigation regime as in the continuously irrigated
control OTCs.

Long-term irrigation experiment in a mature dry pine forest

The mature pine forest is a naturally regenerated forest, domi-
nated by c. 120-yr-old Scots pine (Pinus sylvestris; 10–12 m tall),
located in the dry inner-Alpine valley of the Rhone river in
southwestern Switzerland, close to the dry edge of the natural
distribution of the species. The research site (46°180N, 7°370E,

615 m a.s.l.; Bose et al., 2022) experiences a moderately conti-
nental climate with a mean annual temperature and precipitation
of 10.6°C and c. 575 mm, respectively. Soils are shallow Para-
rendzina with a mull- and Xeromoder-type organic layer devel-
oped on an alluvial fan (Guidi et al., 2022). The experimental

Fig. 1 The 13C pulse labeling experiments in
young beech model ecosystems (a, b) and in a
mature pine forest (c, d). In the model
ecosystems, all trees growing in one open-top
chamber were covered with plastic foil (with the
soil compartment additionally sealed from the air
space) and together exposed to 13CO2. In the
mature forest, whole crowns of single trees were
covered in transparent foil and exposed to the
label. In each experiment, trees were pulse-
labeled (arrows) during drought (1. pulse) and
following rewetting, either after experimental
rewetting or after natural rainfall (2. pulse). The
relative soil moisture at 10 cm depth in the model
ecosystems is given in (b), while values at 0–5 cm
depth in the mature pine forest are given in (d).
The black bars in (d) indicate natural precipitation
events. There were three replicates in the dry
period and four and two replicates after
rewetting in the young beech model ecosystems
and in the mature pine forest, respectively.

Table 1 Physical and chemical characteristics in the two forest ecosystems
used for the pulse labeling study.

Experiment
Young beech model
ecosystems

Mature pine
forest

pH (0.01M CaCl2) 4 6.5� 0.02
Soil texture
Sand (%) 85 51� 1.4
Silt (%) 8 38� 0.7
Clay (%) 5 11� 0.7
Stone content (g kg�1) 0 200� 50
Soil organic carbon (g C
kg�1)

4.8 75� 8

Total nitrogen (g N kg�1) 0.3 3.2� 0.3
C : N 16 23.6� 0.4
CEC (mmol kg�1) 24.1 303� 21

Mean and SEs of four dry control plots in the mature pine forest. In the
young beech model ecosystems, thoroughly mixed soil had been filled into
the lysimeters of the open-top chambers. C : N, ratio of soil total carbon to
total nitrogen; CEC, cation exchange capacity.
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site of 1.2 ha was randomly divided into eight plots of
259 40 m (1000 m2) each, separated by a 5-m-wide buffer area
(Guidi et al., 2022; Fig. S2). Irrigated plots were watered from
an adjacent hydrologically disconnected channel of the Rhone
river. Four randomly selected plots (further termed ‘irrigated’)
were irrigated by sprinklers with 5 mm of water per day on rain-
less nights during the vegetation period (from May to October),
doubling rainfall compared with the other four plots with natu-
rally dry conditions (further termed ‘dry control’).

13C pulse labeling

In both forest ecosystem types, 13C pulse labeling was applied in
two campaigns; the first one at the end of a drought period and the
second one c. 2 wk after rewetting. In the young beech model eco-
systems, 13C pulse labeling was conducted in six randomly selected
OTCs during drought (three experiencing drought and three
receiving irrigation) in mid July 2014 and in eight OTCs 2 wk after
rewetting (four experiencing rewetting after drought and four
receiving continuous irrigation) beginning of August. To avoid the
influence of previous 13C pulse labeling on the results, different
OTCs were used for the two different times of the pulse labeling
experiments (Fig. S1). All 24 trees in each OTC were placed in
custom-made 3-m-tall tents of transparent plastic foil. The tents
were flushed with CO2-free air, and the systems were then enriched
with 13C-labeled 13CO2 (50 : 50 of 12CO2 and

13CO2 with 99%
atom excess) for 2 h, keeping a constant CO2 concentration of
1500 ppm (for further details see Hagedorn et al., 2016).

In the mature pine forest, 12-m-tall scaffolds were installed
near tree canopies (n = 3 per treatment) to allow canopy access.
Here, we used the scaffolds to facilitate the whole-tree 13C pulse
labeling of 10 trees (five trees in three irrigated plots and five trees
in three dry control plots; Figs 1, S2). For the pulse labeling,
whole-tree canopies were wrapped with transparent plastic bags,
and highly enriched 13CO2 (99% atom excess) was then added
for 3 h. During the pulse labeling, concentrations of 13CO2 in
the plastic bags were maintained at c. 1500 ppm (for details see
Joseph et al., 2020). The first pulse labeling campaign was per-
formed with three pairs of trees (one drought-exposed and one
irrigated) at the end of August when the dry control plots experi-
enced a moderate drought (n = 3) while the other plots were con-
tinuously irrigated (n = 3). The second labeling campaign was
conducted 2 wk after a precipitation event at the beginning of
September 2017, using two pairs of trees (n = 2 experiencing
rewetting after drought; n = 2 receiving continuous irrigation).

CO2 flux rates from soil, and soil sampling

In both experiments, soil CO2 flux and d13C-CO2 were measured
from polyvinyl chloride (PVC) collars (10.5 cm in diameter)
inserted into soils to 3 cm depth. Two collars per OTC were used
in the young beech ecosystems, while in the pine forest collars
placed at 0.5 and 1m distance from each of the labeled trees were
used for sampling along three gradients (n = 6 per tree). Soil CO2

efflux was measured with a Li-8100 soil CO2 flux system (LI-COR
Inc., Lincoln, NE, USA). The d13C value of soil-respired CO2 was

determined using the closed-chamber method, that is by closing
each collar for 15–30min with a PVC lid, depending on efflux
rates. Gas samples were retrieved and stored for no more than 1 wk
in 12ml glass vials (Exetainer®; Labco, Lampeter, UK) before iso-
topic measurements. Two additional samples were taken from
ambient air near each tree. Gas samples were analyzed with a Gas
Bench II linked to a Delta V Plus mass spectrometer (Thermo Fin-
nigan MAT, Bremen, Germany).

