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Abstract 

Background  Biotic and abiotic factors, including plant age, soil pH, soil organic matter concentration, and especially 
water availability, significantly influence soil microbial populations and plant characteristics. While many ecosystems 
are adapted to occasional droughts, climate change is increasing the frequency and severity of drought events, which 
negatively impacts plant productivity and survival. Long-lived, drought-sensitive tree species such as Quercus robur 
are particularly vulnerable to water shortages. Drought also alters soil microbial communities, reducing and reshap‑
ing microbial diversity, biomass, and activity, which can in turn disrupt key ecosystem functions. The objective 
of this study was to investigate the effects of natural drought conditions on soil physicochemical variables, plant 
traits and microbial communities of the oak clone DF159 in Central Germany. Our research focuses on two study 
sites, Bad Lauchstädt and Kreinitz, which differ in soil water retention capacity. Data collection spans two periods: 
before and after a severe drought in 2018. Oak traits and environmental data was collected from 2011 to 2023 cover‑
ing two oak time series with trees planted annually between 2010 and 2019. Microbial communities were analyzed 
every second year between 2015 and 2021 around trees representing five different ages.

Results  We found that plant traits, including apical growth, branch elongation and number of shoot flushes, were 
positively correlated with precipitation and relative humidity. Although the study sites differed in oak leaf number 
per shoot flush and number of shoot flushes, the 2018 drought negatively impacted all measured plant traits, regard‑
less of sites. Soil bacterial richness and diversity declined at both study sites, independent of plant age, while fungal 
richness specifically increased in Bad Lauchstädt, which has a higher water-holding capacity, following the drought 
event. Bacterial community composition was more strongly affected by drought than fungal communities, whereas 
the latter was more responsive to plant age than bacterial communities.

Conclusions  Given their strong functional links during drought, interactions among vegetation, microbial com‑
munities, and soil functioning may ultimately influence major ecosystem services. Bacterial communities were 
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particularly sensitive to drought, while fungal communities exhibited greater resistance, suggesting their potential 
role in supporting plant survival under drought stress. These findings highlight the risk that prolonged drought may 
cause irreversible shifts in microbial communities, with significant implications for soil functions and plant–microbe 
interactions.

Keywords  Quercus robur, Soil bacteria, Soil fungi, Plant traits, Environmental stress

Background
The composition and functionality of soil microbial com-
munities are strongly influenced by both biotic and abi-
otic factors, particularly vegetation, plant age, soil pH, 
organic matter content, and most notably, water avail-
ability [1, 2]. While most ecosystems are adapted to occa-
sional droughts, the increasing frequency and intensity 
of drought events due to climate change pose significant 
challenges for plants [3]. Water limitation can alter veg-
etation types by affecting plant productivity and sur-
vival [4, 5], and warmer temperatures further intensify 
drought effects [6–10]. Despite their ability to develop 
extensive root systems that access deeper soil layers, tree 
communities have shown pronounced vulnerabilities to 
recent droughts and water deficits, experiencing declines 
in growth and increased mortality [11–15].

Drought is also associated with shifts in soil micro-
bial communities [16], driven by changes in plant com-
munity composition and rhizodeposition [17], as well as 
by abiotic constraints such as reduced nutrient diffusion 
[18]. Both, natural and experimental droughts have been 
shown to decrease soil microbial diversity, biomass and 
activity [19–23], leading to a significant reduction of key 
ecosystem functions such as carbon cycling, nitrogen 
mineralization and phosphorus solubilization [19, 24–
27]. Consequently, soils under drought conditions often 
exhibit lower nutrient availability [19, 25, 28, 29].

Microorganisms employ various strategies to overcome 
or resist drought: Some form spores that remain dor-
mant during water deficits [30–32] and germinate after 
soil rewetting [33–35]. Gram-positive bacteria are gener-
ally more drought-resistant due to their thicker cell walls 
[18]. Similarly, certain fungi are less affected or even 
favored by drought compared to prokaryotes [32, 36–40]. 
Fungal adaptations such as thicker cell walls, melanin, 
and osmolytes help maintain osmotic balance [41], while 
the hyphal network of filamentous fungi enables access to 
limited resources under extreme conditions [42], enhanc-
ing also their drought resistance.

