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Abstract
Climate change scenarios predict more frequent and intense drought periods for 2071 to 2100 for many regions of the world 
including Austria. Current and predicted lower precipitation scenarios were simulated at a lysimeter station containing a 
fertile and less fertile agricultural soil for 9 years. 13C and 15N-labeled green manure was added in year 8 with the aim to 
analyze how the predicted precipitation regime affects soil fauna and microbial groups and consequently nitrogen (N) and 
carbon (C) cycling. Among the investigated mesofauna (collembola and oribatida), the abundance and biodiversity of ori-
batida was significantly reduced by drought, possibly because they mainly represent K-strategist species with low mobility 
and consequently the need to adapt to long-term adverse environmental conditions. Microbial community composition and 
microbial biomass, investigated by phospholipid fatty acid (PLFA) analysis, was indistinguishable between the current and 
the predicted precipitation scenarios. Nonetheless, soil 13C-CO2 emissions and soil water 15N-NO3 data revealed deceler-
ated mineralization of green manure under reduced precipitation in the first 2 weeks, but no effects were observed on soil 
C sequestration or on 13C incorporation into microbial PLFAs in the following 1.2 years. We found that over a 1-year time 
period, decomposition was rather driven by plant residue availability than water limitation of microorganisms in the inves-
tigated agroecosystem. In contrast, N2O emissions were significantly reduced under drought, and green manure derived 15N 
accumulated in the soil under drought, which might necessitate the adjustment of future fertilization regimes. The impacts 
of reduced precipitation and drought were less pronounced in the more fertile agricultural soil, due to its greater buffering 
capacity in terms of water storage and organic matter and nutrient availability.
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Introduction

Climate models predict an increase in average air tempera-
tures, and a shift in precipitation patterns, resulting in more 
intense and frequent summer heat-drought waves, accompa-
nied by heavier intermittent rainfall events in many regions 
of the world, including Austria (APCC 2014; IPCC 2021; 
Thaler et al. 2021). A drought event encompasses a soil 
water deficit, which exerts various stress effects on plants 
(Crocetti et al. 2020) and soil microbes (Schimel 2018), con-
sequently impacting the C and N cycle.

Drought impacts belowground microbial communities by 
two factors: the direct water stress (osmotic stress) associated 

with drought, and indirect impacts such as reduced plant 
C input and reduced substrate access via diffusion, due to 
the lack of water as a transport medium for nutrients and 
enzymes (Schimel 2018). Soil microorganisms have a rela-
tively low water potential optimum (0.3 MPa) (Lennon et al. 
2012) and can withstand water potentials of around −14 
MPa (Manzoni et al. 2012). Consequently, Schimel (2018) 
concluded that many drought effects observed for soil micro-
bial communities are related to nutrient/resource limitations. 
Nutrient availability depends on its concentration, acces-
sibility via diffusion processes, and retention and stabiliza-
tion processes, such as sorption and complexation, which are 
determined by the physicochemical properties of the soil. 
Hence, soil properties will indirectly impact the resistance 
and resilience of soil microbial communities (Bardgett and 
Caruso 2020) and thereby microbial biogeochemical pro-
cesses and nutrient availability to crops. Soils containing 
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high amounts of potentially available nutrients might be 
more resilient to changing climate.

Additionally, the observed impact of drought on soil 
microbiology also depends on temporal factors. At high 
time resolution (hourly to daily) across a drying-rewetting 
cycle, the differences in drought response patterns become 
clear and are linked to different functional and broad phy-
logenetic groups (Bardgett et al. 2001). Short-term impacts 
are strongly related to the strategies of soil organisms to deal 
with drought: some organisms are resistant to drought stress, 
while others recover quickly (resilient), which can be related 
to specific microbial groups (De Vries and Shade 2013). 
For instance, K-strategists such as fungi and Gram-positive 
bacteria exhibit a high resource use efficiency but are slow 
growing, being highly drought-resistant, but showing a low 
drought-resilience. On the contrary, r-strategists, such as 
Gram-negative bacteria, show low drought-resistance but 
can reproduce quickly and therefore show high resilience. 
To date, it is unclear if this holds true in the long-term, when 
K-strategists have enough time to adapt to the changing cli-
matic conditions.

The activity of microorganisms is affected and top-down 
controlled by the mesofauna, which plays an important role 
in the decomposer food web, either by direct decomposition 
of leaf and root litter, and indirectly by promoting microbial 
litter degradation through fragmentation and fecal produc-
tion, or by grazing on primary degraders and their predators 
(Seastedt 1984; Sackett et al. 2010). Mesofauna includes 
microarthropods, with collembola (springtails) and acari 
(mites) contributing the largest fraction to the soil meso-
faunal biomass in temperate climates and being useful bio-
indicators (Gardi et al. 2009). Drought will likely decrease 
the abundance of both acari and collembola, with collem-
bola responding stronger to precipitation changes than acari 
(Blankinship et al. 2011). These findings from a meta-anal-
ysis were confirmed in more recent publications, which in 
addition also documented decreased microarthropod bio-
mass and species richness and altered microarthropod spe-
cies composition (Kardol et al. 2011; Xu et al. 2012; Vest-
ergård et al. 2015; Aupic-Samain et al. 2021; Meyer et al. 
2021). Generally, microarthropods benefit from high organic 
matter input and an aggregated soil structure, which serves 
as a habitat and enables migration to moister microhabitats 
as a drought avoidance strategy (Meyer et al. 2021). The 
climate history, e.g., recurrent drought, may lead to adapta-
tion of the soil microbial and faunal communities, thereby 
assisting in maintaining the multifunctionality of soils and 
increasing their resilience (Preece et al. 2019; Brangarí et al. 
2021; Canarini et al. 2021).