In the beech model ecosystems, soils (5–10 cm depth) were
repeatedly sampled at three randomly selected locations per lysi-
meter using a 2-cm-diameter soil auger. The soil samples were
thoroughly mixed and passed through a 4-mm sieve while remov-
ing fine roots and stones. The samples were then immediately
transported to the laboratory, where they were frozen at �20°C
to prevent further processing of 13C-labeled components until
analysis. In the mature pine forest, soil samples were taken at 0–
2, 2–5, and 5–10 cm depth using the same 2-cm auger. To
obtain representative samples, 12 individual samples taken within
1 m distance from each tree trunk were combined. These samples
were evenly distributed among the three cardinal directions. Fol-
lowing collection, these soil samples were thoroughly mixed and
passed through a 4-mm sieve. All soil samples were then immedi-
ately frozen and stored in a field freezer until they were all trans-
ported to the laboratory. In both experiments, soil gravimetric
water content was assessed by drying the soil at 105°C for 24 h.
Values were converted to volumetric water contents using mea-
sured soil bulk density. Sampling dates were adjusted to match
the appearance of the 13C signal in rhizosphere respiration based
on continuous monitoring with laser systems (LGR-CCIA 36-d;
LosGatos Research Ltd, San Francisco, CA, USA; see Hagedorn
et al., 2016; Joseph et al., 2020).

Soil microbial biomass carbon

The chloroform fumigation extraction (CFE) method was used
to determine soil microbial biomass carbon (MBC; Joergen-
sen, 1996). This involved extracting unfumigated and fumigated
soils with 0.5M K2SO4 solution in a ratio of 1 : 4. While MBC
contents were taken from published work (Hagedorn et al.,
2016; Gao et al., 2021), the d13C values in MBC were deter-
mined by analyzing the d13C values in the extracts of the unfumi-
gated and fumigated soils in this study. The extractable organic C
was first oxidized with K2S2O8 and H3PO4 (Lang et al., 2012),
and d13C values and concentrations of released CO2 were then
measured, as described above for soil-respired CO2. Finally,
MBC contents were estimated by calculating the differences in
extractable organic C between fumigated and unfumigated soils
and dividing these values by 0.45 (Joergensen, 1996).

PLFA analysis

Phospholipid fatty acids (PLFAs) were analyzed with a modified
Bligh-Dyer method (Steger et al., 2011). Briefly, 2 g of freeze-
dried soil was extracted using a mixture of phosphate buffer,
chloroform, and methanol (0.8 : 1 : 2 v/v/v). Phospholipids were
then separated from total lipids using a silicic acid column
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(BondElut LRC-Si; Agilent Technologies Inc., Santa Clara, CA,
USA). Methyl nonadecanoate (19 : 0; Sigma-Aldrich, St Louis,
MO, USA) was added to the samples as an internal standard for
quantifying PLFAs. PLFAs concentrations were identified by gas
chromatography (Agilent 7890; Agilent Technologies) with an
Ultra-2 column. The d13C values of individual PLFAs were
determined using a gas chromatography-combustion-isotope
ratio mass spectrometer (GC-C-IRMS: HP5890 GC; Agilent
Technologies) coupled to a Delta V Plus mass spectrometer
(DELTA Plus XP; Thermo Finnigan, Bremen, Germany).

The PLFAs 18:1x9 and 18:2x6,9 are considered markers for
fungi (Kaiser et al., 2010). As 18:2x6,9 is most closely associated
with the tree rhizosphere (Streit et al., 2014), its 13C label can be
regarded as an indicator for ectomycorrhizal fungi (Hogberg
et al., 2010). The PLFAs 16:1x7, 18:1x7, cy17:0, and cy19:0
are used as markers for gram-negative bacteria (Zelles, 1999);
i15:0, a15:0, i16:0, i17:0, and a17:0 for gram-positive bacteria
(Zelles, 1997); 10Me16:0 and 10Me18:0 for actinobacteria
(Zelles, 1999); and 16:1w5 for arbuscular mycorrhizal fungi
(AMF) (Joergensen, 2022).

Calculations and statistical analyses

Mass balance equations were used to estimate d13C values of soil-
respired CO2 considering chamber and ambient air (Streit
et al., 2014), as well as in MBC based on extracts of fumigated
and unfumigated soils (e.g. Gao et al., 2021; Notes S1). For the
13C enrichment resulting from the 13C input of rhizodeposits
into soil CO2 efflux, MBC or PLFAs, Dd13C was calculated as
the difference in d13C values of pulse-labeled and nonlabeled
trees. The total 13C mass (13C excess) for CO2, MBC or PLFA
was calculated according to Gao et al. (2021), that is by multiply-
ing pool sizes by the atom fraction based on the 13C label strength
(Notes S1). The uptake of 13C by trees was estimated by sam-
pling foliage after pulse labeling and converting the 13C label of
these leaves to 13C excess by measuring foliage biomass after the
experiment for the beech model ecosystems (Hagedorn
et al., 2016) and by applying an allometric tree function for the
pine forest (Joseph et al., 2020). In addition, the response ratio,
that is the logarithm of the ratio of the values of drought-exposed
trees to the values of irrigated trees (loge(drought/irrigated)), was
used to explore the magnitude of the drought effect on variables.

