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Abstract 
Aims The composition of soil fungal communities 
is known to impact tree performance. However, fun-
gal communities differ among soils with different pre-
cipitation histories and may change during drought. 
This study aimed to determine the influence of soil 
origin and associated climate adaptation of fungal 
communities on European beech seedlings’ drought 
responses.
Methods Seedlings were established from the 
same seed source and grown in three soils with dif-
ferent precipitation histories but similar water reten-
tion properties. One year after establishment, half of 

the seedlings were exposed to a two-month drought 
with predawn leaf water potentials of about –1.5 
MPa, the other half remained well-watered (control). 
Before and during the drought, soil and root fungal 
community composition, root architecture, seedling 
growth, carbon allocation and leaf physiology were 
determined.
Results The drought effect on the fungal community 
composition was the lowest in dry region soils, sug-
gesting a natural adaptation of the fungal communi-
ties to dry environments. Nevertheless, contrary to 
our expectations, the seedlings grown in dry region 
soils with respective adapted fungal communities 
were most affected by drought. This was evidenced 
by a lower predawn water potential, probably due to 
shorter root systems with higher root branching com-
pared to those grown in moist region soils where a 
greater taproot length was observed.
Conclusion Beech seedlings´ drought responses 
depend largely on their different rooting patterns and 
less on the soil fungal communities that are adapted 
to long-term precipitation conditions. Yet, microbial 
effects cannot be excluded. Future research should 
focus more on the role of specific microbial species 
on plant root growth and drought responses.
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Introduction

In European temperate forests, European beech 
(Fagus sylvatica (L.)) is a predominant tree species 
with a known drought sensitivity in both, the seedling 
(Lendzion and Leuschner 2008; Gebauer et al. 2020; 
Beloiu et al. 2022) and the mature tree stage (Arend 
et  al. 2022; Frei et  al. 2022; Schmied et  al. 2023), 
which raises concerns about the species’ future role 
in forests (Rennenberg et al. 2004; Geßler et al. 2007; 
Leuschner 2020).

Change in stomatal aperture (closure) is generally 
seen as a first quick physiological response to drought 
(Choat et  al. 2018), however, beech is considered a 
more anisohydric species that will maintain its pho-
tosynthetic activity under increasing drought, which 
makes it more prone to water loss (Leuschner 2020). 
Other slower responses relate to shifts in carbon (C) 
allocation to increased belowground structural growth 
(Meier and Leuschner 2008a; Hommel et al. 2016) and 
increase in non-structural carbon (NSC) concentra-
tions (Blessing et al. 2015; Chuste et al. 2020), leading 
to osmotic adjustments at the cellular and organ level 
(Tomasella et  al. 2018; Leuschner et  al. 2019). This 
preferential allocation belowground can generally lead 
to an increase in root to shoot ratios (as observed at 
global scale, Poorter et al. 2012; Tumber-Dávila et al. 
2022)). While root morphological characteristics such 
as architecture and rooting depth play significant roles 
for water uptake and can potentially mitigate drought 
effects (Brunner et  al. 2015; Brinkmann et  al. 2019; 

Clément et al. 2019; Germon et al. 2020; Kahmen et al. 
2022), increased solute concentrations, such as soluble 
sugars, in the root system can keep the water potential 
of roots lower than that of soil and therefore maintain 
root water uptake under drought (Meier et  al. 1992; 
Aaltonen et  al. 2017; Nikolova et  al. 2020). In beech 
seedlings, root biomass decreased during drought 
(Meier and Leuschner 2008b; Gebauer et  al. 2020) 
and fine root growth, lifespan and rooting depth were 
reduced (Meier and Leuschner 2008a). Furthermore, a 
trend towards smaller root diameter and lower specific 
root length was observed in response to drought (Meier 
and Leuschner 2008a).

Previous studies have also investigated the varia-
tion in drought responses and the potential adaptation 
of beech selected from different provenances (Leusch-
ner 2020; Petrik et al. 2022), or along climatic gradi-
ents in mature forests (Nahm et al. 2007; Meier and 
Leuschner 2008a). Typically, although not always, 
provenances of beech from dry regions appeared to 
be more adapted to dry conditions, e.g. less mortal-
ity and less growth reduction under drought, com-
pared to those from moister regions (Leuschner 
2020 and references therein). All these studies, how-
ever, focused only on the plant response and did not 
explore possible linkages with edaphic conditions of 
the soils from these locations. Soil properties such as 
soil type (Contran et al. 2013; Thiel et al. 2014; Buhk 
et al. 2016; Liu et al. 2017) and microbial communi-
ties (Fitzpatrick et al. 2018; Meisner et al. 2018) can 
have tremendous direct and indirect impacts on plants 
and their responses. For example, it has been shown 
that seedlings inoculated with microbial communities 
originating from arid regions had higher drought tol-
erance (Allsup et  al. 2023). Ectomycorrhizal (ECM) 
fungi are known to improve the plant hydraulic func-
tion as well as increase the storage of non-structural 
carbohydrate (NSC) (Wang et  al. 2021) and transfer 
water between trees (Egerton-Warburton et al. 2007). 
However, little is known about the linkage between 
naturally drought adapted soil microbiomes and the 
drought resistance of plants (Körner 2011).

Recent studies highlight the importance of soil and 
root-associated fungi for plant performance (Gundale 
et  al. 2014; Anthony et  al. 2022) particularly under 
stress conditions (Lehto and Zwiazek 2011; Kiv-
lin et  al. 2013; Lata et  al. 2018; Porter et  al. 2020; 
Outamamat et  al. 2022; Allsup et  al. 2023). Fungal 
species can be assigned to different trophic modes: 
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saprotrophic, symbiotrophic, and pathotrophic (sensu 
Nguyen et al. 2016a), or as fungi with unknown eco-
logical role (Tedersoo and Smith 2013; Nguyen et al. 
2016a; Unuk et al. 2019) as well as animal- or myco-
parasites (Nguyen et  al. 2016a; Põlme et  al. 2020). 
Saprotrophic fungi are often referred to as “free-liv-
ing fungi” (e.g. Castaño et al. 2018) because, unlike 
ECM fungi, they do not form symbiotic relationships 
with host plants and obtain their nutrients by decom-
posing organic material in the soil (e.g. Nguyen 
et  al. 2016b). Hence, they are suspected to be more 
sensitive to environmental changes such as drought 
(Castaño et  al. 2018). However, some saprotrophic 
fungal species can additionally establish interactions 
with plants, for example by living as root endophytes 
(Põlme et al. 2020) or by forming hyphal mantle and 
Hartig net-like structures on the roots similar to ECM 
fungi (Smith et al. 2017) and thus compete for niches 
with ECM fungi. Ectomycorrhizal fungi can grow 
extraradical hyphae from the hyphal mantle, which 
are classified by their extension into the surround-
ing soil as contact, short-distance, medium-distance, 
and long-distance exploration types (Agerer 2001; 
Weigt et  al. 2012). Under drought, several studies 
showed that the abundance of ECM fungi decreased 
(Lozano et  al. 2021; Castaño et  al. 2023) and their 
composition changed (Shi et  al. 2002; Swaty et  al. 
2004; Richard et al. 2011; Nickel et al. 2018). Thus, 
abundances of short- and medium-distance explorers 
decreased, while the number of long-distance explor-
ers increased (Nickel et al. 2018), which enlarge the 
water absorbing area and explore the soil for water 
with their rhizomorphs (Mohan et al. 2014; Brunner 
et al. 2015; Nickel et al. 2018; Castaño et al. 2023). 
Precipitation history has been shown to alter the fun-
gal community structure leading to more drought-
resistant fungal species in dry regions that were not 
present in more humid regions (Cavender-Bares et al. 
2009). However, it is still poorly understood how 
drought events affect fungal communities in soils 
with different precipitation histories and how those 
subsequently impact specific plant drought responses.