The drought response patterns of plants and soil biota 
will reciprocally interact with soil C and N dynamics. Even 
though plants positively affect the resilience of soil biota 
(De Vries and Shade 2013), plants themselves respond to 

drought stress, by reducing photosynthetic C fixation, modi-
fying their C allocation, and altering their root exudate and 
litter quantity and quality, all of which can strongly impact 
soil microbial (Naylor and Coleman-Derr 2018; Pugnaire 
et al. 2019) and microarthropod activity and function (See-
ber et al. 2012; Santonja et al. 2017). During prolonged and 
more intense drought events, the ecosystem C cycle is likely 
to slow down, due to lower plant C input and diminished 
plant residue mineralization (Wu et al. 2011). Subsequent 
rewetting causes a pulse of C mineralization and soil CO2 
release (Birch 1958). Carbon mineralization during rewet-
ting depends on (1) the total organic matter content as the 
potentially available C source and the bioavailability of 
labile C regulated by sorption versus desorption processes, 
i.e., parameters depending on the soil characteristics and 
(2) the intensity of prior drought, and the legacy of previ-
ous drying/rewetting cycles or of other physical disturbances 
(e.g., tillage), i.e., factors depending on climate and land 
management (Borken and Matzner 2009; Canarini et al. 
2017; Schimel 2018). Accordingly, meta-analyses have 
shown both effects, i.e., an increase in soil C mineraliza-
tion (Deng et al. 2021) and a decrease thereof (Borken and 
Matzner 2009; Wu et al. 2011; Deng et al. 2021). Consider-
ing the ecosystem N cycle, a reduction in plant N uptake 
and an accumulation of inorganic and organic N in the soil 
were reported (Deng et al. 2021). Under drought, organic N 
mineralization can exceed N uptake by plants, leading to the 
accumulation of NH4

+ in the soil. In dry soils, NH4
+ diffu-

sion towards nitrifiers is strongly restricted and nitrification/
denitrification therefore slows down, consequently reducing 
the amount of reactive N and N2O gaseous losses (Homyak 
et al. 2017; Schimel 2018; Li et al. 2020).

It is commonly agreed that ecosystem resistance and 
resilience to drought increase with increasing biodiver-
sity due to the asynchrony of species’ responses (tolerance 
versus recovery) and changes in the food web interactions 
(Bardgett and Caruso 2020). Processes, which can be medi-
ated by many species, such as plant residue mineraliza-
tion, are likely to be less susceptible to drought than for 
example denitrification (Homyak et al. 2017). Vice versa, 
the impact of drought might be more visible on a species 
level than on a group level of low taxonomic resolution. In 
agroecosystems, biodiversity is lower than in natural eco-
systems (Postma-Blaauw et al. 2010; Tsiafouli et al. 2015). 
Furthermore, long-term cultivated agricultural soils become 
impoverished in soil organic C content and exhibit a deterio-
ration of the soil structure due to tillage. Low biodiversity 
and deteriorated soil characteristics might especially impair 
the ecosystem functioning under drought, particularly in 
non-fertile agricultural soils. Nonetheless, long-term field 
studies investigating the impact of more frequent and intense 
periods of drought waves on the C and N cycle in agroeco-
systems are still rare.
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A stable isotope labeling experiment was conducted on a 
lysimeter site, which has been subject to simulated frequent 
and intense drought events for 9 years to enable the inves-
tigation of a fully adapted soil mesofaunal and microbial 
community. We used 13C and 15N-labeled green manure in 
year 8 to enable the study of the (un) coupling of ecosystem 
C and N fluxes in an atmosphere-plant-soil-microbe system. 
Mesofauna was monitored at a species level to better observe 
drought-related adaptations. Microorganisms were targeted 
using phospholipid fatty acid (PLFA) analysis because cou-
pling with C stable isotope measurements provides linkage 
between taxonomic and functional information (Watzinger 
2015). We hypothesize that soil characteristics will influence 
the C and N cycle of newly added plant residues by affect-
ing both bioavailability of nutrients and potential microbial 
activity. This study aims at (1) identifying the impact of 
long-term drought on the soil microbial community and 
mesofauna; (2) monitoring the alteration in the C and N 
cycle of newly added plant residues; and (3) defining the 
magnitude of response of fertile versus less fertile agricul-
tural soil.

Materials and methods

Experimental set‑up

The AGES lysimeter facility consists of 18 filled gravitation-
lysimeters representing the three main soil types of the Pan-
nonian region in Austria, namely calcaric Phaeozem (Ps), 
calcic Chernozem (Ch), and gleyic Phaeozem (Pg) (Gerza-
bek and Krenn 1996; Stenitzer and Hösch 2005). The gleyic 
Phaeozem, a groundwater influenced soil type, had become 
dry and experienced unnatural shrinking and crack forma-
tion and was therefore excluded from the isotope labeling 
experiment. The main soil chemical and physical properties 
of the upper 10 cm were re-determined in 2019 and are pre-
sented in the Supplementary Information Table 1. Rainfall 
has been simulated with an overhead irrigation system since 
2011 (Tataw et al. 2014, 2016). For the “current” scenario, 
half of the lysimeters were irrigated according to current 
precipitation patterns, as calculated by the 30-year-mean 
of rainfall (amount and distribution) in the nearby village 
Großenzersdorf (517 mm). The other half of the lysim-
eters in the “predicted” scenario were watered according 
to the precipitation predicted for the period 2071 to 2100 
in the Pannonian region, simulating drought periods and 
heavy rain events from 2011 until 2017 (436 mm) (Tataw 
et al. 2016). From 2018 onwards, an adapted and improved 
model, the historical (1961 to 2000) and the hot and dry 
model scenario presented in Seidl et al. (2019), was used 
to calculate “current” and “predicted” scenarios (531 mm 
and 386 mm precipitation per annum). The regional climate 