Data were analyzed by fitting linear mixed effects models with
maximum likelihood, using the ‘lme’ function in the NLME pack-
age (v.3.1-162) in R software v.3.5.3 (R Development Core
Team, 2018). In the models, experiment (mature pine forest vs
young beech model ecosystems), timing (labeling campaigns
before rewetting vs after rewetting), and treatment (irrigated vs
drought) were included as fixed effects, and individual trees and
the tree pairs used in the pair-wise pulse labeling were included as
random effects. In models that considered data from all dates, an
autocorrelation structure (‘corAR1’ function in the NLME pack-
age) was included to account for repeated measurements with a
first-order autoregressive covariate structure. T-tests were carried
out to test whether there were statistically significant differences
in 13CO2,

13C-MBC, and 13C-PLFA between the treatments

overall or at single time points. In addition, principal component
analysis (PCA) and partial redundancy analysis (RDA) were per-
formed to evaluate changes in soil microbial community compo-
sition under the different treatments in both experiments. All
statistical analyses were performed and all figures were created
using R software v.3.5.3. Reported values are mean� SE.

Results

Drought and rewetting patterns

Drought significantly reduced soil water content in both experi-
ments. In the young beech model ecosystems, soil water content
decreased to 8.5%-vol at 10 cm depth during the 2-month
experimental drought (Fig. 1). The continuously irrigated soils
maintained a constant soil water content of 21%-vol. Rewetting
immediately increased the soil water content of dry soils to
almost the same level as in the irrigated OTCs. In the mature
pine forest, the natural drought was more moderate, with soil
water content reaching a minimum of 13%-vol. There was a pre-
cipitation event between the two pulse-labeling campaigns, which
increased soil water content to 30%-vol in the uppermost 5 cm,
with values briefly reaching levels similar to those in the continu-
ously irrigated soils before the rainfall (Fig. 1). The rewetting
effect was confined to the upper 5 cm of soil (see Joseph
et al., 2020).

Microbial biomass and community structure

Microbial biomass and the concentrations of total PLFAs and
specific PLFA biomarkers were substantially smaller in soils of
young beech model ecosystems (SOC content 4.8 g C kg�1) than
in the mature pine forest (SOC content 75 g C kg�1; Tables 1,
2). Conversely, the ratio of gram-positive to gram-negative bac-
teria was significantly higher in the beech model ecosystems than
in the mature pine forest (P < 0.0001, Table 2). There were no
significant differences between the two forest types in the ratio of
fungi to bacteria (P = 0.922, Table 2). Microbial biomass and
total PLFAs remained unaffected by the water regime (Table 2).
Similarly, the ratios of fungi to bacteria and of gram-positive to
gram-negative bacteria showed no overall drought effect
(Table 2). However, when the experiments were analyzed sepa-
rately, the ratio of gram-positive to gram-negative bacteria was
significantly higher in dry than in irrigated soils in the pine forest
(P < 0.001) but remained unaffected by drought in the beech
model ecosystems (P = 0.22; Table 2). The PCA of all PLFAs
components confirmed this result, revealing distinctly different
communities at the group level under natural drought and long-
term irrigation in the mature pine forest, while microbial com-
munities remained unaffected in the beech model ecosystems
(Fig. S3).

13C tracing

Under constantly moist conditions, the 13C pulse added to tree
crowns appeared in soil-respired CO2 and in CFE-microbial
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biomass c. 1 d after labeling in the beech model ecosystems and 4 d
after labeling in the mature pine forest (Fig. 2). The Dd13C values
reflecting the 13C enrichment from the pulse labeling was greater
in the beech model ecosystems than in the mature pine forest. The
appearance of the 13C label was significantly delayed in PLFAs
compared with in microbial biomass, peaking 15 d after the label-
ing in the fungal biomarker 18:2x6,9 in the mature pine forest. In
gram-positive and gram-negative bacteria, the label remained con-
stant until day 30 (Fig. 2). In both forest types, the Dd13C values
were much greater in CFE-microbial biomass than in PLFAs
(Fig. 2; Table S1). Within PLFAs, Dd13C values showed different
patterns among microbial groups, with the strongest signal in the
fungal biomarker 18:2x6,9 (Fig. 2). Gram-positive and gram-
negative bacteria had similar 13C enrichments. Actinobacteria did

not incorporate a significant 13C label, with Dd13C values not
exceeding SDs of unlabeled trees.

Drought conditions decreased 13C uptake by trees by 84% in
the beech model ecosystems but only by 17% in the mature pine
forest (PDrought < 0.05; Table 3; Hagedorn et al., 2016; Joseph
et al., 2020). Under drought, the transfer of 13C-labeled assimi-
lates into the rhizosphere was delayed compared with under irri-
gated conditions, and Dd13C values were lower in soil-respired
CO2 and CFE-microbial biomass (PDrought < 0.05; Figs 2, 3;
Table 3). The response ratios for peaks of 13C enrichment were
higher in young beech ecosystems exposed to strong experimental
drought than in the mature pine forest experiencing moderate
natural drought (PExperiment 9 Drought < 0.05; Fig. 3; Table S1).
Overall, drought suppressed 13C enrichment in PLFAs, but

Fig. 2 The 13C signal derived from 13C pulse labeling (Dd13C = d13Cpulse� d13C ambient) under drought and 2wk after rewetting in young beech model
ecosystems (0–10 cm depth; a–j) and in a mature pine forest (0–5 cm depth; k–t). Means and SEs are shown of three replicates in the dry period and of four
and two replicates after rewetting in the young beech model ecosystems and mature pine forest, respectively. The data on soil-respired CO2 and CFE-
microbial biomass are taken from Hagedorn et al. (2016) and Gao et al. (2021). Note that the scale of the 13C enrichment is different for the two
ecosystem types. An asterisk indicates a significant difference between the drought or drought–rewetted and the irrigated treatments at a given time point
based on t-tests (P < 0.05). CFE, chloroform fumigation extraction.