In 2018, Germany experienced one of its most severe 
droughts on record, with temperatures exceeding the 
average by more than 3.3  °C [43]. During this period, 
many ecologically important tree species showed signs 
of severe drought stress [15, 43, 44], and soil-borne or 

root-associated microorganisms were also affected [15, 
45]. However, currently little is known about how the 
presence of trees alter the soil microbial communities 
during this specific drought event.

Accordingly, this study aims to elucidate the effects of 
the 2018 drought on soil physicochemical properties, 
tree traits and soil microbial communities. We lever-
aged two plantations of a clonal oak (Quercus robur L.) 
used as phytometer, thereby minimizing confounding 
effects related to plant genotype [46, 47]. The two plan-
tation sites, located in Bad Lauchstädt (Chernozem soil) 
and Kreinitz (sandy soil) in Central Germany — the 
region with the country’s lowest precipitation levels — 
offer contrasting water retention potentials [48, 49]. The 
Chernozem soil at Bad Lauchstädt retains more water 
than the sandy soil at Kreinitz, providing a clear contrast 
in soil water-holding capacities. Given that Q. robur is a 
drought-sensitive tree [50], we anticipated pronounced 
responses in both the trees and their soil microbiomes 
to the severe drought event of 2018. We hypothesized 
that 1) drought-induced changes in soil physicochemical 
properties and reduced water availability would limit oak 
growth from 2018 onward, and 2) changes in microbial 
communities would be mainly associated with plantation 
site and drought, with the latter having a more negative 
impact on bacterial diversity than on fungal diversity.

Methods
Experimental design
The DF159 clonal oak saplings (Q. robur) were produced 
via micropropagation, which guarantees their common 
genetic identity [46, 51]. The trees were cultivated in the 
laboratory and greenhouse before being outplanted at the 
age of one year. Each year from 2010 to 2019, four oak 
trees were planted in three separate blocks at two study 
sites in Central Germany — Bad Lauchstädt in Saxony-
Anhalt (51° 23′ 29.65" N, 11° 52′ 32.14" E) and Kreinitz in 
Saxony (51° 23′ 08.3" N, 13° 15′ 39.7" E). This resulted in 
twelve trees planted per site per year, using a randomized 
design in two subplots per site. The first subplot at both 
study sites consisted of oaks planted annually between 
2010 and 2014, while the second subplot included those 
trees planted between 2015 and 2019. The distance 
between each tree was set to 50 cm.
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Soil sampling and assessments of oak morphological data
Soil sampling campaigns were conducted in September 
2015, 2017, 2019 and 2021, targeting a subset of trees 
that were between one to five years old at the time of 
sampling.

Soil samples were collected following the approach of 
Habiyaremye et  al., (2020) [47]. From each of the study 
sites, soil samples from oak individuals were collected 
within 30  cm distance to the tree trunk at a 0–15  cm 
depth with an auger. Samples were collected based on the 
tree age and their respective plot on each site (Table S1). 
For each tree, three subsamples were taken and subse-
quently pooled to create composite samples. The com-
posite samples were sieved through a 2  mm mesh to 
remove roots and organic debris; remaining non-soil par-
ticles were manually removed after sieving. The homog-
enized soil was then divided into two aliquots: one was 
stored at − 20 °C for molecular analyses, and the other at 
4 °C for physicochemical analyses.

Each September from 2011 to 2023, tree performance 
was assessed to evaluate the effect of environmental con-
ditions. Measurements included total apical growth of 
the main trunk, trunk diameter at 150 mm and 1300 mm 
(DBH) above ground, and the seasonal increase in length 
of four lateral branches. For each of these branches, 
shoot flushes produced during the growing season were 
counted, their respective lengths measured, and the 
number of leaves recorded. From each shoot flush, five 
leaves were harvested to determine the mean leaf area as 
well as mean fresh and dry weights. Besides, we recorded 
whether tree individuals experienced intraspecific com-
petition due to shading by previously planted trees.