Therefore, the present study focused on soils with 
different precipitation histories and their effect on (i) 
root-associated fungal communities and (ii) drought 
responses of beech seedlings. We hypothesized that 
a fungal community associated with soils from dry 
regions is better adapted to drought and thus less 
affected (fungal community shows less change) to 

a subsequent drought event compared to that from 
moist regions. Further, we hypothesized that seed-
lings that were established and grown in a soil from 
a dry region show better acclimation to drought at the 
fine root level than those grown in a moist region soil, 
i.e., longer taproot length and/or higher root to shoot 
ratio, and that this acclimation of the root system and 
the adaptation of the associated fungi collectively 
mitigate drought effects on beech.

Methods

Experimental setup

Soils from three regions in Bavaria, Germany, were 
collected in mixed beech (Fagus sylvatica L.)—
spruce (Picea abies (L.) KARST.) stands along a 
natural precipitation gradient ranging from a dry 
region (DR) in the north (Gramschatz Forest close 
to Arnstein: 49.903° (N), 9.977° (E); 330 m.a.s.l) 
with average rainfall of 310 mm (1971–2000) during 
the growing season between May and October, over 
an intermediate region (IR) (Kranzberg Forest close 
to Freising: 48.419° (N), 11.661° (E); 490 m.a.s.l.) 
with average rainfall of 480 mm, to a moist region 
(MR) in the south (Großhaager Forest close to Was-
serburg: 48.142° (N), 12.073° (E); 620 m.a.s.l.) with 
average rainfall of 640 mm during the growing sea-
son (Pretzsch et al. 2014). All locations have a long-
term average temperature of 13.8–14.0 °C during the 
growing season (1971–2000) (Pretzsch et  al. 2014). 
Soil characteristics of the different regions are listed 
in Table  S1 in supplements. At each site, 20 cm of 
the top layer excluding litter were taken, sieved to 1 
cm. The soils were then mixed with 30 vol% quartz-
ite sand to equalize soil water retention properties, 
which enabled us to expose seedlings grown in the 
three different region soils to the same drought stress. 
To ensure that the soil-sand-mixture (from here 
onwards termed “soil”) included enough nutrients for 
the seedlings throughout the experiment phase, soil 
nutrient content was analysed (Table S2). The nitro-
gen concentration of all soils (0.1–0.2%) showed no 
deficiency (> 0.08%). Soil organic matter before the 
drought treatment (Table  S2) was determined by 
physical destruction using the widely used loss-on-
ignition method. Therefore, 5 g of soil of each region 
(n = 3) were weighted first after drying at 70 °C for 72 
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h and then again after burning the soil organic matter 
for 3 h at 500 °C.

In spring 2019, beech (Fagus sylvatica L.) was 
seeded (4 seeds, seed source HkG 81024 Alpenvor-
land, a moist region) in 20–40 pots per soil region 
(17 × 17 × 20 cm (depth), in total 90 pots) and grown 
for one year under well-watered conditions in an 
unheated greenhouse. For that, all pots were regu-
larly watered to field capacity (equivalent to c. 21.5% 
volumetric soil water content (SWC)). In spring 2020, 
20 pots from each region were selected and 10 pots 
with 4 seedlings each were assigned to either a con-
trol or a drought treatment (n = 10) according to simi-
lar seedling sizes. Within each region, control and 
drought treatment pots had similar root collar diam-
eter and height, thus similar initial seedling biomass 
(see Fig. S1 for initial biomass). Two months before 
applying the drought treatment (spring 2020), all 
pots were transferred to another greenhouse with UV 
transparent glass and temperature-controlled condi-
tions to keep the experiment conditions as natural as 
possible. Greenhouse temperature was synchronized 
with outside temperature conditions during the exper-
iment and climatic variables were measured auto-
matically four times per hour, including air humidity 
and photosynthetic photon flux density (PPFD). The 
mean temperature during the study period (May, 22nd 
2020–August, 31st 2020) was 20 ± 6 °C, vapour pres-
sure deficit was 0.82 ± 0.8 kPa and mean PPFD dur-
ing the daytime (6 am–8 pm) was 208 µmol  m−2  s−1 
(Fig. S2). The maximum PPFD was reached between 
10–11 am with up to 1500 µmol   m−2   s−1. The pots 
were randomly arranged and re-arranged every two 
weeks to minimize potential spatial differences in 
air circulation, light, temperature and neighbouring 
effects in the greenhouse. No fertilizer or plant pro-
tection agents were used during the experiment.

Pre-drought experiments

Relationship between soil water potential and SWC 
was established for each region soil (Fig.  S3) using 
a pressure plate method (Richards 1941; Wang et al. 
2015), whereby the curves did not significantly dif-
fer among region soils (tested after logarithmic trans-
formation of soil water potential). The average field 
capacity determined was 21.6%, 21.8%, and 21.1% 
SWC, for DR, IR, and MR soil, respectively.

In addition, the relationship between predawn 
plant water potential (ΨPD) and SWC was meas-
ured with extra pots that were not selected for 
the drought treatment, using a Scholander pres-
sure chamber (mod. 1505D, PMS Instrument Co., 
Albany, OR, USA) and Time Domain Reflectom-
etry (TDR100, Campbell Scientific, Logan, CT, 
USA, measured at the center of the pot using 10 
cm probes), respectively. According to the relation-
ship between ΨPD and the SWC (Fig.  S3), the tar-
get SWC of each pot was defined as 20% (close to 
the field capacity) for control and 12% (expecting 
predawn plant water potentials of –1 to –1.5 MPa) 
for drought treatment for all three region soils. Prior 
to the drought treatment, the initial weight of each 
pot at the SWC of 20% (-0.006 MPa, based on the 
relationship between soil water potential and SWC) 
was noted and SWC was maintained in all pots by 
watering them every other day to their respective 
initial weight.