� 2024 The Authors

New Phytologist� 2024 New Phytologist Foundation

New Phytologist (2024)
www.newphytologist.com

New
Phytologist Research 7

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.19612 by Paul Scherrer Institut PSI, W

iley O
nline L

ibrary on [27/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
ab

le
3

1
3
C
ex

ce
ss

in
tr
ee

b
io
m
as
s,
so
il-
re
sp
ir
ed

C
O

2
,
ch
lo
ro
fo
rm

fu
m
ig
at
io
n
ex

tr
ac
ti
o
n
(C
FE
)-
m
ic
ro
b
ia
lb

io
m
as
s,
an

d
in

m
ic
ro
b
ia
lg

ro
u
p
s
as
se
ss
ed

b
y
p
h
o
sp
h
o
lip
id

fa
tt
y
ac
id
s
(P
LF
A
s)
an

d
st
at
is
ti
ca
l

si
g
n
ifi
ca
n
ce

o
f
ex

p
er
im

en
t
an

d
w
at
er

re
g
im

e.

Ex
p
er
im

en
t

T
im

in
g

T
re
at
m
en

t
T
re
e
u
p
ta
ke

R
es
p
ir
ed

C
O

2
(3
0
d
)

M
ic
ro
b
ia
lb

io
m
as
s

P
LF
A
1
8
:2
w
6
,9

G
ra
m
-p
o
si
ti
ve

b
ac
te
ri
a

G
ra
m
-n
eg

at
iv
e

b
ac
te
ri
a

m
g

1
3
C
m

�
2

m
g

1
3
C
m

�
2
3
0
d
�
1

m
g

1
3
C
kg

�
1

n
m
o
l1

3
C
kg

�
1

n
m
o
l1

3
C
kg

�
1

n
m
o
l1

3
C
kg

�
1

Y
o
u
n
g
b
ee
ch

m
o
d
el

ec
o
sy
st
em

s
D
ry

p
er
io
d

Ir
ri
g
at
ed

1
1
6
3
�
1
1
7

2
1
8
�
3
4

0
.0
6
�
0
.0
2

7
.9

�
4
.4

1
.8

�
0
.1
1

2
.8

�
0
.2
4

D
ro
u
g
h
t

1
8
6
�
9
2

5
2
�
1
3

0
.0
1
�
0
.0
0
4

1
.8

�
1
.2

0
.7
9
�
0
.2
0

1
.5

�
0
.3
8

R
ew

et
te
d

Ir
ri
g
at
ed

8
2
2
�
1
8
9

1
6
3
�
5
8

0
.0
6
�
0
.0
1

1
5
.5

�
4
.3

2
.5

�
0
.5
7

4
.8

�
1
.2

R
ew

et
te
d

9
0
6
�
2
0
3

2
7
0
�
5
8

0
.1
1
�
0
.0
2

1
7
.1

�
9
.0

4
.6

�
0
.7
3

9
.1

�
2
.6

M
at
u
re

p
in
e
fo
re
st

D
ry

p
er
io
d

Ir
ri
g
at
ed

9
9
1
3
�
9
4
6

1
8
4
4
�
2
7
1

0
.5
5
�
0
.2
8

2
.5

�
0
.4

0
.9
3
�
0
.0
4

3
.0

�
0
.1
7

D
ro
u
g
h
t

8
2
0
0
�
9
7
7

6
9
4
�
9
5

0
.3
0
�
0
.0
9

0
.7

�
0
.1

0
.6
0
�
0
.1
5

1
.6

�
0
.3
3

R
ew

et
te
d

Ir
ri
g
at
ed

1
3
3
5
0
�
5
8

2
0
0
2
�
1
3
6

0
.2
2
�
0
.0
7

1
.2

�
0
.1

0
.3
5
�
0
.0
1

1
.5

�
0
.0
5

R
ew

et
te
d

1
1
7
7
7
�
7
7
6

1
4
9
9
�
1
4
9

1
.1
8
�
0
.4
3

2
.2

�
1
.1

0
.8
7
�
0
.1
0

2
.0

�
0
.1
5

St
at
is
ti
ca
ls
ig
n
ifi
ca
n
ce

Ex
p
er
im

en
t

0
.0
0
0
1

0
.0
0
0
2

0
.0
0
0
8

0
.0
0
7

0
.0
0
2

0
.0
2
0

T
re
at
m
en

t
0
.0
6
1

0
.0
5
1

0
.8
8
4

0
.1
4
0

0
.8
5
7

0
.5
9
4

T
im

in
g

0
.0
2
1

0
.0
0
7

0
.0
4
0

0
.0
1
6

0
.0
0
8

0
.0
0
4

Ex
p
er
im

en
t
9

T
re
at
m
en

t
0
.1
2
0

0
.2
8
1

0
.2
0
0

0
.6
7
7

0
.8
5
0

0
.3
6
9

Ex
p
er
im

en
t
9

T
im

in
g

0
.4
7
0

0
.6
5
3

0
.1
5
3

0
.1
0
2

0
.0
1
4

0
.0
1
7

T
re
at
m
en

t
9

T
im

in
g

0
.0
3
5

0
.0
1
1

0
.0
1
1

0
.0
9
3

0
.0
0
8

0
.0
2
3

Ex
p
er
im

en
t
9
T
re
at
m
en

t9
T
im

in
g

0
.0
5
2

0
.1
1
0

0
.9
3
7

0
.8
2
3

0
.7
6
2

0
.5
9
7

D
ry

p
er
io
d

Ex
p
er
im

en
t

0
.0
0
0
6

0
.0
0
0
3

0
.0
0
3

0
.1
3
9

0
.0
8
4

0
.6
3
5

D
ro
u
g
h
t

0
.0
3
3

0
.0
0
3

0
.0
6
6

0
.0
2
8

0
.0
2
5

0
.0
2
5

Ex
p
er
im

en
t
9

D
ro
u
g
h
t

0
.0
3
4

0
.2
7
5

0
.2
6
3

0
.7
7
4

0
.3
5
6

0
.9
0
5

R
ew

et
te
d

p
er
io
d

Ex
p
er
im

en
t

0
.0
5
7

0
.0
8
1

0
.0
8
2

0
.0
9
2

0
.0
5
3

0
.0
8
7

R
ew

et
te
d

0
.9
4
7

0
.4
5
4

0
.1
5
2

0
.9
5
9

0
.3
0
5

0
.9
8
0

Ex
p
er