Determination of soil physicochemical parameters
Soil physicochemical parameters were assessed follow-
ing Habiyaremye et al., (2021) [52] Soil pH was measured 
using a glass electrode in a 1:2.5 soil-to-0.01  M CaCl2 
suspension after one hour of equilibration. Gravimetric 
soil moisture was assessed with a fully automated mois-
ture analyzer (DBS60-3, KERN & SOHN GmbH, Balin-
gen, Germany), here defined as soil moisture (MOI). 
Total nitrogen (TN) and total organic carbon (TOC) 
contents were analyzed in triplicate through dry com-
bustion using a Vario elemental analyzer (EL III, Elemen-
tar, Hanau, Germany), and the carbon-to-nitrogen ratio 
(TOC/TN) was subsequently calculated from these val-
ues. To evaluate the potentially bioavailable fraction of 
soil organic carbon and nitrogen for microbial activity, 
hot water-extractable carbon and nitrogen (HWC and 
HWN, respectively) were measured according to Ghani 
et al. (2003) [53] and Schulz et al. (2011)[54]. Addition-
ally, labile organic carbon and nitrogen, i.e. easily decom-
posable by soil microorganisms, were measured as cold 

water-extractable carbon (CWC) and nitrogen (CWN) 
following the previously described procedures [55–57]. 
Following Habiyaremye et  al. (2021) [52], ammonium 
(NH4

+-N) and nitrate (NO3
− − N) were quantified, and 

their sum represents the total mineral nitrogen content 
(Nmin).

Molecular sample processing and amplicon sequencing
The DNA extraction and sequencing preparation followed 
the descriptions in Habiyaremye et  al., (2020) [47]. In 
brief, DNA was extracted from 0.4  g of soil sample using 
the Power Soil DNA Isolation Kit (Qiagen, Hilden, 
Germany), with extracts being quantified using a NanoDrop 
spectrophotometer. DNA was then adjusted to 10–15  ng/
μl. For assessing bacterial communities, the V4 region of 
the 16S rRNA gene using 515F/806R primers was amplified 
[58, 59]. The primer pair ITS7/ITS4 [60–62] was used 
to amplify the internal transcribed spacer (ITS) region 2 
to access fungal communities. Amplifications followed 
the conditions described in Habiyaremye et  al., (2020) 
[47], with three replicates per sample. PCR products were 
barcoded and pooled in equimolar concentrations, purified, 
and indexed using Nextera XT adaptors. After a second 
purification, DNA libraries were quantified, pooled to equal 
concentrations, and assessed for fragment size and quality. 
Finally, libraries were sequenced using a 2 × 300 bp paired-
end MiSeq Reagent kit on an Illumina MiSeq platform at the 
Soil Ecology Department of the UFZ—Helmholtz Centre 
for Environmental Research in Halle (Saale), Germany.

Bioinformatics
Raw sequencing data was processed using the dadasnake 
pipeline (v0.11.2, [63]) with default settings. This pipeline 
is based on the workflow built for the DADA2 algorithm 
[64]. The processing included several steps: quality filter-
ing, where reads were truncated based on quality scores 
of 13 for 16S and 15 for ITS and sequences below these 
thresholds were removed; error model learning, in which 
DADA2 modeled and corrected sequencing errors; and 
dereplication, where identical reads were collapsed into 
amplicon sequence variants (ASV). ASV were clustered 
into operational taxonomic units (OTU) considering a 
sequence similarity of 97% [65, 66]. Chimeric sequences 
were identified and removed using the DADA2 con-
sensus method. Taxonomic classification was then per-
formed by assigning sequences to taxa using SILVA (v 
138.1; [67]) for 16S sequences, and UNITE (v 10.0; [68]) 
for ITS sequences.

Data processing of environmental parameters
Environmental data from 2010 to 2023 was analyses to 
assess changes in precipitation and temperature across 
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two study sites, Bad Lauchstädt and Kreinitz. Data was 
filtered annually including only the months from May to 
August, corresponding to the main tree growth period. 
To facilitate the analyses, cumulative values were cal-
culated for total precipitation, while mean values were 
determined for relative humidity, temperature, maximum 
temperature and minimum temperature.

To examine changes in environmental variables over 
time and between sites, an analysis of variance (ANOVA; 
v 4.3.1; [69]) was conducted. Years were then grouped 
into one categorical variable called drought period with 
two levels: before the drought (pre 2018) and after the 
drought (post 2018). A separate linear mixed model 
(lme4 package v. 1.35.1; [70]) was used to determine the 
effect of study sites and drought period on soil physico-
chemical variables, using them as fixed effects. Tree age, 
light competition (shading by adjacent trees), and plot 
were included as random effects. For the drought mixed 
model, study site was also included as a random effect. 
Soil physicochemical variables that were not normally 
distributed were log-transformed prior analyzing.