change scenarios are based on four selected regional climate 
model scenarios from Euro-Cordex (Jacob et al. 2014) out 
of the ensemble ÖKS 15 (Leuprecht et al. 2016), derived 
from different global and regional climate models and were 
forced with the emission scenarios RCP 4.5 and RCP 8.5. 
The ÖKS15 ensemble provides bias-corrected and localized 
(1 km grid) scenarios for daily precipitation. Bias correction 
was done using quantile mapping (Switanek et al. 2017). 
The lysimeter station was covered by a plastic tunnel dur-
ing the vegetative period and remained uncovered in winter, 
when it received ambient precipitation. Figure 1 depicts the 
period of coverage (simulated precipitation) as well as the 
mean daily temperature and the amount of rainfall and irri-
gation from 2017 to 2019 based on precipitation scenarios.

The crop rotation and crop residue management through-
out the experiment followed the common agricultural prac-
tices in the study region. In 2017, spring wheat (Triticum tur-
gidum subsp. durum (Desf.) Husn) cf. Floradur was grown 
followed by white mustard (Sinapis alba L.) as a catch crop. 
In spring 2018, spring barley (Hordeum vulgare L. cf. Cer-
binetta) was sown followed by winter wheat (Triticum aes-
tivum L.) cf Capo in autumn 2018 (Fig. 1). Before sowing 
and after the harvest, the soil was manually tilled. Fertilizer 
was applied according to Austrian standard recommenda-
tions (BMLFUW 2017) (Fig. 1). Visual controls for pest 
infestations were done regularly to identify potential insect 
pests and to allow for appropriate measures to be taken. No 
significant insect infestations were detected for the duration 
of the experiments described. However, weeds were rela-
tively abundant and were removed manually (omitting the 
use of pesticides), to avoid potential negative effects on the 
soil microbial community.

Stable isotope labeling experiment

A 13C and 15N labeling experiment was conducted to 
assess the effect of predicted precipitation on soil C and 
N mineralization of green manure and nutrient cycling. 
Isotopically labeled mustard residues were incorporated 
into the upper 10 cm of topsoil in a small, framed seg-
ment (0.25 m2) of the lysimeters in spring 2018. Labeling 
of mustard was done in a controlled laboratory environ-
ment in the greenhouse by watering pre-seeded mustard 
plants with a 15N-labeled micronutrient solution and by 
pulse labeling the plants in a gas tight chamber filled 
with 13C-labeled CO2. Final delta values of 13C and 
15N-labeled mustard mulch were 65 ± 12 ‰ and 170 
± 10 ‰, respectively. Soil sampling was done repeat-
edly to a depth of 10 cm using a metal soil corer (0.6 cm 
diameter) before labeling, 6 hours, 2, 4, 9, 21, 32, and 72 
days, and 0.9, 1.1, and 1.2 years after labeling (Fig. 1). 
Seepage water only occurred in some lysimeters during 
spring and after a simulated heavy rainfall event (60 mm) 
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in 2018 (day 16). Then, soil water samples were taken at 
different soil depths from 10 cm down to 250 cm depth 
from preinstalled suction cups in the lysimeters and by 
collecting drainage water at the bottom of the lysimeters. 
Gas samples were taken on the days of soil sampling in 
the field to gain insight into soil respiration dynamics 
(CO2 measurements) and N2O fluxes. Additionally, N2O 
emissions were measured on the following 2 days after 
the heavy rainfall event and after N fertilization. Leaves 
were sampled during growth and at crop harvest (days 21, 
32, 72, 105 and years 0.9, 1.1, and 1.2) for elemental and 
isotopic analyses in the laboratory (Fig. 1).

Soil water content was determined gravimetrically 
after drying fresh soil aliquots at 105 °C for 24 h. Plant 
and bulk soil C and N content and isotopic composi-
tion were analyzed by Elemental Analyzer – Isotope 
Ratio Mass Spectrometry (EA-IRMS; elemental ana-
lyzer coupled to Delta V Advantage, Thermo Scientific, 
Germany). Soil inorganic C was removed beforehand via 
HCl fumigation following Harris et al. (2001). Soil NO3 
and NH4 were extracted from fresh soil samples using 
0.5 M K2SO4 using a micro-diffusion method (Heiling 
et al. 2006): NH4 and NO3 were sequentially captured 
into acid traps that were then analyzed for their N content 
and 15N signature by EA-IRMS. Microbial biomass was 