im

en
t
9

R
ew

et
te
d

0
.7
3
1

0
.3
5
7

0
.2
6
1

0
.7
4
8

0
.4
2
7

0
.2
8
3

Ef
fe
ct

si
ze

0
.9
9

1
.2
0

3
.5
8

1
.4
9

2
.1
7

1
.6
2

P
ea

k
1
3
C
ex

ce
ss

va
lu
es

w
er
e
u
se
d
fo
r
m
ic
ro
b
ia
lb

io
m
as
s
an

d
P
LF

A
s.
So

ils
w
er
e
an

al
yz
ed

in
tw

o
ti
m
e
p
o
in
ts
(i
n
cl
u
d
ed

in
lin
ea

r
m
ix
ed

m
o
d
el
s
as

th
e
fi
xe

d
ef
fe
ct

‘t
im

in
g
’)
,
d
u
ri
n
g
d
ro
u
g
h
t
an

d
2
w
k
af
te
r

re
w
et
ti
n
g
.
H
en

ce
,
d
ro
u
g
h
t
ef
fe
ct
s
w
er
e
te
st
ed

w
it
h
th
e
fi
xe

d
ef
fe
ct

‘d
ro
u
g
h
t’
in

th
e
d
ry

p
er
io
d
an

d
d
ry
in
g
–r
ew

et
ti
n
g
ef
fe
ct
s
w
er
e
te
st
ed

w
it
h
th
e
in
te
ra
ct
io
n
te
rm

‘d
ro
u
g
h
t
9

ti
m
in
g
’.
‘T
re
at
m
en

t’
in
cl
u
d
es

th
e
d
ro
u
g
h
t
tr
ea
tm

en
t
d
u
ri
n
g
th
e
d
ry

p
er
io
d
an

d
af
te
r
re
w
et
ti
n
g
.
V
al
u
es

ar
e
m
ea

n
s
�

SE
s
o
f
th
re
e
re
p
lic
at
es

in
th
e
d
ry

p
er
io
d
an

d
o
f
fo
u
r
an

d
tw

o
re
p
lic
at
es

af
te
r
re
w
et
ti
n
g
in

th
e
yo

u
n
g

b
ee

ch
m
o
d
el
ec
o
sy
st
em

s
an

d
m
at
u
re

p
in
e
fo
re
st
,
re
sp
ec
ti
ve

ly
.
B
o
ld

va
lu
es

in
d
ic
at
e
st
at
is
ti
ca
lly

si
g
n
ifi
ca
n
t
d
if
fe
re
n
ce
s
(P

<
0
.0
5
).
T
h
e
d
at
a
o
n
so
il-
re
sp
ir
ed

C
O

2
an

d
C
FE

-m
ic
ro
b
ia
lb

io
m
as
s
ar
e
ta
ke

n
fr
o
m

H
ag

ed
o
rn

e
t
a
l.
(2
0
1
6
)
an

d
G
ao

e
t
a
l.
(2
0
2
1
).

New Phytologist (2024)
www.newphytologist.com

� 2024 The Authors

New Phytologist� 2024 New Phytologist Foundation

Research

New
Phytologist8

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.19612 by Paul Scherrer Institut PSI, W

iley O
nline L

ibrary on [27/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



responses varied strongly among individual PLFAs and microbial
groups (Figs 2, 3). The fungal PLFA 18:2x6,9 showed the stron-
gest drought-induced reduction in Dd13C, by 85% averaged
across the two forest types (PDrought < 0.001). Gram-positive bac-
teria were the least affected by drought, decreasing in Dd13C by
65% and 23% in the beech model ecosystems and pine forest,
respectively (Table S1).

Two weeks after rewetting, 13C uptake by previously drought-
affected trees was the same as by continuously irrigated trees
(Table 3). In rewetted soils in both experiments, the 13C enrich-
ment of soil-respired CO2, CFE-microbial biomass, and PLFAs of
fungi and gram-negative bacteria strongly increased compared with
during the drought period (Figs 2, 3; PDrought 9 Timing < 0.05;
Table S1). The 13C incorporation into the microbial communities
of the rewetted soils even surpassed that in the constantly moist con-
trol soils, reflected in positive response ratios for almost all PLFAs
(except i17:0; Fig. 3). However, when tested solely for the rewetted
period, this effect was only significant for gram-negative and gram-
positive bacteria in the beech model ecosystems. During this period,
the response ratios did not differ significantly from zero for soil-
respired CO2, CFE-microbial biomass, or fungal PLFAs, although
their peak Dd13C values were 88–130% higher in previously
drought-exposed, rewetted soils than in continuously moist soils.