Data processing of plant traits
For the analyses of DF159 plant traits, data collected 
from 2010 to 2023 was used. To address collinearity, plant 
traits exhibiting correlations greater than 80% with any 
other trait were excluded, resulting in a final set of seven 
plant traits for evaluation: leaf area, number of leaves per 
shoot flush, leaves dry weight, number of shoot flushes, 
branch elongation, apical growth, and the average length 
of the shoot flushes. To determine differences between 
the study sites and the potential effect of the drought on 
these plant traits, we performed linear mixed models, 
allowing for a comprehensive assessment of how drought 
and site impact each trait. Partial correlation analysis 
[71], accounting for study site, were conducted between 
environmental variables and plant traits. This approach 
enabled us to isolate the direct association between oak 
traits, while controlling for potential confounding effects 
introduced due to sites differences. A heatmap was gen-
erated to visualize variables that showed significant sta-
tistical correlations (p-value < 0.05).

Data processing of microbial sequencing data
The bacterial and fungal OTU tables were exported to R 
(v 4.3.1; [69]) and processed with the phyloseq package (v 
1.46.0; [72]). 16S and ITS data was rarefied to 37,714 and 
5,192 sequences per sample, respectively. OTUs without 
phylum assignment, and bacterial OTUs classified as 
chloroplasts were removed, resulting in 226 samples (114 
samples from Kreinitz and 112 from Bad Lauchstädt) for 
subsequent analyses. Alpha diversity was assessed using 
Hill numbers [73] via the package hilldiv (v 1.5.1; [74]). To 

determine the effect of drought on microbial richness and 
diversity, a linear mixed model (lme4 package v.1.35.1; 
[70]) was performed using drought as fixed effect and 
age, site, competition and plot as random effects. Linear 
models tested for independent associations between Hill 
numbers and categorical variables (study site, year of 
sampling, year of out-planting, plot, competition and age 
of the trees). Beta diversity analysis was based on Bray–
Curtis distances. Non-metric multidimensional scaling 
(NMDS) was used to visualize microbial community 
patterns, while variance partitioning statistically tested 
the effects of the categorical variables on microbial 
community composition while addressing potential 
collinearity. Rank abundance curves (BiodiversityR 
package v 2.15.4; [75]) determined shifts in dominant 
orders across the categorical variables. A canonical 
analysis of principal coordinates (CAP; ordinate function 
from the phyloseq package) was performed to explore 
the relationship between environmental variables and 
microbial communities. Differential abundance analysis 
using linear discriminant analysis effect size (LefSe) 
[76] identified microbial orders significantly differing 
between drought periods. Microorganisms, which 
were significantly affected (p ≤ 0.01) were visualized in 
a heatmap and correlated with soil physicochemical 
variables. To ensure robustness, only microorganisms 
that show consistent correlation trends across study sites 
and drought periods were retained for interpretation.

Results
This study evaluated how environmental and soil phys-
icochemical variables influence the oak clone DF159, 
planted as a phytometer in pure stands, by examining 
plant growth, plant traits, and associated soil bacterial 
and fungal communities. We compared two study sites 
in Central Germany with contrasting soil water reten-
tion potentials across two time periods: 2015 to 2017 
and 2019 to 2021, separated by a severe drought event 
in 2018. Climatic data, i.e. total precipitation and relative 
humidity, confirmed the significant impact of the drought 
in 2018 at both study sites (Figure S1).

Study site and drought effects on soil physicochemical 
properties
Linear mixed models revealed significant differences 
in soil properties between study sites: Bad Lauchstädt 
showed higher values for pH, MOI, NO3

− − N, CWC/
CWN, TOC, TN and TOC/N compared to Kreinitz 
(Table  S2). In contrast, Kreinitz had higher values of 
DMC, NH4

+-N, HWC and HWC/HWN than Bad 
Lauchstädt. The models also indicated differences in soil 
chemical properties before and after the drought, with 
higher values of MOI, NH4

+-N, NO3
− − N, Nmin and 
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TOC/TN before the drought, while CWC, CWC/CWN 
and TN were higher after the drought (Table S3).