Drought treatment

At the end of May, after the beech had flushed and 
the shoots had expanded, the drought treatment was 
superimposed on the drought group. The drought 
treatment lasted for eight weeks. To make the inten-
sive harvest work at the end of the study manageable, 
pots were randomly assigned to one of three groups 
staggered with different drought starting times one 
week apart (drought start on May 25th, June 1st, and 
June 8th, 2020, respectively). All treatment combi-
nations were equally distributed in each time group 
and the phenological stages of the seedlings were not 
different among the different starting times. The con-
trol pots were watered every other day to maintain a 
SWC of 20%. For drought treatment, the pot weight 
was recorded every other day and subsequently 
watered by adding half the weight lost from the day 
before (Galvez et  al. 2011) to gradually dry the soil 
to 12% SWC within 3–4 weeks (Fig.  1a). SWC of 
drought pots was also measured with TDR sensors 
before every watering. After reaching 12% SWC, the 
pots were weighted again and watered to this target 
weight every other day. On hot days SWC was meas-
ured daily and seedlings were additionally watered off 
schedule with about half the amount of water loss to 
avoid a lethal drought.
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Fig. 1  a Soil water content (SWC, in vol.%) of drought pots 
with dry region (DR, purple), intermediate region (IR, yel-
low) and moist region (MR, green) soil during the drought 
treatment of 56 days (8 weeks). b SWC of control (blue) and 
drought (red) pots at the harvest. c Predawn plant water poten-

tial (ΨPD) at the day of harvest. d Mean net carbon assimilation 
rates (A) and e) stomatal conductance (gs) during 4th and 7th 
week. Lowercase letters indicate significant differences among 
the groups according to post-doc test
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Leaf gas exchange

CO2 assimilation rates (A) at a  CO2 concentra-
tion of 400 ppm and leaf stomatal conductance to 
water vapour  (gs) were measured before applying 
the drought and during the 4th and 7th week of the 
drought treatment, using an open gas exchange sys-
tem LI-6800 (Li-Cor Inc., Lincoln, NE, USA). One 
fully expanded leaf was randomly selected for each 
plant and the same leaf was measured consistently, 
excluding newly produced leaves during the drought 
treatment. During the measurement, the PPFD was 
set to 500 μmol  m−2  s−1, the leaf temperature to 25 
°C, and the relative humidity to around 60%.

13C labelling

In the last (8th) week of the drought treatment, three 
days before harvest, all pots (n = 10 i.e. 60 pots in 
total) were labelled with 13C-CO2 for three con-
secutive days (2020 July 27th-29th, August 3rd-5th, 
and August 10th-12th, for each group with stagged 
drought starting day, respectively). Leaf samples for 
the pre-labelling background were collected from ran-
domly chosen three pots per treatment (n = 3) before 
the labelling (Table  S3). Pots were then located in 
a transparent tent with a volume of c. 1300 L. The 
target C isotope composition in the tent during the 
labelling was set to 20,000‰ to make sure that the 
expected natural difference in the isotopic signature 
among organs (leaf, stem, coarse root, and fine root) 
(~ 1 ‰, Ruehr et al. 2009) would be negligible (< 1% 
of the isotopic signature in the samples after label-
ling), since pre-labelling sampling was only possible 
for leaves to avoid destructive samplings. To achieve 
the target isotopic value in the tent, labelled (20 
atom%) 13CO2 and normal  CO2 (-3.41‰) were mixed 
and continuously provided to the tent via a mass flow 
controller with max 10 ml/min each. According to the 
isotopic values in the tent, the mix ratio of these two 
gases were regulated. The labelling started at 4 am 
and ended at 8  pm each day. LED lights were used 
from 6 am to 4 pm to ensure photosynthetic activity 
(c. 350  μmol   m−2   s−1 PPFD). Four electronic fans 
were used for homogeneous distribution of labelled 
air in the tent. The atmospheric  CO2 concentration 
and δ13C in the tent were continuously monitored dur-
ing the labelling using cavity ring-down spectroscopy 
(CRDS, ESP-1000; PICARRO, see Table S4). Direct 

diffusion of 13CO2 into the soil likely happened but 
was not relevant for the study since only plant bulk 
tissues were considered. Temperature, Vapour Pres-
sure Deficit, and PPFD were also monitored through-
out the labelling days (Table S4).

Soil and seedling sampling

Soil samples were taken before (initial) and after the 
drought treatment using a soil corer (diameter: 5 mm, 
length: 20 cm). At each measurement time, three soil 
cores were randomly taken per pot, combined and 
instantly frozen at -80 °C.

At the end of the study (directly after the three 
days of 13C labelling), ΨPD was measured before 
sunrise (2 am–5 am CET). Immediately after, 
SWC of each pot was recorded with TDR sen-
sors, and the seedlings were harvested on July 
30th, Aug 6th, and Aug 13th, respectively. Seed-
lings were then separated into leaves, stem, coarse 
roots (> 2mm), and fine roots (< 2mm) and their 
fresh weights were recorded. Prior to drying, the 
leaf samples were scanned (Epson Perfection 4990 
Photo, Epson Deutschland GmbH, Meerbusch, 
Germany) to determine the leaf area and calcu-
late the specific leaf area (SLA) based on the leaf 
dry weight. All vital fine root tips (defined as not 
shrunken, distorted or dark brown (Pena et  al. 
2023)) were counted under a stereomicroscope and 
classified as mycorrhizal or non-mycorrhizal. The 
mycorrhizal colonisation was then determined as 
follows (Danzberger et al. 2023; Pena et al. 2023):

Each root system was photographed on graph 
paper. Two thirds of the fine roots were directly fro-
zen at –80 °C for DNA extraction (see below). The 
remaining fine root samples and the other leaf, stem 
and coarse root samples were oven dried at 64 °C 
for 72 h to determine their dry weight, and ground 
for later analyses using a ball mill (MM400, Retsch, 
Haan, Germany). The dry weight of the fine roots that 
were frozen for DNA extraction was calculated using 
their fresh weight and the ratio of the dry to fresh 
weight of the respective fine roots (determined from 
the remaining one third of the fine roots).

Mycorrhizal colonisation (%)

=
Number of vital mycorrhizal root tips

Number of total vital tips
× 100
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Growth and biomass

Basal stem diameter and height of each plant were 
determined before the onset of the drought treatment 
and at the end of the study directly before the harvest. 
Basal stem diameter was recorded twice perpendicu-
lar to each other, and the average was used. To ensure 
measurement consistency the stem was marked 1 cm 
above the soil.