The 13C excess in PLFAs showed the same pattern, with smal-
ler values under drought than under irrigation during the dry

period (PDrought < 0.05; Table 3), but higher values upon rewet-
ting (PDrought 9 Timing < 0.05). Although 13C excess was 83%,
148%, and 33% higher in fungi, gram-negative, and gram-
positive bacteria in rewetted than in continuously moist soils,
these effects were statistically nonsignificant when tested for the
rewetted period only (Fig. 4; Table 3).

Ratios of Dd13C of total PLFAs to CFE-microbial biomass
were significantly affected by the water regime in both forest
types (PDrought 9 Timing < 0.05), with smaller values under
drought (Fig. 5; Table 2). After rewetting, the ratio increased
strongly in the beech model ecosystems. A rewetting effect did
not occur in the pine forest with a milder drought. PLFAs sup-
pression under drought was most pronounced for the fungal bio-
marker 18:2x6,9 (PDrought < 0.01 in both experiments;
Table S2). For gram-positive and gram-negative bacteria, rewet-
ting increased the ratio in the young beech model ecosystems
(PDrought < 0.05) but decreased it in the mature pine forest
(PDrought < 0.05; Table S2).

Discussion

Our 13C pulse labeling experiments reveal a tight coupling of
above- and belowground communities in forest ecosystems.
Carbon assimilated in the tree canopy was transferred to micro-
bial communities colonizing the rhizosphere within 1 and 4 d

Fig. 3 Response ratio of 13C signals derived from
13C pulse labeling under drought and 2 wk after
rewetting in young beech model ecosystems (0–
10 cm, a) and in a mature pine forest (0–5 cm, b).
For tree uptake and soil respiration, the response
ratio was estimated from 13C excess, while peak
Dd13C values were used for microbial biomass
(MB) and phospholipid fatty acids. Note that a
response ratio of 0.69 corresponds to a doubling.
Statistical effects of 13C excess and peak Dd13C
values can be found in Table 3 and Supporting
Information Table S1, respectively. Means and
SEs are shown of three replicates in the dry
period and of four and two replicates after
rewetting in the young beech model ecosystems
and mature pine forest, respectively. The data on
soil-respired CO2 and chloroform fumigation
extraction (CFE)-MB are taken from Hagedorn
et al. (2016) and Gao et al. (2021).
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of labeling in the young beech forest model ecosystems and
mature Scots pine forest, respectively. In both forest types,
incorporation of the 13C label by the rhizosphere communities
was strongly suppressed by drought but recovered when the

label was applied 2 wk following rewetting. This implies that C
allocation to the belowground and the use of rhizodeposits by
the microbial community are highly resilient in the face of
drought.

Fig. 4 Temporal dynamics of 13C excess in phospholipid fatty acids in microbial communities under drought and rewetting in the young beech model
ecosystems (a) and in the mature pine forest (b). Means are shown of three replicates in the dry period and of four and two replicates after rewetting in the
young beech model ecosystems and mature pine forest, respectively.
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Drought reduces 13C incorporation by rhizosphere
communities

The reduced rhizodeposition and slower C processing by rhizo-
sphere communities in the two forest types under drought agrees

with findings from 13C pulse labeling experiments in grasslands,
where microbial communities received and processed assimilates
within a few hours (Fuchslueger et al., 2016; Karlowsky
et al., 2018b). However, as opposed to in grassland experiments,
where allocation of assimilates to fungal symbionts, in particular,
remained unaffected by drought (Bahn et al., 2013; Fuchslueger
et al., 2016), we observed the strongest decrease under drought
for 13C incorporation into fungal 18:2x6,9 (Fig. 3), serving as a
biomarker for ectomycorrhizal (ECM) fungi (Hogberg et al.,
2010). One reason for the divergent drought responses of fungal
symbionts in grasslands and forests could be that arbuscular
(AM) fungi associated with graminoids are less sensitive to
drought than ECM fungi associated with trees (Gehring et al.,
2017). However, comparative studies between mycorrhizal types
and species are rare. Unfortunately, tracing 13C into PLFAs can
only elucidate microbial substrate use at the group level. The 13C
label strength provided by 13C enrichment experiments in forests
is too small for stable isotope probing (SIP), which would make
it possible to determine 13C incorporation also at the family or
genus level (Dumont & Murrell, 2005). In the same long-term
irrigation experiment in the mature pine forest as in our study,
454-pyrosequencing of ribosomal marker genes by Hartmann
et al. (2017) revealed bidirectional drought effects on typical
ECM Agaricomycetes, which responded either negatively
(e.g. Inocybe, Rhizopogon) or positively (e.g. Tricholoma, Cra-
terellus) relative to under irrigated conditions. Nonetheless, our
13C pulse labeling experiments in both forest types reveal that
drought reduces the assimilate supply of fungal symbionts. As
mycorrhizal fungi facilitate water and nutrient uptake by trees
(Puschel et al., 2020), this in turn may weaken the overall resis-
tance of forests to drought.