Study site and drought effects on oak traits
Oaks in Bad Lauchstädt produced significantly more 
leaves per shoot flush and a higher number of shoot 
flushes compared to those in Kreinitz (Table S4). Across 
both study sites, all measured plant traits were influenced 
by the drought period (pre and post 2018; Table  S5). 
Most plant trait values were higher before the drought, 
except for leaf area, which increased after the drought. 
Partial correlation analyses showed that the number 
of shoot flushes, apical growth, and branch elongation 
were positively correlated with precipitation (Fig. 1). The 
number of shoot flushes and annual apical growth were 
also positively correlated with relative humidity. In con-
trast, these three traits showed negative correlations with 
mean and maximum daily temperature, while minimum 
daily temperature was negatively correlated with number 
of shoot flushes and branch elongation.

Study site and drought effects on soil microbial diversity
Bacterial richness was significantly higher in Kreinitz 
compared to Bad Lauchstädt (F = 27.66, p < 0.01). Linear 
mixed models revealed significant differences in bacte-
rial richness across drought periods, with a higher bacte-
rial richness observed before the 2018 drought (p < 0.01, 
R2 = 0.49, t = -6.07) (Fig. 2A). We also found a significant 
interaction between study sites and drought period, 
indicating that Bad Lauchstädt was more affected by 
the drought than Kreinitz (F = 11.99, p < 0.01) (Fig.  2A). 
Year-by-year analyses confirmed these patterns: bacterial 

richness was higher in 2015 and 2017 (pre-drought) than 
in 2019 and 2021 (post-drought).

For fungi, linear mixed models showed no significant 
differences in richness due to drought (p = 0.49, R2 = 0.02, 
t = 2.70) (Fig.  2B) or between study sites (F = 2.02, 
p = 0.156). However, when analyzed separately by site, 
fungal richness in Bad Lauchstädt increased significantly 
after the drought (Fig. 2B; F = 12.53, p < 0.01).

Analysis of the exponential Shannon indices for bac-
teria and fungi showed similar trends to those observed 
for richness. For bacteria, drought had a significant 
negative effect on Shannon diversity (p < 0.01, R2 = 0.58, 
t = − 15.24) (Fig. 2C). We also found a significant interac-
tion between drought and study site (Fig.  2C; F = 38.94, 
p < 0.01), and between drought and tree age (Fig.  2E; 
F = 2.50, p = 0.04). Bacterial Shannon diversity was con-
stantly higher before the 2018 drought across both sites 
and all tree ages. In contrast, fungal exponential Shan-
non indices did not differ before and after the drought 
(Fig. 2D; p = 0.31, R2 = 0.003, t = 0.99), and no interactions 
with study site or tree age were observed (Fig. 2D, F).

For the inverse Simpson index, bacterial diversity 
was higher before the 2018 drought (p < 0.01, R2 = 0.25, 
t = − 4.27). Kreinitz showed marginally higher bacte-
rial diversity compared to Bad Lauchstädt (p = 0.051, 
R2 = 0.012 F = 3.85) (Figure S2A), with no difference 
between the tree age (Figure S2B; p = 0.377, R2 = 0.001, 
F = 1.06). Regardless of study site, drought negatively 
affected bacterial diversity (Figure S2A). For fungi, no 
significant differences in diversity were found between 
drought stages (p = 0.44, R2 = 0.0019, t = 0.77).
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Study site and drought effects on soil microbial community 
composition
The bacterial and fungal community compositions dif-
fered significantly between study sites, as shown by the 
NMDS analysis (Figure S3). Variance partitioning analy-
sis indicated that site (p < 0.01, R2 = 0.79) and drought 
(p < 0.01, R2 = 0.014) accounted for the largest propor-
tion of variation in bacterial community composition. 
For fungal communities, the main explanatory factors 
were study site (p < 0.01, R2 = 0.68) and tree age (p < 0.01, 
R2 = 0.02). These patterns persisted when analyzing the 
years separately; 2015 and 2017 differed from 2019 and 
2021, but not within those groupings (Figure S4).

CAP analysis further revealed differences in bacterial 
communities associated with the study site along axis 
1 (explaining 45.1% of the variability) and with drought 
period along axis 2 (explaining 8.9% if the variability) 
(Fig.  3A). The length of the vectors indicated that pH, 
TN, TOC, MOI and DMC were most strongly associated 
with differences between study sites, while NO3

− − N, 
Nmin and CWC/CWN were more associated with differ-
ences between drought periods. For fungi, similar results 
were found, axis 1 (explaining 24.9% of the variation) 
was more strongly associated to study site, while axis 2 
explained 7.3% of the variation (Fig. 3B). For fungal com-
munities, DMC, TOC, TN, pH and MOI best explained 
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study site differences, while none of the measured vari-
ables stood out between drought periods.