determined by pre-extraction with 0.5 M K2SO4 followed 
by liquid chloroform — K2SO4 extraction (Setia et al. 
2012). Microbial biomass N content and δ15N values 
were measured by purge-and-trap IRMS (PT-IRMS, Gas-
bench II headspace analyzer coupled to Delta V Advan-
tage, Thermo Fisher, Bremen, Germany) following the 
procedure of Lachouani et al. (2010). Nitrate concen-
trations of soil water were determined colorimetrically 
by the VCl3/Griess assay (Hood-Nowotny et al. 2010). 
Delta 15N values of nitrate in soil water were analyzed 
by purge-and-trap IRMS as mentioned for microbial 
δ15N determination. Phospholipid-derived fatty acids 
(PLFAs), the primary lipids in cellular membranes of 
soil microbiota, were extracted and the concentration and 
δ13C was measured via Gas Chromatograph - Isotope 
Ratio Mass Spectrometer (GC-IRMS; HP 5890 Series II 
Gas Chromatograph coupled to a Delta S, Finnigan, Ger-
many) (Watzinger 2015; Watzinger and Hood-Nowotny 
2019).

Soil N2O fluxes were measured on all lysimeter plots by 
laser spectroscopy (Los Gatos Research (LGR) Isotopic 
Off-Axis Integrated Cavity Output N2O analyzer, Model 
914-0027) connected to a gastight chamber with a measure-
ment sequence of 30 min. Additionally, air samples were 
taken from each lysimeter at 4 sampling times (0, 10, 20, 

Fig. 1   Period of cultivation, 
plant leaf, water, soil and gas, 
and mesofauna sampling dates 
are illustrated on the top. Daily 
mean air temperatures and 
accumulated rainfall/irrigation 
under the current (grey line) 
and predicted precipitation 
scenario (black line) are shown 
for the years 2017, 2018, and 
2019. The dashed straight line 
indicates the time of simulated 
precipitation. The amount and 
timing of NH4NO3 fertiliza-
tion is illustrated as bars. Black 
bars indicate the amount of N 
fertilizer applied to the Phae-
ozem and grey bars indicate the 
additional fertilizer applied to 
the Chernozem. The date of 15N 
and 13C green manuring (mus-
tard) is indicated by an arrow
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30 min), and concentrations and δ13C values of CO2 were 
determined by gas chromatography (GC)-IRMS (Thermo 
Fisher Trace GC Ultra connected to IRMS, Thermo Fisher 
Delta V Advantage) (Leitner et al. 2020). The Keeling plot 
approach was used to determine δ13C values of soil CO2 
efflux for each lysimeter (Keeling 1958), and fluxes of soil 
CO2 emissions were calculated for each sampling time.

Low mesofauna biomass prevented the measurement of 
its stable isotope ratio. Therefore, the sampling dates were 
optimized to gain an annual overview on their abundance. 
Following this, collembola (springtails) and oribatida (beetle 
mites) were sampled three times a year: in spring, summer, 
and autumn (Fig. 1). On each date, five soil cores (56 × 
56 mm × 100 mm depth) were taken from each lysimeter, 
transferred to the laboratory, and extracted in a Berlese-
Tullgren apparatus. The five subsamples of each lysimeter 
were pooled, and the collembola and oribatida were manu-
ally picked from the debris. The collembola were counted 
and analyzed as a group, and the oribatida were identified to 
species level and counted.

Statistical analysis

Two- or 3-way ANOVA type III sum of squares analyses 
using soil type, precipitation treatment, and/or time as main 
factors were run, and Bonferroni post hoc tests were con-
ducted. Generally, no transformation of the raw data was 
necessary to meet the assumptions of normality and variance 
homogeneity. Those very few data sets being transformed 
are indicated in the respective tables of the Supplementary 
Information. Mesofauna abundance data were log10-trans-
formed and analyzed using a linear mixed effects model, 
with soil and precipitation as fixed factors and sampling 
date as a random factor. In addition, principal component 

analyses were conducted. Prior to principal component anal-
ysis, abundances were Hellinger transformed to reduce the 
influence of dominant species. For statistical analysis, the R 
package Jamovi was used (R Core team 2020; The jamovi 
project 2021; Gallucci 2019).

Results and discussion

Responses of the soil mesofauna (collembola 
and oribatida) to drought

In total, 9023 collembola and 3138 oribatida specimens 
were collected per m2. The abundance of collembola was 
dominated by one excessively large sample in spring 2018. 
Here, one lysimeter accounted for 2751 individuals, which 
is approximately 30% of all individuals found. Collembolan 
abundance was significantly affected by soil type, but not 
by the precipitation scenario (Supplementary Information 
Table 2). In contrast to the collembola, we found consistent 
and significant effects of both, soil type and precipitation 
regime, on the total number of oribatid mites (Fig. 2, Sup-
plementary Information Table 2). In total, Chernozem con-
tained approximately 3 times more individuals of oribatid 
mites than the Phaeozem, and the current precipitation treat-
ment 1.6 times more individuals than the predicted precipita-
tion scenario. The latter was in the range of the difference 
in plant biomass production between current and predicted 
precipitation scenarios.