The suppressed incorporation of the 13C label by rhizosphere
communities under drought could be driven by water limitation
of microbial activity (Schimel et al., 2007) and/or by less assimi-
late transfer from trees (Prescott et al., 2020), resulting from
reduced 13C uptake by trees, slower formation of sugars in foliage
(Ruehr et al., 2009), and slower assimilate transport via phloem
tissue (Gao et al., 2021; Werner et al., 2021; Hikino
et al., 2022). Our findings support both mechanisms. In the
beech model ecosystems, 13C uptake by trees was strongly
reduced under severe drought (�84%; Table 3), with drought
also decreasing the amount of assimilates available for below-
ground allocation. This result strongly suggests a tree-driven
reduction of 13C incorporation into the rhizosphere communities
(�67%; Table 3). However, in the pine forest, 13C uptake by
trees remained almost unaffected by the moderate drought
(�17%; Table 3). Nevertheless, the incorporation of 13C-labeled
assimilates by the rhizosphere communities (�72% for fungi)
and rhizosphere respiration (�62%) were reduced, indicating
that rhizosphere activity in the topsoil was suppressed by
drought. A decrease in assimilate use by the rhizosphere implies
that the microorganisms reduce the overall C use by trees and
hence their sink activity, which may potentially feedback on C
assimilation by trees (Gessler & Grossiord, 2019). However,
additional studies are needed to quantify the importance of feed-
backs between rhizosphere communities and trees.

Fig. 5 Ratios of Dd13C in phospholipid fatty acids (PLFAs) vs in chloroform
fumigation extraction (CFE)-microbial biomass at the peak of the 13C signal,
2 and 10 d after pulse labeling in the young beech model ecosystems (a–d)
and in the mature pine forest (e–h), respectively. The incorporation of new
assimilates into PLFAs, that is major components of cell membrane, signifies
the formation of new cells. Meanwhile, 13C inputs into CFE-microbial
biomass, primarily composed of microbial cytoplasm, encompass carbon
used for osmoregulation, storage, and metabolic processes. Means and SEs
are shown of three replicates in the dry period and of four and two
replicates after rewetting in the young beech model ecosystems and mature
pine forest, respectively. An asterisk indicates a significant difference
between the drought or drought–rewetted and the irrigated treatments
based on t-tests (P < 0.05).
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High resilience of rhizosphere activity upon rewetting

Our finding of pronounced increases in the 13C label in micro-
bial communities in the rhizosphere after rewetting, to at least
the same level as in continuously moist soils, in both forest eco-
system types (Fig. 3) signifies high resilience to drought of the
functioning of rhizosphere communities in forests. In our study,
we can exclude immediate impacts of rewetting on microbial
communities, such as microbial cell lysis (Schimel et al., 2007),
as we conducted our 13C pulse labeling experiments 2 wk after
rewetting while such direct rewetting effects are confined to the
first few days (Manzoni et al., 2012). The primary reason for
the high resilience seems to be the rapid recovery of belowground
C allocation by trees following drought. This fast recovery appar-
ently involved rapid phloem transport of assimilates from tree
canopies to the rhizosphere a few days after rewetting, similar to
observations in trees receiving a continuous water supply (Hage-
dorn et al., 2016; Joseph et al., 2020; Hikino et al., 2022). Inter-
estingly, in our study the 13C incorporation into the microbial
communities and rhizosphere respiration in rewetted (previously
drought-exposed) soil often surpassed that observed for continu-
ously moist soils in both forest ecosystem types (Fig. 3). Since
13C uptake by trees under rewetting reached only the same level
as that of continuously watered trees, the stronger 13C label
implies a preferred assimilate transfer and incorporation by rhizo-
sphere communities, indicating their crucial role in whole-plant
functioning. In support of this, the previous pulse labeling studies
in the same mature pine forest revealed rapid recovery of below-
ground allocation (Joseph et al., 2020; Gao et al., 2021). In the
young beech model ecosystems, there was an ‘overshooting’, that
is greater belowground allocation upon rewetting in previously
drought-exposed trees than in trees that had been irrigated con-
tinuously (Hagedorn et al., 2016). The high priority of drought-
exposed trees to investing in their rhizosphere during recovery
from drought could be explained by the metabolic need of roots
and mycorrhiza for water and nutrients acquisition (Hagedorn
et al., 2016; Hikino et al., 2022). We assume that the overshoot-
ing after rewetting was only transient, as both forest systems
experienced droughts in the years before our study and both
showed suppressed 13C transfer to their rhizospheres and their
communities under drought (Fig. 2). Overall, the 13C labeling
experiments in the two forest systems give evidence that rhizo-
sphere communities and trees are closely coupled and that this
coupling can change within days in response to drying and rewet-
ting, even in forests with trees more than 100 yr old.

Drought and rewetting effects on microbial substrate use

Our 13C pulse labeling experiments indicate that drought and sub-
sequent rewetting alter the functional use of rhizodeposits by micro-
bial communities for growth, maintenance and osmoregulation.
Under drought, there was a stronger decline of assimilates being
incorporated into PLFAs than into microbial cytoplasm, especially
for fungal 18:2x6,9 and gram-negative bacteria (Fig. 5; Table S2).
We interpret this pattern as a shift in allocation of fresh substrate by
microorganisms under drought conditions, from processes related

to growth to those linked to survival. Since PLFAs are components
of cell membrane, their weaker 13C signal in dry soils reflects
reduced formation of new cells, which is indicative of suppressed
cellular replication (Kaiser et al., 2015). By comparison, microbial
cytoplasm assessed as CFE-microbial biomass (Hogberg
et al., 2008; Lorenz et al., 2021) consists primarily of compounds
used for metabolic processes with high turnover rates (Malik
et al., 2016), for regulation of osmotic potentials (Karlowsky
et al., 2018a), and for storage (Mason-Jones et al., 2023). Conse-
quently, the lower ratio of the 13C signal in PLFA to that in micro-
bial cytoplasm under drought (Fig. 5) strongly suggests that
rhizosphere microorganisms shifted their use of fresh rhizodeposits
toward osmoregulation, storage and maintenance. These findings
support those from a recent study by Mason-Jones et al. (2023),
that microorganisms invest primarily in storage instead of replica-
tive growth in times of reduced C supply (as under drought in our
experiments). In our study, different microbial groups showed
divergent drought responses regarding the ratios of the 13C signal
in PLFAs vs in microbial cytoplasm. The 13C incorporation into
fungi and gram-negative bacteria relative to the incorporation into
microbial cytoplasm decreased under drought. By contrast, gram-
positive bacteria showed a slightly stronger 13C signal than micro-
bial biomass, signifying that they may even profit from drought.
Gram-positive bacteria have a thicker peptidoglycan cell membrane
layer than gram-negative bacteria, providing them with greater
resistance to drought (Schimel et al., 2007; Manzoni et al., 2012).
Our results suggest that this gives gram-positive bacteria an advan-
tage under drought, which supports DNA-based findings from the
same mature pine forest showing a strong proportional enrichment
of the gram-positive Actinobacteria under drought (Hartmann
et al., 2017).