Rank abundance curves at order level showed differ-
ences between study sites for bacteria. Bad Lauchstädt 
harbored 247 different orders and Kreinitz 242 orders, 
respectively. Most bacterial orders with a frequency 
above 5% were present in both sites (e.g., Vicinamibac-
terales, Gaiellales, Solirubrobacterales, Rhizobiales and 
Burkholderiales), but their relative abundance varied 
(Fig.  4A). Interestingly, Rokubacteriales represented 
5.7% of taxa in Bad Lauchstädt but was not highly 
abundant in Kreinitz. The abundance of certain orders 
also shifted after the 2018 drought: Solirubrobacterales, 
for example, was highly abundant before the drought 
(8.22%), but declined afterwards. Similarly, Bacillales 
dropped from the fifth most abundant order before 

the drought (5.3%) to the thirteenth after the drought 
(1.7%) (Fig. 4C).

For fungal orders, rank abundance curves showed 
greater differences between study sites than between 
drought periods (Fig.  4B, D). In Bad Lauchstädt, Hypo-
creales dominated (28.3%), followed by Pleosporales 
(17.4%) and Sordariales (13.5%). In Kreinitz, the domi-
nant orders were Agaricales (21.7%), Hypocreales (20.5%) 
and Sordariales (12.5%).

Differential abundances analyses at the order level 
(p < 0.01), determinded by LefSe (Fig.  5), revealed 
twelve bacterial orders that were significantly affected 
by the drought. At both sites, Burkholderiales, Gem-
matimonadales, Pyrinomonadales, Chitinophagales and 
Pedosphaerales were more abundant before the drought, 
while Rhizobiales, Gaiellales, Solirubrobacterales, 
Nitrosophaerales, Bacillales, Propionibacteriales and 
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Paenibacillales were enriched after the drought (Fig. 5A). 
For fungi, Sordariales, Chaetothyriales, Pleosporales, 
Magnaporthales and Pezizales were more abundant 
before the drought, whereas Eurotiales and Onygenales 
increased in abundance after it (Fig. 5B).

Effect of soil physicochemical properties on microbial taxa 
abundances
Independent of study site and drought period, 15 bac-
terial orders and ten fungal orders showed significant 
correlations (p < 0.01) with soil physicochemical vari-
ables (Fig. 6A–B). Soil pH, TN and TOC were positively 
correlated with the abundance of Vicinamibacterales 
(r = 0.82, r = 0.66 and r = 0.68, respectively) and Roku-
bacteriales (r = 0.69, r = 0.65 and r = 0.68, respectively), 
and negatively with Rhizobiales (r = − 0.86, r = − 0.80 
and r = − 0.84, respectively) and Acidobacteriales 
(r = − 0.72, r = − 0.68 and r = − 0.73, respectively). In 
contrast, abundances of Rhizobiales (r = 0.87) and 
Acidobacteriales (r = 0.69) displayed positive rela-
tionships with DMC, while those of Vicinamibacte-
rales (r = − 0.71) and Rokubacteriales (r = − 0.74) were 
negative.

For fungi, only two orders (Tremellales and Micro-
ascales) had correlation coefficients higher than 0.6 
(Fig.  6B), with positive correlation of DMC and abun-
dance of Tremellales (r = 0.66), but negative correlation 
for Microascales (r = − 0.64). On the contrary, TN and 
TOC showed a positive relationship with Microascales 
(r = 0.62 and r = 0.64, respectively), and negative corre-
lation with Tremellales (r = − 0.63 and r = − 0.66 respec-
tively). Soil pH was negatively correlated with Tremellales 
(r = − 0.70).