Since initial destructive seedling samples could not be 
obtained before the onset of drought due to sample limi-
tations, we estimated the initial biomass for each seedling 
using allometric functions based on the final harvest data 
of the control seedlings (nls function in R, package: stats, 
version: 3.6.1, Fig.  S1). First, an allometric function 
for estimating stem biomass was developed using stem 
diameter and height as input parameters individually for 
each soil. The calculated stem biomass corresponded 
well to the measured stem biomass according to linear 
regression (p < 0.001,  R2 = 0.84).

whereby a and b are the coefficient determined by the 
function. Using these coefficients together with stem 
diameter and height before the onset of the drought 
treatment, the initial stem biomass was calculated. 
Then, using final harvest data of the control seed-
lings, relationship between total root biomass (i.e. 
combined coarse and fine roots) and stem biomass 
was developed with a linear regression (lm function 
in R). The calculated root biomass agreed well with 
the measured root biomass according to linear regres-
sion (calculated against measured root biomass at the 
harvest, p < 0.001,  R2 = 0.61). It was not possible to 
determine the initial biomass of coarse and fine roots 
separately, because no or only weak relationships 
existed between both root types and stem biomass. 
Finally, initial total root biomass before the onset of 
the drought was calculated from the initial stem bio-
mass using the relationship.

Relative stem growth during the drought treatment 
of 8 weeks were calculated for each seedling by sub-
tracting the estimated initial stem biomass from the 
measured final stem biomass at the harvest.

Stem biomass [mg] = a ∗ height [cm] ∗ diameter [mm]2 + b

Relative stem biomass growth[%] =
Stem biomass at harvest

[

mg
]

− initial stem biomass
[

mg
]

initial stem biomass
[

mg
] × 100

Taproot length and branching intensity

The taproot length expresses the length from the 
stem base to the root tip at the end of the taproot. 
Therefore, the root systems from images taken at the 
harvest were measured using the program ImageJ 
(version 1.53a, National Institute of Health, USA). 
In parallel, the number of all branches (McCormack 
et  al. 2015) was counted and divided by the total 
length of the respective fourth-order root to gain a 
comparative parameter (“branching intensity”).

Analysis of stable C isotopic composition (δ13C) and 
allocation of newly assimilated C

Stable C isotopic composition (δ13C) of leaf, stem, 
coarse root and fine root samples were determined 
with an isotope ratio mass spectrometer (IRMS, delta 
V Advantage; Thermo Fisher Scientific) coupled to 
an Elemental Analyzer (Euro EA; Eurovector).

13C derived from the newly assimilated C 
(13Cexcess in μg) was calculated for each plant organ 
using δ13C converted to atom%, C content, and bio-
mass at the harvest (Ruehr et al. 2009).

whereby atom%s and atom%pre are atom% of the sam-
ples at the harvest and before the labeling, respec-
tively. B gives the biomass at the harvest (mg), and 
C% the percentage of carbon in the sample. Finally, 
13Cexcess in each organ was summed up for each plant 
and expressed as a relative allocation among the 
organs.

Non-structural carbohydrates (NSC)

Total soluble sugars were extracted from ground 
leaf, stem, coarse root and fine root samples in 80% 
hot ethanol, followed by a phenol–sulfuric assay 
to determine their concentration colorimetrically 
(Landhäusser et  al. 2018). Six seedlings from 6 

13Cexcess = 1000 ⋅

atom%s − atom%pre

100
⋅ B ⋅

C%

100
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different pots were randomly chosen for each treat-
ment (n = 6). Starch concentration was determined 
after an α-amylase and amyloglucosidase digestion 
followed by a peroxide-glucose oxidase/o-dianisi-
dine reaction and concentrations were expressed as 
percent of sample dry weight. Using the concentra-
tion data and the biomass of leaves, stems, coarse 
and fine roots at harvest, sugar and starch content 
for each sample tissue were calculated. Finally, 
after combining the content of sugar and starch for 
coarse and fine roots, it was expressed as a ratio of 
the sugar and starch content in roots (belowground) 
to the total content (leaf, stem, coarse, and fine roots 
all combined) for each seedling.

DNA extraction, library preparation, sequencing and 
bioinformatics

Frozen fine root systems (n = 10 per soil and treat-
ment) were ground in liquid nitrogen. DNA of 250 
mg root powder per sample as well as 250 mg soil 
(n = 6 per soil, treatment and sampling time) were 
extracted according to the DNeasy PowerSoil Pro 
Kit (Qiagen, Hilden, Germany) protocol and diluted 
to 5 ng / µL. For high-throughput sequencing, a poly-
merase chain reaction (PCR) was performed in trip-
licates with primer mixtures for the ITS2 rDNA as 
described by Tedersoo et al. (2015), containing Illu-
mina dual adapter sequences for Miseq sequencing 
(protocol Part # 15044223; Illumina, San Diego, CA, 
USA, Table S5). Library preparation was performed 
as described in Danzberger et al. (2023) and Method 
S1 in supplements.

The sequence data from the sequencing was pro-
vided in FASTQ format and prepared for further anal-
ysis using the fungal analysis pipeline PIPITS v2.7 
(Gweon et  al. 2015). In a first step, read pairs were 
joined and the sequences were filtered for quality 
based on the pipeline’s default settings. Afterwards, 
the fungal ITS2 sequences were extracted using ITSx 
(Bengtsson-Palme et  al. 2013) and sequences below 
100 bp excluded. The remaining sequences were 
assigned to OTUs based on 97% sequence identity 
using VSEARCH (Rognes et al. 2016) and chimeras 
removed using the UNITE CHIME reference dataset 
(Nilsson et al. 2015). Taxonomic classification relied 
on RDP Classifier (Wang et  al. 2007) comparing 
sequences with those in the UNITE database (Kõl-
jalg et al. 2013). Further fungal traits such as “fungal 

trophic mode”, “ectomycorrhizal exploration types” 
(Agerer 2001), and saprotrophic “primary” and “sec-
ondary” lifestyle were assigned by matching the 
genus level of the taxonomic output with the Fungal-
Traits database (Põlme et al. 2020).

Statistical analysis

For statistics and graphic illustration, the software R 
(version 4.0.2, R Core Team 2021) and RStudio (ver-
sion 1.4.1717, RStudio Inc.) were used. Sequencing 
data were randomly rarefied (average of 1.000 repeti-
tions) using “Rarefy” in GUniFrac (Chen et al. 2012) 
to a depth of 6.000 (soil samples) and 5.000 (root 
samples) sequences per sample. Taxa that occurred 
less than 10 times were removed. Bray–Curtis dis-
similarities between samples were calculated using 
“vegdist” in the R package vegan (Oksanen et  al. 
2019). The function “diversity” in the same package 
was applied to determine the Shannon–Wiener Diver-
sity Index (“Shannon Index”) and Simpson’s Index of 
Diversity (“Simpson Index”), and “specnumber” to 
determine species richness. Thereupon, evenness was 
calculated by Shannon Index/log (species count).