Two weeks after rewetting, the ratios of 13C in PLFAs vs micro-
bial cytoplasm changed considerably in the young beech model eco-
systems, with higher ratios in rewetted soils following drought than
in continuously moist soils. This finding suggests a preferred alloca-
tion of fresh assimilates to new microbial cell membrane rather than
to cytoplasm, which could be attributed either to microbial growth
or to the repair of cell membrane upon rewetting (Amato
et al., 2010). By contrast, in the mature pine forest, the ratios
remained lower in the dry control than in the irrigated plots after
the rainfall event. One obvious explanation for this discrepancy is
the lower intensity of the rewetting in the pine forest, which did
not completely relieve drought conditions (Fig. 1). Alternatively,
the long-term adaptation of the rhizosphere communities in the
pine forest to repeated summer droughts, with an increasing contri-
bution of oligotrophs (Hartmann et al., 2017), might have caused
smaller rewetting responses in terms of substrate use.

Differences between forest types and long-term effects

While the two ecosystem types showed similar patterns of 13C
incorporation into their rhizosphere communities during
drought and after rewetting, the effects were larger in the young
beech ecosystems than in the mature pine forest. We relate this
finding primarily to the greater intensity of drought and rewet-
ting in the beech model ecosystems compared with in the pine
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forest, which experienced only natural rainfall events. Differences
in tree size might have additionally contributed to the discrepan-
cies in effect sizes. Specifically, the larger pine trees presumably
stored greater amounts of C than the young beech trees, which
could have caused a buffering of short-term changes in C assimi-
lation, transport and use in the pine forest. In support of this lat-
ter explanation, the magnitude of the drought effect on 13C
uptake by trees, on photosynthesis, and tree nonstructural carbo-
hydrate content was greater in the young beech ecosystems than
in the mature pine forest (Hagedorn et al., 2016; Schonbeck
et al., 2018; Joseph et al., 2020).

In contrast to the incorporation of 13C-labeled assimilates by
the rhizosphere communities, the microbial community structure
(as assessed by PLFA concentrations) remained unaffected by
drought in the beech model ecosystems but showed significant
responses in the pine forest. Specifically, the ratio of gram-
positive to gram-negative bacteria was higher in dry soil than in
irrigated soil in the pine forest (Table 2). We attribute the greater
effect size in the pine forest to the longer experimental duration
(15 vs 2 yr in the beech model ecosystems). The observed com-
munity shifts in the pine forest could have resulted either from
long-term adaptation of the microbial communities to changes in
soil moisture or from changed soil properties and substrate avail-
ability associated with the different water regimes. The latter
explanation is supported by observation of an altered vertical dis-
tribution of soil organic matter (SOM) with long-term irrigation
in the pine forest, with SOM losses in the organic layer but gains
in mineral soil horizons (Guidi et al., 2022). Our finding of
increased ratios of gram-positive to gram-negative bacteria under
drought in the pine forest suggests a shift toward communities
using more recalcitrant SOM compared with labile plant-derived
C (Fanin et al., 2014). This is consistent with amplicon sequen-
cing findings from the same pine forest, showing that the dry
soils had greater abundances of bacteria with an oligotrophic life
strategy than irrigated soils (Hartmann et al., 2017).

Conclusions

Overall, the 13C pulse labeling experiments in the two contrasting
forest ecosystem types demonstrate that the incorporation of tree
assimilates into rhizosphere communities is highly sensitive to
drought and subsequent rewetting. (1) At the cellular level, the 13C
tracing show a shift in the microbial use of rhizodeposits under
drought and rewetting. In dry soils, fewer rhizodeposits were incor-
porated into cell membrane, instead being preferentially trans-
ferred into the cytoplasm of the rhizosphere communities. This
result suggests that new C from rhizodeposits was predominantly
used for osmoregulation or storage, at the expense of new cell for-
mation. Upon rewetting following severe drought in the beech
model ecosystems, a greater proportion of new rhizodeposits was
incorporated into microbial cell membrane, potentially to repair
cells and regain microbial growth. (2) At the community level,
fungi showed the strongest reduction in assimilate incorporation
under drought among the microbial groups. (3) Despite the com-
mon response patterns of the two contrasting forest ecosystem
types to drought and rewetting, the effect sizes of 13C

incorporation into the rhizosphere communities were greater in
the beech model ecosystems experiencing stronger drought and
rewetting. More studies in natural settings are required to fully
understand the influence of the soil properties, tree species, and
drought regime on the resistance and resilience of above- and
belowground linkages under drought.
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Fig. S1 Experimental setup of the young beech model ecosystems
used for the 13C-pulse labeling during drought and 2 wk after
rewetting.

Fig. S2 Distribution of scaffolds and the 10 13C pulse-labeled
trees in dry control and irrigated plots in the mature pine forest.

Fig. S3 Principal component analysis and partial redundancy
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nities in the young beech model ecosystems and in the mature
pine forest.
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balance.
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ment originating from 13C pulse labeling.
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