Specifically, regarding MOI, abundance of bacterial and 
fungal orders varied. Positive correlations were found 
between MOI and the abundance of Vicinamibacterales 
(r = 0.59), Nitrososphaerales (r = 0.45), Rokubacteriales 
(r = 0.38) and Pyrinomonadales (r = 0.28), but negative 
correlation between MOI and the abundance of Rhizobi-
ales (r = 0.61), Acidobacteriales (r = 0.56), Burkholderiales 
(r = 0.28) and Gaiellales (r = 0.22). Among fungi, Pleospo-
rales (r = 0.58), Chaetothyriales (r = 0.39) and Micro-
ascales (r = 0.37) were positively correlated with MOI, 
while Tremellales (r = 0.52), Agaricales (r = 0.47) and 
Glomerellales (r = 0.41) displayed negative correlations.
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Discussion
In this study, we employed a tree phytometer approach 
by planting clonal oak saplings at two study sites in Cen-
tral Germany, one of the driest regions in the country. We 
measured changes in plant traits, in soil physicochemical 
properties (in a sandy soil and a chernozem), and in soil 
microbial communities before and after the exceptional 
natural drought event in 2018.

Soil physicochemical changes due to drought
Drought affects soil structure (e.g., soil aggregation) and 
chemistry (e.g., carbon content, nutrient solubility, and 
pH), which in turn alters the structural and functional 
diversity of the soil microbiome [77]. In our study, TN 
content increased after the drought, while NO3

−-N and 
NH4

+-N concentrations were higher before the drought. 
This pattern aligns with Deng et  al., (2021) [78], who 
reported that drought reduces ammonification and nitri-
fication rates. This increase in TN may reflect reduced 
microbial activity responsible for nitrogen cycling, 
meaning that although trees took up available NO3

−-N 
and NH4

+-N, mineralization did not compensate for 
this uptake. Additionally, root exudates released during 
drought may have contributed to nitrogen and phos-
phorus enrichment in the soil organic matter, as noted 
by Chen et  al. (2017) [79] and Xiong et  al. (2024) [80]. 
Collectively, these changes suggest significant shifts in 
the soil microbiome as it adapts to the altered nutrient 
and chemical dynamics induced by drought and plant 
responses.

Plant trait responses to drought
Consistent with our first hypothesis and previous stud-
ies [11–15, 43, 81–84], plant performance and most plant 
trait values were negatively impacted in the years fol-
lowing the drought. This aligns with the known drought 
sensitivity of Q. robur within European oak species 
[50]. Drought has been identified as the primary driver 
of growth decline in Q. robur under climate change. 
Research shows that growth in this species is strongly 
influenced by precipitation and temperature, with 
reduced rainfall leading to significant decreases in apical 
growth [85, 86]. Moreover, Q. robur has shown limited 
recovery capacity, as trees failed to return to pre-drought 
growth levels following spring droughts [87]. These con-
sistent negative responses highlight the species sensitiv-
ity to water and temperature stresses and raise concerns 
about its long-term viability in increasingly dry climates. 
We also observed that better plant growth before the 
drought correlated with higher values of MOI and nitro-
gen content, suggesting that adequate MOI enhances 
nitrogen mobility, thereby stimulating root growth and 
respiration [88].

Effects of Drought on soil microbial communities
Supporting our second hypothesis, bacterial richness 
and diversity were higher before the drought, regard-
less of tree age. This effect was more pronounced in Bad 
Lauchstädt’s chernozem, which has a higher water-hold-
ing capacity compared to the sandy soil of Kreinitz. This 
suggests that the bacterial microbiome of Bad Lauch-
städt was more affected by the drought, whereas bacte-
ria Kreinitz’ drier soil apparently exhibited pre-adapted 
drought resistance. Greater bacterial diversity prior to 
drought is generally thought to be beneficial, as increased 
species richness enhances metabolic functions such as 
nutrient mineralization and organic matter decomposi-
tion [89].

Drought also shifted bacterial community composition, 
favoring Gram-positive taxa, particularly Actinobacte-
ria (Gaiellales and Solirubribacterales) and Firmicutes 
(Bacillales and Paenibacillales) over Gram-negative 
groups like Proteobacteria (Burkholderiales) and Acido-
bacteria (Vicinamibacterales) [18, 32, 90]. Gram-positive 
bacteria possess structural advantages, such as thicker 
cell walls and sporulation ability, enabling survival during 
water scarcity by entering dormant states [91, 92]. Genes 
involved in cell wall peptidoglycan biosynthesis increase 
during drought, supporting this resilience [45]. Addi-
tionally, Actinobacteria contribute to nutrient uptake, 
phosphate and potassium solubilization, and nitrogen 
fixation, further supporting plant resilience under stress 
[93, 94]. The order Chitinophagales (Bacteroidetes) more 
abundant before the drought, includes genera known 
as stress indicators thriving in resource-rich environ-
ments [95–98]. Although drought effects are transient 
and microbial communities are expected to recover [99], 
bacterial diversity remained depressed at least three 
years post-drought, confirming the severity of the 2018 
drought.