All the datasets were analysed using a linear 
mixed model using treatment (control and drought) 
and region soil (DR, IR, and MR) as fixed effects 
and start of the drought (separated into three 
groups) as a random effect (package: nlme, version: 
3.1–151). For the data of biomass, growth, fine root 
architecture, and allocation of newly assimilated C, 
average values of each pot were calculated before 
applying linear-mixed model (n = 10). Normality of 
the residuals (Shapiro test/ qq-plots) and homogene-
ity of variances (Levene test) were tested for every 
model. If any fixed factor was significant, post-hoc 
test with Tukey correction (package: emmeans, 
version: 2.30–0) was performed. Correlations of 
fine root parameters were determined with Pearson 
correlation (“cor.test” in stats). For sequence data, 
multivariate homogeneity of group dispersions was 
tested using the function “betadisper” in vegan. To 
test the effects of treatment and soil region, soil- 
and root-community data were analysed compara-
tively with a permutational multivariate analysis of 
variance (PERMANOVA) using “adonis” (package 
vegan), whereby all models were run with 9.999 
permutations. If significant differences between the 
levels of a factor occurred, a multilevel pairwise 
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comparisons of permutational multivariate analy-
sis of variance (pairwise PERMANOVA; pairwise.
adonis; (Martinez Arbizu 2020)) with Bonfer-
roni p-value correction was applied. The functions 
“prune_taxa” and “transform_sample_counts” from 
the package phyloseq (version 1.36.0; McMurdie 
and Holmes 2013) were used to assess relative 
abundances of fungal trophic modes and explora-
tion types. Data in text and tables are given as the 
mean ± 1SE, unless stated otherwise.

Results

Efficacy of the drought treatment

Soil moisture in the drought treatment was equally 
low for all region soils (Fig.  1a). Soil water content 
(SWC) of drought pots gradually decreased after the 
start of the drought treatment and reached the target 
SWC of 12 vol.-% after 3–4 weeks. The mean SWC 
at the end of the drought treatment was 11.8 ± 0.3 
vol.-% in DR, 11.3 ± 0.2 in IR, and 10.9 ± 0.3 in MR 
soil (Fig. 1b), which was significantly lower than that 
of controls with around 20% (treatment p < 0.001, 
Table S6).

While SWC of drought pots was significantly 
lower than that of controls in all region soils, ΨPD 
of drought seedlings was only significantly lower in 
DR and IR soils (treatment x region soil p < 0.001, 
Fig. 1c). Despite the similar SWC and its relationship 
with soil water potential in of all three region soils, 
drought treated seedlings growing in MR soil showed 
similar ΨPD to the controls, and thus significantly 
higher ΨPD (-0.84 ± 0.10 MPa) than drought seedlings 
growing in DR and IR soil (with c. -1.90 MPa), while 
ΨPD of control seedlings were similar in all region 
soils (-0.56 MPa on average).

Net carbon assimilation rates and stomatal con-
ductance showed similar patterns as ΨPD (Fig. 1d,e). 
Drought treatment significantly reduced both param-
eters, while the extent of the decrease was different 
among region soils (treatment x region soil p < 0.001 
Table  S6). While assimilation rates and stomatal 
conductance of DR and IR seedlings were reduced 
by > 75% under drought compared to controls, the 
decrease in MR seedlings were only 20% for assimi-
lation rates and 47% for stomatal conductance.

Fungal community composition

10 root samples and 13 soil samples have been 
excluded from further analyses due to a low sequenc-
ing depth. For further analysis, 2571 OTUs origi-
nating from root samples, and 2299 OTUs from soil 
samples were left. Because soil fungal community 
composition did not significantly change between 
pre-drought and post-drought controls during the 
two-month drought treatment (p = 0.34,  R2 = 0.02, 
PERMANOVA), the pre-drought samples have been 
excluded and only the post-drought samples in both 
treatments have been compared.

The soil fungal community composition only dif-
fered significantly between the three different region 
soils (p < 0.001,  R2 = 0.62, PERMANOVA) but was 
not significantly influenced by drought treatment 
within the different region soils. All alpha-diversity 
metrics were highest in DR soil (Table  S7). Sapro-
trophic fungi were the most abundant group in all 
region soils (Fig.  2a) and their abundance increased 
from DR to IR to MR soil with no significant effect 
of drought treatment. The composition of the sap-
rotrophic fungal community differed significantly 
between the different region soils (p < 0.001, 
 R2 = 0.71, PERMANOVA). Similarly to sapro-
trophs, the ECM fungal community was significantly 
affected by the soil region (p < 0.001,  R2 = 0.34, PER-
MANOVA) but not by drought treatment. The pro-
portion of ECM fungi within the soil fungal commu-
nity was higher in DR and IR compared to MR soil 
(Fig. 2a).

In contrast to the soil fungal community compo-
sition, the root-associated fungal community com-
position was affected by both, region soil (p < 0.001, 
 R2 = 0.50, PERMANOVA) and drought (p = 0.002, 
 R2 = 0.06, PERMANOVA). None of the diversity 
metrics of root-associated fungi were affected by 
drought treatment, but Shannon diversity, species 
richness and Evenness were significantly influenced 
by region soil (Table  S7). PERMANOVA indicated 
that region soil and treatment significantly affected 
both, root-associated saprotrophic (region soil 
p = 0.0001,  R2 = 0.48; drought p = 0.0031,  R2 = 0.05) 
and ECM fungal communities (region soil p = 0.0001, 
 R2 = 0.26; drought p = 0.0031,  R2 = 0.05). In controls, 
saprotrophic and ECM fungi made up around 50% 
each in IR and MR roots, while in DR roots the abun-
dance of saprotrophs was slightly higher than of ECM 
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fungi (Fig. 2b). The relative abundance of saprotrophs 
increased with drought treatment in IR and MR roots 
accompanying a decrease of ECM fungi. In DR roots, 
however, abundance changes were minimal. For both 
soil and root-associated fungal communities, “region 
soil” had a higher effect size compared to “drought 
treatment”.

The most abundant soil saprotrophic species dif-
fered between the region soils but were not affected 
by drought treatment in any region soil (Table  S8). 
Among the ECM species (Table  S9), it was notice-
able that in both, DR and IR, drought tolerant Mel-
anogaster sp. was by far the most abundant species, 
which did not change during drought. In MR, how-
ever, the abundance of fungal species changed with 
drought treatment. While Lactarius sp., Amanita sp. 
and Hebeloma radicosum were predominant in con-
trols, Amanita sp. and Hydnotrya tulasnei, were the 
most common species in the drought treatment. Lac-
tarius sp., on the other hand, only accounted for 4% in 
the drought treatment compared to 24.2% in controls.