Collembola and oribatida abundances were similar to 
those reported in dry and conventional agroecosystems 
(Meyer et al. 2021), but strongly reduced compared to those 
reported in natural ecosystems (Cole et al. 2006; Holmstrup 
et al. 2017; Peguero et al. 2021). However, in contrast to 

Fig. 2   The mean abundance 
of oribatid mites in Phaeozem 
(Ps) and Chernozem (Ch) 
under the predicted and current 
precipitation scenario. Error 
bars indicate standard deviation 
(n=3)
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our findings, other studies reported that collembola are 
more sensitive to drought than oribatida (Holmstrup et al. 
2013; Meyer et al. 2021). Both collembola and oribatida 
are detritivore organisms, though they also graze on the soil 
microbial community (Behan-Pelletier 1999; Chahartaghi 
et al. 2005). The overall amount of plant residues input was 
possibly higher in the Chernozem and under the current pre-
cipitation scenario, due to higher plant growth (unpublished 
data), which was most probably the main positive driver of 
mesofaunal abundance (Blankinship et al. 2011). Lower soil 
bulk density, higher soil moisture, and a better soil structure 
and aggregate stability might have further promoted meso-
faunal community abundance in the Chernozem. Oribatid 
mites are considered K-strategists, with a slow develop-
ment and a long life cycle, and therefore are expected to 
respond slowly to long term degradation of their microhabi-
tat (Behan-Pelletier 1999). Accordingly, their abundance and 
biodiversity decreased after 9 years of the predicted pre-
cipitation scenario in this experiment. In contrast, collem-
bola are r-strategists, recover quickly, and are more mobile 
than oribatida (Alvarez et al. 1999; Lindberg and Bengtsson 
2006; Pollierer and Scheu 2017). Hence, collembola might 
be able to profit from short-term improvements in habitat 
conditions due to rainfall events and/or escape desiccation 
by downward migration, while oribatida reflected the impact 
of long-term habitat decline due to drought more sensitively.

Only nine species of oribatida were collected (Sup-
plementary Information Table 3), which is a much lower 
biodiversity than observed in the previous investigations in 
2011–2013 (26 species; unpublished data). All species found 
in 2011–2013 were reported 6 years later. Hence, species 
richness had dropped by 66%, irrespective of precipitation 
treatment. This was likely related to the disruption of soil 
aggregates and hence the deterioration of their microhabi-
tat during 6 years of irrigation. In 2017–2019, the Shan-
non index was significantly higher under the current than 
under the predicted precipitation regime, with a significant 
precipitation/soil interaction term (Supplementary Informa-
tion Table 3). This was visualized by a principal component 
plot (Supplementary Information Fig. 2), where the oribatid 
mite assemblages of the two precipitation scenarios were 
clearly separated between the sandy Phaeozem, but not for 

the Chernozem. These findings are similar to that of Meyer 
et al. (2021), who reported buffering of negative effects of 
drought on oribatida communities due to higher soil organic 
C content, associated with a higher soil water content and 
improved soil structure.

Impact of drought on soil microbial PLFAs

The gravimetric soil water content determined during soil 
sampling in the top 10 cm of soil was not significantly dif-
ferent between current and predicted precipitation scenarios, 
which can be attributed to the different precipitation regimes 
(Table 2, Supplementary Information Fig. 2). The soil sam-
pling dates were fixed, meaning that the predicted scenario 
could have received irrigation the day before sampling while 
the current scenario did not. Nonetheless, the soil water con-
tent approached the wilting point (−1.5 MPa), but was still 
far away from the water potential suggested to cease soil 
microbial activity (−14 MPa) (Manzoni et al. 2012).

Single soil microbial PLFAs were unaffected by the differ-
ent precipitation scenarios, while PLFA contents were affected 
by soil type and sampling time. Drought has been documented 
to alter the soil PLFA patterns and increase the fungi to bac-
teria and gram+ to gram- bacteria ratios (De Vries and Shade 
2013). The investigated soils had developed under continen-
tal climate, with low precipitation (600 mm) and high mean 
annual temperature, and were used for agricultural purposes 
for decades. The current labeling experiment began 7 years 
after both precipitation scenarios had been subjected to many 
drying/rewetting cycles and intense rainfall events, resulting in 
soil disaggregation and soil structure loss (visual inspection), 
which may have released potentially bioavailable organic C 
(Borken and Matzner 2009). Drought, loss of bioavailable C 
and microhabitat deterioration had likely fostered the devel-
opment of a resistant soil microbial community in both, the 
current and the predicted precipitation scenarios (Ren et al. 
2017; Leizeaga et al. 2022). As an indicator of microbial 
resistance, the fungi to bacteria ratios were high (Table 1), 
especially when considering that bacteria generally domi-
nate in agricultural soils (high N supply, tillage) (Bardgett  
and McAlister 1999; De Vries et al. 2006). In addition, we 
speculate that a combination of low number of replicates 

Table 1   Abundance of the 
total microbial biomass and 
of microbial groups for the 
different soil types. Given are 
the mean values throughout 
the experimental period and 
standard deviation in brackets

PLFAs (nmol g−1) Phaeozem Chernozem

Total microbial PLFAs 131.3 (15.3) 175.5 (33.6)
Gram positive bacteria (i14:0, i15:0, a15:0, i16:0, i17:0, a17:0) 21.1 (1.9) 28.5 (8.5)
Actinobacteria (10Me16:0+, 10Me17:0, 10&12Me18:0) 17.9 (1.2) 25.1 (7.2)
Gram negative bacteria (16:1ω7c, cy17:0, 18:1ω7c, cy19:0) 43.9 (5.5) 61.3 (9.1)
Arbuscular mycorrhiza — not exclusively (16:1ω5c) 5.2 (0.7) 5.7 (3.0)
Fungi (18:2ω6,9) 5.5 (1.9) 5.6 (1.1)
Fungi/bacteria 0.06 0.05
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(n=3), field-like conditions with a high variation of applied 
“precipitation” events per lysimeter, and a sampling regime 
that did not take into consideration the various drying and 
rewetting cycles, caused high data variability, hindering the 
statistical evaluation of small eventual shift in microbial PLFA 
pattern under the predicted precipitation regime.