Fungal diversity showed a site-specific response: rich-
ness increased during the drought period in Bad Lauch-
städt, reflecting fungi’s generally better adaptation to 
drought compared to bacteria [38, 100]. This is based on 
different fungal mechanisms [41], while likewise reflect-
ing that bacterial turnover is less resilient to drought 
events. Soil fungal beta diversity was influenced by tree 
age, but less so by drought, consistent with fungi’s closer 
association with plants and litter quality [101, 102]. In 
accordance with Bei et  al. (2023) [45], drought tended 
to increase the abundance of Hypocreales and Euroti-
ales, while the ectomycorrhizal fungal order Pezizales, 
known to be associated with the clonal oak DF159 [47], 
decreased in abundance after drought. Given that mycor-
rhizal fungi play a key role in nutrient and water acqui-
sition from the soil, increasing stress tolerance [103], 
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reduce Pezizales abundance may negatively reduce host 
fitness during future droughts.

Soil properties as drivers of microbial community 
compositions
Distinct edaphic site characteristics are known to 
strongly shape soil bacterial and fungal communities 
[104, 105]. Our study sites differed notably in soil pH, 
contents of carbon, nitrogen and MOI, all determinants 
of microbial assemblages. Previous studies on the oak 
clone indicated environmental parameters have a higher 
impact on soil microbial communities than tree effects 
[47], suggesting that observed microbial differences pri-
marily reflect environmental variation.

In our study, we identified several bacterial orders 
significantly correlated with physicochemical param-
eters: Acidobacteriales exhibited negative correlations 
with pH, TOC, and total TN, consistent with its known 
acidophilic nature and dominance in low-pH soils such 
as Kreinitz [106]. Vicinamibacterales positively corre-
lated with TOC and TN, aligning with previous findings 
[107, 108], and were more abundant at Bad Lauchstädt, 
which has higher TOC and TN concentrations. Propi-
onibacteriales, Pyrinomonadales and Rokubacteriales 
also correlated positively with pH and TN [110]. Rhizo-
biales exhibited a strong negative correlation with MOI, 
being more abundant after drought and particularly in 
Kreinitz, where MOI is lower than in Bad Lauchstädt. 
Rhizobiales are drought-tolerant and are often associ-
ated with nutrient-poor, low organic matter environ-
ments [109]. They can alleviate root growth inhibition 
caused by phosphate starvation [110].

For fungi, Tremellales and Microascales showed the 
strongest correlations with soil physicochemical prop-
erties and were unaffected by drought, consistent with 
the previous observations [111]. Tremellales, a Basidi-
omycota group abundant in Kreinitz alongside Aga-
ricales, displayed negative correlations with pH and 
TOC, while Microascales showed opposite patterns. 
These site-specific distributions highlight once more 
the influence of environmental conditions on fungal 
community composition.

Conclusion
This study highlights the profound impact of drought 
on soil microorganisms, plant traits and soil physico-
chemical properties. By using the genetically identi-
cal oak clone DF159, we were able to disentangle the 
effects of environmental factors such as soil type 
and site-specific drought conditions on microbial 

communities, thereby minimizing variation attribut-
able to plant genotype.

We found that the 2018 drought significantly impacted 
tree growth and altered soil physicochemical properties, 
particularly moisture, pH, nitrogen levels, and organic 
carbon content, which are key drivers of microbial com-
munity composition. Notably, bacterial communities 
were strongly impacted by drought, exhibiting reduced 
diversity and significant shifts in community structure. 
In contrast, most fungal orders remained largely unaf-
fected, suggesting their resilience to drought and a poten-
tial future role in supporting plant survival under water 
stress.

Our findings also indicate that prolonged drought 
stress can lead to irreversible shifts in microbial succes-
sion, with potential consequences for soil functioning 
and plant–microbe interactions. The results underscore 
the complex interplay between soil properties, micro-
bial communities, and plant fitness in the context of cli-
mate change. This emphasizes the importance of further 
exploring drought-tolerant microorganisms as potential 
tools for enhancing plant resilience and ecosystem stabil-
ity under increasing drought frequency and severity.
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