Among root-associated saprotrophs (Table S10), 
Oidiodendron sp., a species with primary sapro-
trophic and secondary root-endophytic lifestyle, 
was highly abundant in each region soil in controls 

and under drought. With drought, the abundance 
of Penicillium sp. increased in root samples from 
DR and IR, but not in MR soils. Among ECM 
fungi (Table S11), Melanogaster sp. was by far the 
most abundant species in DR and IR roots in both, 
controls and drought. In MR, however, the abun-
dance of species changed drastically with drought. 
While Sebacina sp. made up 96% of all ECM spe-
cies in MR controls, it decreased to only 0.1% 
under drought. The abundance of drought tolerat-
ing Amanita sp. in MR on the other hand increased 
from 0.4% in controls to 78% under drought, and 
Theleophora terrestris, another drought tolerat-
ing species, made up 15% of all ECM species in 
MR during drought, while it was not detected in 
controls.

ECM exploration types (Fig. S4) were dominated 
by long- and medium-distance types in DR and IR 
soils and roots in both controls and during drought, 
whereby a high share of long-distance explorers was 
covered by Melanogaster sp.. In MR soils and roots, 
however, short- and medium distance explorers were 
predominating in controls, while during drought, the 
strong increase of Amanita sp. and Hydnotrya tulas-
nei represented a dominance of contact types.

Fig. 2  Relative abundances of ectomycorrhizal (pink), para-
site (grey), pathogenic (gold) and saprotrophic (green) fungi in 
soil (a) and roots (b) in controls and during drought separated 

by different soils (dry region = DR, intermediate region = IR, 
moist region = MR)
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Biomass and growth of seedlings

Initial plant biomass (Fig.  S1) and biomass of con-
trol plants at the harvest (Fig.  3a) were the highest 
in IR soil and the lowest in the MR soil (region soil 
p < 0.001, Table S6). Drought treatment significantly 
reduced the relative stem growth (Fig. 3b, treatment 
p < 0.05, Table S6), which led to a significantly lower 
biomass of drought treated seedlings at the harvest 
compared to the controls (treatment p < 0.01, Fig. 3a, 
Table  S6). Reduction of the relative stem growth 
under drought was higher in DR (from 40 ± 6% in 
control to 20 ± 4% in drought seedlings, p = 0.07 
according to post-hoc test, Fig.  3b) and in IR seed-
lings (from 25 ± 3% in control to 10 ± 4% in drought, 
p = 0.4) compared to MR seedlings (from 32 ± 7% in 
control to 28 ± 3% in drought, p > 0.9). Root to shoot 
ratio (Fig.  3c) significantly decreased under drought 

(treatment p < 0.01, Table  S6), while the ratio was 
significantly higher in IR and MR seedlings compared 
to DR seedlings (region soil p < 0.01, Table S6). Spe-
cific leaf area (SLA) was not affected by drought 
treatment, although it was significantly higher in 
IR compared to DR and MR seedlings (region soil 
p < 0.05, Table S6, Fig. S5).

Fine root architecture

The root architecture described by taproot length, 
branching intensity, vital tips, and mycorrhizal colo-
nisation differed between the treatments and except 
vital tips between region soils (Table  S6). With 
drought, seedlings in DR and MR were rooting sig-
nificantly longer (Fig. 4a) and had a lower branching 
intensity (Fig.  4b). Furthermore, branching inten-
sity was negatively correlated with taproot length 

Fig. 3  a Biomass at the harvest separately in leaf, stem, coarse 
root, and fine root under control (blue) and drought (red) treat-
ment. b Relative stem growth during the drought treatment of 
8 weeks. c Ratio of root to shoot biomass at the harvest. Dry 
region (DR), intermediate region (IR) and moist region (MR) 

soil. Asterisks indicate significant differences of total bio-
mass among treatments and region soils. ***; p < 0.001, **; 
p < 0.01, n.s.; not significant. Lowercase letters indicate signifi-
cant differences among the groups according to post-hoc test
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(p < 0.001, r = -0.5) indicating that as taproot length 
increased, the number of branches per cm declined. 
The number of vital tips tended to decrease in DR 
and IR, but not significantly (Fig. 4c). The mycorrhi-
zal colonisation, however, declined with drought in 
IR and MR soils whereby the decrease was not sig-
nificant in MR (Fig.  4d). Nevertheless, a decline of 
mycorrhization in MR soil was supported by a low 
number of sequence reads in MR drought samples.

Allocation of newly assimilated C

Control seedlings allocated similar amounts of newly 
assimilated C to belowground organs in all region 
soils (47 ± 3% of total newly assimilated C, Fig.  5), 
while drought effects were different among region 
soils (treatment x region soil p < 0.05, Table  S6). 

Drought significantly reduced the belowground allo-
cation of newly assimilated C in DR and IR seedlings. 
Here, more newly assimilated C remained in the 
leaves (54 ± 5% and 53 ± 3% of total newly assimi-
lated C) compared to control plants with 36 ± 5% and 
30 ± 2% in the leaves, respectively. In contrast, simi-
lar amounts of newly assimilated C were allocated 
belowground in MR seedlings under both control and 
drought treatments (46 ± 3%).

NSC concentration and pools

Sugar concentration of control seedlings was simi-
lar in all organs among the three region soils 
(Fig. S6, except for coarse root, where DR seedlings 
showed lower sugar concentration compared to the 
IR seedlings). Under drought, sugar concentration 

Fig. 4  Fine root architecture including taproot length (a), 
branching intensity (b), percentage of vital root tips (c) and 
mycorrhizal colonisation (d). Blue boxes represent controls 
and red boxes drought treatment. Dry region (DR), intermedi-

ate region (IR) and moist region (MR) soil. Lowercase letters 
indicate significant differences among the groups according to 
post-hoc test
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significantly increased in all organs of DR and 
IR seedlings (Fig.  S6), while MR seedlings only 
increased their sugar concentration in the stem. Starch 
concentration in the leaf significantly increased in IR 
seedlings under drought, while it decreased in MR 
seedlings (Fig. S7, treatment x region soil p < 0.05, 
Table  S6). Starch concentration in stems and coarse 

roots displayed only an effect of region soil in DR 
seedlings showing lower concentrations than the IR 
and MR seedlings (p < 0.05, Table  S6). Starch con-
centration in fine roots was similar in all seedlings 
under both control and drought treatments.

Ratios of belowground to total sugar pools varied 
between 40–45% in the seedlings growing in different 

Fig. 5  Allocation of newly assimilated C  (Cnew) in leaf, 
stem, coarse roots and fine roots after three days of labelling 
under control (blue) and drought (red) treatments. Dry region 
(DR), intermediate region (IR) and moist region (MR) soil. 