Nonetheless, and as expected, due to the higher soil water 
availability and organic matter content, microbial biomass 
was higher in the Chernozem (Tables 1 and 2), due to a 
higher PLFA-based soil bacterial biomass. The presence of 
fungi was unaffected by soil type, again confirming their 
resistance to possible nutrient and water deficiencies (Canar-
ini et al. 2017). PLFA patterns were also affected by sam-
pling time, but this appeared not to be driven by the addition 
of the green manure in April 2018. The addition of signifi-
cant amounts of plant residues usually rapidly increases the 
soil microbial biomass (Stemmer et al. 2007; Djukic et al. 
2013). However, in our experiment, the amount of mustard 
added was low (0.2 mg gsoil

−1) and did not lead to a signifi-
cant increase in the soil C and/or microbial biomass.

Carbon mineralization in soils and identification 
of decomposer soil microorganisms

The short-term microbial mineralization of 13C-labeled mus-
tard as detected by soil CO2 emissions and isotope tracing 
was significantly decreased under the predicted precipitation 
scenario (Table 2, Supplementary Information Fig. 3). Total 
soil CO2 emissions decreased by 13% and 25% in the Phae-
ozem and Chernozem respectively, which aligns with previ-
ous studies of impacts of drought on soil microbial respira-
tion (−16% and −12%) and litter decomposition (−13%) (Wu 
et al. 2011; Canarini et al. 2017; Deng et al. 2021). Calculat-
ing the mustard-derived CO2 emissions revealed that drought 
only affected the mineralization of the newly added green 
manure, and that its flux was decreasing in the Chernozem, 
due to higher microbial activities rapidly depleting the added 

labeled manure. Despite the observed short-term difference 
in green manure mineralization between current and pre-
dicted precipitation scenarios, neither the content nor the 
δ13C values of the overall soil organic C pool were affected 
by precipitation treatment, indicating that native organic C 
mineralization was not affected, and that the C input/output 
was balanced during several months in this agroecosystem.

The microbial anabolism of labeled mustard into PLFAs 
started within hours in all microbial groups after mustard 
addition, likely due to the presence of readily available and 
widely usable labile mustard C compounds. However, the 
extraordinarily high initial δ13C values of the PLFAs 16:0, 
18:0, 18:2ω6,9c, and 18:1ω9c were attributed by 27%, 15%, 
13%, and 15% to the addition of labeled mustard as green 
manure. The input of those fatty acids by plants has already 
been documented and discussed critically (Zelles 1999; 
Frostegård et al. 2011; Joergensen 2022). The δ13C values of 
bacterial PLFAs were higher in the Phaeozem likely due to 
its lower soil organic C content and thus the preferred bio-
degradation of the newly added green manure. In contrast to 
bacteria, saprophytic fungi (16:0, 18:0, and 18:2ω6,9c) incor-
porated more 13C from green manure in the Chernozem than 
in the Phaeozem (Supplementary Information Fig. 4 and Sup-
plementary Information Table 4). The Chernozem might have 
retained added organic residues better than the Phaeozem, 
due to its loamy texture and higher organic content. Fungi 
have the ability to access these adsorbed and complex organic 
residues by hyphal growth and by the excretion of extracellu-
lar enzymes (De Boer et al. 2005). Additionally, fungi incor-
porated more than double the amount of 13C-labeled green 
manure into their PLFAs than bacteria, while actinobacteria 
and arbuscular mycorrhizal fungi incorporated only half of 
this amount. As both, higher and lower C use efficiencies in 
fungi than in bacteria have been reported (Strickland and 
Rousk 2010; Soares and Rousk 2019), our results indicate 
that fungi were more active than bacteria in green manure 
decomposition and utilization in this agroecosystem. In the 

Table 2   3-way ANOVA tables 
of the impact of soil type, 
irrigation regime, and time 
on the water content and soil 
properties related to the C cycle 
after 13C15N green manuring. F 
indicates the degree of freedom 
and the asterix the significance 
value. The treatment (soil and 
precipitation) with the higher 
value is indicated after F

Ps, sandy Phaeozem; Ch, Chernozem; curr, current precipitation scenario; pre, predicted precipitation sce-
nario; ***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.05
Significant values are presented in bold

Parameter Unit Transformation Soil Precipitation Time
F F F

Water content % 47.6/Ch *** 0.15 23.4 ***
Microbial biomass nmolPLFA g−1 26.2/Ch *** 0.116 7.24 ***
Fungi nmolPLFA g−1 0.88 0.64 9.57 ***
Soil organic C % log 1007/Ch *** 2.84 7.39 ***
Soil δ13C ‰ log 3.54 2.09 16.2 ***
CO2-C emission mg C m−2 h−1 0.05 8.61/curr ** 21.4 ***
δ13CO2 ‰ 30.5/Ps *** 21.3/curr *** 19.4 ***
CO2-C mustard mg C m−2 h−1 log 29.5/Ps *** 15.8/curr *** 4.75 **
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second year, mustard was still degraded (primarily by fungi) 
and/or the label was recycled within the microbial commu-
nity. Our results therefore confirm former studies, i.e., that 
(1) a broad range of soil microorganisms quickly utilize 
plant residues (a functional redundant process) (Schimel and 
Schaeffer 2012), that (2) fungi have a higher C incorporation/
mineralization potential than bacteria, and incorporate and 
degrade plant residues for several weeks/month (Rousk and 
Bååth 2007), and (3) that microbial communities in low soil 
organic matter and sandy textured soils anabolized more C, 
indicating C driven limitation rather than drought limitation 
of microbial functions and processes (Schimel 2018). Most 
importantly, C incorporation by microbial communities was 
not affected by the precipitation regime. Carbon limitation, 
the presence of drought adapted microorganisms, and decou-
pling of sampling and the drying/rewetting cycle had likely 
ceased the impact of the precipitation scenario.

Soil nitrogen cycling

Bulk soil N was significantly higher in the Chernozem 
than in the Phaeozem, reflecting the generally higher soil 
fertility of the Chernozem (Table 3). This was also the 
case for soil nitrate, but not for soil ammonium, which 
did not significantly differ between soils. However, the 
precipitation treatment affected none of the measured soil 
N pool sizes (bulk N, available ammonium and nitrate). 
Only the bulk soil δ15N values were higher under drought 
stress and especially in summer on the day of harvest (72 
days after 15N green manuring), indicating one or several 
of the subsequent processes: slower plant residue decom-
position, less uptake of mineralized mustard N via plants, 
or fewer N losses through leaching or gaseous N losses.

N mineralization and nitrification

In agreement with microbial biomass C data, soil microbial 
biomass N contents and δ15N values were not affected by the 
precipitation treatment (Table 3). Initially, retarded soil respi-
ration had not led to reduced microbial N, as observed by van 
Meeteren et al. (2008) and Deng et al. (2021). The available 
NH4 and NO3 concentrations were not impacted either, which 
is in contrast to other studies, which reported inorganic N 
accumulation due to continuous N mineralization and nitri-
fication but decreased plant N uptake under drought (Evans 
and Burke 2013; Homyak et al. 2017), or reduced N miner-
alization (−6%) and nitrification (−14%) but accumulation of 
dissolved organic N (+33%) (Deng et al. 2021). In addition, 
the δ15N value of available soil NO3 was not significantly 
impacted by drought. Since neither the concentration nor the 
δ15N values of microbial N and inorganic N were impacted 
by the precipitation regime, we concluded that the related 
processes of green manure mineralization/nitrification were 
not affected or were balanced by consumption processes such 
as plant N uptake or denitrification throughout 1.2 years.

Nitrate leaching

Unfortunately, the determination of nitrate leaching was 
hampered by the fact that only few soil water samples could 
be collected by suction cups from the lysimeters or their 
seepage water for soil water analysis, which made statistical 
analyses impossible. However, on the day of the heavy rain-
fall event (day 16), control treatments of both soil types had 
slightly higher δ15N-NO3 values and nitrate concentrations at 
10 cm sampling depth, which suggests a slower decomposi-
tion and reduced nitrification under drought (Supplementary 
Information Table 5).

Table 3   3-way ANOVA tables 
of the impact of soil type, 
irrigation regime, and time 
on the water content and soil 
properties related to the C cycle 
after 13C15N green manuring. F 
indicates the degree of freedom 
and the asterix the significance 
value. The treatment (soil and 
precipitation) with the higher 
value is indicated after F

Ps, sandy Phaeozem; Ch, Chernozem; curr, current precipitation scenario; pre, predicted precipitation sce-
nario; ***p ≤ 0.001; **p ≤ 0.01; *p ≤ 0.05
Significant values are presented in bold

Parameter Unit Transformation Soil Precipitation Time
F F F

Total N % 1954/Ch *** 0.63 10.7 ***
Soil δ 15N ‰ 0.14 8.06/pre ** 54.3 ***
Available NO3

− μg N g−1 20.6/Ch *** 0.94 41.7 ***
δ15N NO3

− ‰ 7.07/Ch ** 2.64 2105 ***
Available NH4

+ μg N g−1 0.92 3.67 44.5 ***
Microbial N μg N g−1 254/Ch *** 3.33 6.47 ***
Microbial δ15N ‰ 2.91 0.37 4.90 ***
Plant grain N % 1.16 4.02 23.3/2019 ***
Plant straw N % 4.26 1.65 6.92/2018 *
Plant grain δ15N ‰ log 11.81/Ps ** 0.05 186/2018 ***
Plant straw δ15N ‰ log 21.37/Ps *** 0.02 340/2018 ***
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N2O emissions