The asterisk indicates significant differences in the ratio of 
belowground to total  Cnew between control and drought plants 
according to post-hoc test: **; p < 0.01, *; p < 0.05, n.s.; not 
significant

Fig. 6  Ratio of belowground (root) sugar and starch content 
to the total sugar (a) and starch (b) pools (leaf, stem, coarse 
and fine roots all combined), in dry region (DR, purple), inter-

mediate region (IR, yellow) and moist region (MR, green) soil. 
Lowercase letters indicate significant differences among the 
groups according to post-hoc test
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region soils (Fig. 6a); however, the ratio did not dif-
fer among seedlings growing in the different region 
soils and were not affected by drought (Table S6). For 
starch the ratio of the belowground to the total starch 
pool was also not affected by drought (Table S6), but 
plants grown in DR soil had a significantly higher 
ratio compared to seedlings grown in MR soil (region 
soil p < 0.05 Table S6; Fig. 6b).

Discussion

The present study aimed to elucidate the effects of 
soils with different long-term precipitation histories 
on soil and root-associated fungal community compo-
sition and beech seedling performance in response to 
a drought.

Fungal communities in dry region soil were less 
affected by drought

Before the onset of drought (soil) and in controls 
(soil and root-associated), fungal communities dif-
fered among the region soils, suggesting an adapta-
tion of fungal communities to soil moisture over time, 
which has previously been shown for ECM fungi 
along a soil moisture gradient (Cavender-Bares et al. 
2009). Likewise, Canarini et  al. (2021) stated that 
soil microbial communities were more drought tol-
erant after repeated long-term drought, which could 
enhance the resilience of ecosystem functioning. A 
more in-depth look at the species composition rein-
forced the presumption of community adaptation. 
Among the saprotrophs in soil and root samples, 
Penicillium sp., Mortierella sp., and Oidiodendron sp. 
were dominating. Of these, Penicillium sp. was found 
in earlier studies mainly when low soil moisture pre-
vailed (Ridout et al. 2017). Mortierella sp. and Oidi-
odendron sp. have been classified as species with 
secondary root-associated or root-endophytic lifestyle 
(Põlme et al. 2020), that may help the fungi surviving 
dry periods (Smith et al. 2017). While a high occur-
rence of drought-tolerant ECM fungal species such 
as Melanogaster (Izzo et al. 2005; Frey et al. 2021), 
have been detected in DR and IR in both controls and 
during drought, this was not the case in MR.

Whereas there was no effect of the drought treat-
ment on the soil fungal communities, there was 
a drought effect on the root-associated fungal 

communities. This indicates that soil fungal commu-
nities might be more stable compared to root-associ-
ated fungal communities during a short-term drought 
event (de Vries et al. 2012, 2018; Fu et al. 2022). This 
is in line with several other studies which found that 
soil fungal communities are largely unaffected by 
droughts of different durations and severities (Bastida 
et al. 2019; Liu et al. 2020; Wilhelm et al. 2022). A 
possible explanation could be that root-associated 
fungi responded to the seedlings’ reaction to drought 
(Lozano et  al. 2021) such as increased exudation 
(Karst et al. 2017; Williams and de Vries 2020; Brunn 
et  al. 2022) or changed root architecture (Nikolova 
et al. 2020). Soil fungi, on the other hand, are not in 
direct contact with the root and might therefore be 
less influenced by these responses.

With drought, the root-associated fungal commu-
nity composition changed most in MR and least in 
DR soils when considering the abundance of differ-
ent trophic modes, fungal exploration types and spe-
cies abundances, which support a natural adaptation 
of fungal communities to soil moisture deficits in the 
DR soil. In root samples (Fig. 2b), the relative abun-
dance of saprotrophic and ECM fungi in controls was 
around 50% each in all region soils, but with drought 
the relative abundance of saprotrophs increased in IR 
and the most in MR roots. This supports our hypoth-
esis for root associated fungi that fungal communities 
in DR are least affected and is in line with a study by 
Lozano et  al. (2021), who found that the abundance 
of saprotrophic fungi increased during drought, while 
it decreased for mutualist fungi. Furthermore, some 
saprotrophic species have been identified to have a 
secondary, root-associated lifestyle (Tedersoo and 
Smith 2013; Smith et al. 2017), which enables them 
to occupy multiple ecological niches (Selosse et  al. 
2018) and thus compete with ECM fungi. Different 
adaptations within the three region soils to drought 
was also reflected at the species level of root-associ-
ated fungi. While in DR and IR root-associated com-
munities Melanogaster sp. made up the vast majority 
in both control and drought treatments, there was a 
drastic change in species abundance in MR. Here, the 
abundance of Amanita sp., a drought-tolerant fungus 
(Querejeta et  al. 2003) classified as contact explora-
tion type (Agerer 2001), increased extremely under 
drought compared to controls. This complies with 
an increase in the abundance of contact types under 
prolonged drought (Castaño et  al. 2018), and may 
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be explained by their lower carbon costs to sustain 
(Lehto and Zwiazek 2011). In this experiment, how-
ever, no significant difference in the supply of new 
photoassimilates to roots was detected between con-
trols and drought treated plants in MR soil (Fig. 5).

In total, the fungal communities in DR soil roots 
were least affected by drought treatment, while those 
in MR soil roots underwent the greatest changes, con-
firming our first hypothesis that fungal communities 
in DR soil are less affected by drought. In soil fun-
gal communities, however, no changes have been 
observed.

Beech grown in dry region soil were less acclimated 
to drought at fine root level

While fungal communities in DR soil appear to be 
better adapted to drought compared to those in MR 
soil, seedlings grown in DR soil did not show any 
better acclimation in fine root architecture, contrast-
ing with our second hypothesis. Rather, seedlings 
grown in MR soil had a longer root system and lower 
branching intensity than those grown in DR and IR 
soil (Fig.  4a,b). This may result from slight differ-
ences in soil texture with a higher sand proportion in 
MR compared to DR soil, since fine root growth rate 
is higher in sand than in clay soil for beech (Weem-
stra et  al. 2017). Potentially, seed origin (Alpenvor-
land, moist region) could have genetically contrib-
uted to differences in drought responses based on 
the different selection pressures of habitats, i.e. pos-
sible advantages in MR soil compared to in DR soil. 
However, this is unlikely the main effect in our study, 
since our seed source when grown in moist as well 
as dry region soils showed a similar plasticity in fine 
roots under drought. This is supported by a previous 
study across Europe reporting no effect of local adap-
tation on survival of beech seedlings (Muffler et  al. 
2021). Under drought, seedlings in both DR and MR 
soils significantly increased taproot length with a par-
allel decrease in branching, whereby the fine roots in 
MR soil rooted longest compared to the plants grow-
ing in IR and DR soils. Longer and deeper growing 
roots with less branching have been identified as 
active drought response in seedlings (Meijer et  al. 
2011; Asefa et al. 2022). As observed in mature Euro-
pean beech forests (Hodge 2004; Wambsganss et  al. 
2021), beech seedlings showed a high morphological 
plasticity in roots (towards faster foraging strategy) to 

cope with drought. Furthermore, although the root to 
shoot ratio decreased under drought in all region soils 
(Fig. 3c), contrary to the global observations (Poorter 
et al. 2012; Tumber-Dávila et al. 2022), it was signifi-
cantly higher in MR compared to DR seedlings.