Measured N2O emission data were generally low in compari-
son to those measured and modeled for comparable agricul-
tural settings (Wang et al. 2021). Nonetheless, the drought 
treatment significantly reduced N2O emissions over the period 
of 2 years (2018, 2019) (Fig. 3, Supplementary Information 
Table 6). Most important factors controlling N2O emissions 
from soils comprise the availability of substrate (N) and soil 
water and oxygen content. Accordingly, the inorganic ferti-
lizer addition (day 29) strongly increased soil N2O emissions 
(Fig. 3). The heavy rainfall event increased N2O emissions 
more under drought and in the sandy soil, i.e., under water 
limiting situations, while NH4NO3 fertilization had more 
impact on the soil N2O emissions of the Chernozem, and 
under current precipitation scenarios, indicating that this 
process was triggered by enhanced inorganic N availability 
(Fig. 3). Slightly smaller elevated N2O emissions as a conse-
quence of a water pulse after prolonged drought were already 
described by others, e.g., Evans and Burke (2013) and were 
attributed to inorganic N accumulation during the drought 
period, followed by nitrification (Homyak et al. 2017; Schimel 
2018). In our study, soil NH4 concentrations were not elevated 
and N2O emissions increased slowly after the heavy rainfall 
event. Heavy rainfall might have triggered several processes, 
e.g., green manure mineralization, nitrification (detected as 
increased δ15N-NO3 values on day 21), and possibly denitri-
fication. We observed soil N2O emission reductions of 20 to 
50% in the sandy Phaeozem and Chernozem under the pre-
dicted precipitation regime, excluding heavy rainfall emis-
sion data. These data are in concordance with studies that 
found N2O emission reductions of 31 to 53% under drought 
(Homyak et al. 2017; Li et al. 2020). Excluding periods < 
4 days after fertilization, drought-related reductions of N2O 
emissions were lower (5% and 20% in the sandy Phaeozem 
and Chernozem, respectively) because microorganisms pro-
duced relatively high peak N2O emissions after fertilizer 

addition in the current compared to the predicted precipitation 
scenario. Concerning the prevailing microbial N2O produc-
tion processes, the low water filled pore space (WFPS) of 
5–30 to 10–35 Vol% in the sandy Phaeozem and Chernozem, 
respectively, points towards aerobic denitrification and nitri-
fication (Bateman and Baggs 2005). Homyak et al. (2017) 
concluded that denitrification was more sensitive to drought 
compared to microbial processes that control soil N supply, 
reflecting the narrower phylogenetic distribution of denitrifi-
ers compared to N mineralizing microorganisms. Denitrifiers 
require wetter conditions to maintain high rates of metabolic 
activity (Lennon et al. 2012). Nitrification might have been 
limited by the reduced diffusion of NH4

+. Diffusion of NH4
+ 

decreases at a water potential of less than −0.6 MPa (Stark 
and Firestone 1995), which translates to 23 and 40% WFPS in 
the sandy Phaeozem and Chernozem, respectively, a situation 
commonly encountered in our study.

Analyses of collected crop leaves and harvested 
crops (straw and grain) underpin these findings and 
additionally allow conclusions on the pattern of green 
manure decomposition. Leaf N contents were higher in 
the Chernozem, most probably because of the inherent 
higher fertility of this soil type, but it was unaffected 
by the precipitation regime in the 2 years (2018, 2019) 
(Fig. 4, Supplementary Information Table 7). Plant leaf 
δ15N values did not respond to drought in 2018, but were 
significantly higher under drought in 2019. Plant δ15N 
values were significantly elevated in the Chernozem in 
comparison to the Phaeozem, with a significant decrease 
in plant δ15N from 2018 to 2019 (Table 3). This likely 
results from higher soil microbial activity, and therefore 
greater decomposition, mineralization, and plant uptake 
of the 15N-labeled green manure in the Chernozem soil 
and low rates of conventional N fertilization in 2018.

In summary, we suspected an initial lower turnover of green 
manure N (mineralization and nitrification), which is compen-
sated over time and if wetter periods occur (heavy rainfall event, 

Fig. 3   Arithmetic mean and 
standard deviation (n=3) of the 
N2O emissions in sandy Phae-
ozem (Ps) and Chernozem (Ch) 
under the predicted and current 
precipitation scenario. A heavy 
rainfall event was simulated 
on day 16; N fertilization was 
performed on day 29. Data 
of days 17, 18, 29, and 30 are 
pseudoreplicate measurements 
and illustrated as triangles (1 
plot per treatment, measured 3 
times a day)
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winter). However, less plant N uptake (due to a reduction of the 
plant biomass) and to a minor extent, lower gaseous emission 
losses still lead to an accumulation of green manure derived N 
in the soil, which is especially visible in the second year.

Conclusions

Predicted precipitation scenarios decelerated soil C and N 
turnover. While lower C input due to lower plant biomass 
production might outbalance this effect, soil N might accu-
mulate over the years, if N fertilizer input is not reduced. 
Both, C and especially N, are prone to ecosystem gaseous 
and hydrological losses, if the fields are irrigated in the near 
future. Conversion of green manuring instead of synthetic 
fertilizer addition might help to prevent peak N losses under 
future irrigation regimes. Fertile soil conditions might ame-
liorate drought effects and delay the time point of inter-
vention, but cannot avoid adaptation strategies. Our study 
emphasized the resistance and resilience of the soil C and 
N cycle to an altered precipitation pattern, but the impact 
of elevated temperature and CO2 concentrations needs to 
be included in future experiments to gain the full picture.

In soil biota, a drought impact was only detected in ori-
batida, but was not visible at a lower taxonomic resolution 
(bacterial and fungal PLFAs). This would underpin current 
knowledge that a genetically diverse community can adapt to 
environmental stress easier than a single species or a group 
with low species richness. However, due to the selection of 
fixed sampling dates in our experimental setup, and hence 
ignoring species-specific reaction patterns to drying-rewet-
ting cycle kinetics, impacts on r-strategists (e.g., collembola) 
were less well represented, possibly underestimating effects 
on them. Following this, we conclude that the sensitivity 
and applicability of individual parameters to monitor the 

impact of drought in field situations and in the long-term 
vary largely, and there is still need to investigate and discuss 
suitable parameters to monitor the impact of climate change 
on soil ecosystems.
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