All in all, these results provide no support for our 
second hypothesis, that seedlings grown in DR soil 
would be better acclimated to dry conditions at the 
fine root level compared to those grown in MR soil.

Acclimation in fine root rather than adaptation in 
fungal community composition mitigated drought 
effect on beech seedlings

It is often discussed that a mycorrhizal symbiosis can 
improve the drought performance in tree seedlings 
(e.g. Querejeta et  al. 2003; Marjanović et  al. 2005; 
Bréda et  al. 2006; Wang et  al. 2021). In the present 
study, however, even though the root fungal commu-
nities appear to be adapted to low SWC, a relative 
improvement of seedling growth during drought was 
not observed in DR soil. Seedlings growing in MR 
soil were least stressed during the drought while hav-
ing the least adapted fungal community and lowest 
mycorrhizal colonisation, indicating that mycorrhiza-
tion only had a minor contribution on seedling plant 
water uptake (Steudle and Heydt 1997; Buchenau 
et al. 2022). Rather, the longer and deeper root archi-
tecture may have contributed more to the better per-
formance of the MR seedlings under drought than 
the fungal community composition. These results are 
similar to the findings by Moser et  al. (2015), that 
root architecture rather than ECM colonisation is cru-
cial for drought resistance of Pinus sylvestris. Kipfer 
et  al. (2012) also found that a symbiosis with ECM 
fungi did not provide additional support during des-
iccation. Allsup et  al. (2023) found that an inocula-
tion of seedlings with fungal communities from dry 
regions enhances the plant drought survival, but this 
applied only to arbuscular mycorrhizal fungi while 
ECM fungi had no significant effect on the seed-
lings’ drought performance. ECM fungi influence 
root growth by regulating fungal and host growth hor-
mones (Fitter 1987; Hetrick 1991; Navarro-Ródenas 
et  al. 2013; Calvo-Polanco et  al. 2019; de Freitas 
Pereira et al. 2023). Therefore, it is possible that the 
more sparsely fungus-colonised roots in MR were 
less inhibited by fungi in their growth and were thus 
able to grow longer into the soil. As a result, these 



 Plant Soil

1 3
Vol:. (1234567890)

seedlings in MR showed a higher ΨPD during drought 
(Fig.  1c), leading to their better photosynthesis and 
growth (Figs.  1 and 3). We are aware that the aver-
age taproot length was longer than the depth of the 
pots (> 20 cm) and we don´t know how the taproots 
were growing inside pots. However, we assume that 
the taproots after 20 cm were growing at the bottom 
of the pots where the highest water availability can 
be expected. Therefore, it is likely that the longest 
taproot length of MR seedlings contributed to their 
better water uptake and higher ΨPD by larger soil 
exploration. Differences in soil texture are unlikely 
the cause for the different ΨPD, since the relationship 
between soil water potential and the SWC were simi-
lar among three region soils (Fig. S3). Furthermore, 
smaller initial biomass and leaf area of MR seed-
lings (Fig. S1) are probably caused by the higher C/N 
ratio of MR soil compared to the other region soils 
and can be a potential cause for less drought effects 
through less water use, in addition to the root archi-
tecture. However, this is unlikely since SWC meas-
urements before the regular watering showed similar 
values (Fig. 1a) and the amount of added water was 
similar in all three region soils. Allocation of newly 
assimilated C to belowground sinks decreased under 
drought following the decrease in ΨPD, as observed 
in previous studies in beech seedlings (Ruehr et  al. 
2009; Zang et  al. 2014) and other species (Poorter 
et al. 2012). Although allocation of newly assimilated 
C belowground is important for the maintenance and 
growth of roots (Blessing et al. 2016; Hommel et al. 
2016; Hikino et al. 2022), less C was transferred there 
in DR and IR seedlings under drought, thus no accli-
mation was observed in C allocation contrary to our 
second hypothesis. This is likely due to delayed sugar 
export from leaves and/or reduced phloem transport 
(Zang et al. 2014; Hesse et al. 2018). Although roots 
are important for long-term reserve storage (Blessing 
et al. 2016; Wiley et al. 2019; Montague et al. 2022) 
and root growth (Wang et al. 2018; Tang et al. 2022; 
Domingo et  al. 2023), allocation to NSC reserve 
pools did not shift to belowground organs under 
drought in our study contrary to observations in other 
species (Galvez et al. 2011, 2013; Chuste et al. 2020). 
This might be due to a shorter duration or lower 
intensity of drought in the present study compared 
to their studies. Although the ratio of belowground 
to total starch pool was significantly higher in DR 
compared to MR plants (Fig. 6a), these reserves were 

not used during drought and thus did likely not con-
tribute to the mitigation of drought, maintaining or 
even increasing reserves in roots (Galvez et al. 2011, 
2013).

Above all, the results indicate that MR seedlings, 
which showed some acclimation to drought at the fine 
root level, experienced the least drought stress during 
this experiment. Additionally, the fungal community 
associated with MR seedlings significantly changed 
towards more drought-tolerant species. These find-
ings support our third hypothesis, stating that the root 
system including root and associated fungi can miti-
gate drought effects on plants.

Conclusion

A changing climate with more frequent and severe 
droughts challenges global forests. Hence, it is essen-
tial to evaluate which factors can positively impact 
tree survival. The results of this study suggest that the 
drought stress response of beech seedlings appears to 
depend more strongly on the plasticity of root archi-
tecture rather than on fungal community composi-
tion even if soil fungal communities are adapted to 
drought conditions. However, a fungal contribution 
to the seedlings’ drought performance cannot be 
excluded completely and needs to be studied further 
by e.g. including other groups of microorganisms 
and their interactions with root-associated fungi, as 
well as specific root-fungus interactions. Specifically, 
inoculation of sterilized seedlings with single drought 
tolerant fungal strains from our study could separate 
the direct effect of root-fungus interaction from the 
effect of root architecture. Since this study explores 
these relationships on seedlings in a rather artificial 
environment, we cannot preclude differing responses 
that will occur under natural conditions and that vary 
with tree age (Hartmann et  al. 2018). Nevertheless, 
this study pinpoints the need to evaluate the effects 
of drought on trees in the context of root associated 
microorganisms.
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