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Abstract
Summer droughts strongly affect soil organic carbon (SOC) cycling, but net effects 
on SOC storage are unclear as drought affects both C inputs and outputs from soils. 
Here, we explored the overlooked role of soil fauna on SOC storage in forests, hy-
pothesizing that soil faunal activity is particularly drought-sensitive, thereby reducing 
litter incorporation into the mineral soil and, eventually, long-term SOC storage.

In a drought-prone pine forest (Switzerland), we performed a large-scale irriga-
tion experiment for 17  years and assessed its impact on vertical SOC distribution 
and composition. We also examined litter mass loss of dominant tree species using 
different mesh-size litterbags and determined soil fauna abundance and community 
composition.

The 17-year-long irrigation resulted in a C loss in the organic layers (−1.0 kg C m−2) 
and a comparable C gain in the mineral soil (+0.8 kg C m−2) and thus did not affect total 
SOC stocks. Irrigation increased the mass loss of Quercus pubescens and Viburnum lan-
tana leaf litter, with greater effect sizes when meso- and macrofauna were included 
(+215%) than when excluded (+44%). The enhanced faunal-mediated litter mass loss 
was paralleled by a many-fold increase in the abundance of meso- and macrofauna 
during irrigation. Moreover, Acari and Collembola community composition shifted, 
with a higher presence of drought-sensitive species in irrigated soils. In comparison, 
microbial SOC mineralization was less sensitive to soil moisture. Our results suggest 
that the vertical redistribution of SOC with irrigation was mainly driven by faunal-
mediated litter incorporation, together with increased root C inputs.

Our study shows that soil fauna is highly sensitive to natural drought, which leads 
to a reduced C transfer from organic layers to the mineral soil. In the longer term, this 
potentially affects SOC storage and, therefore, soil fauna plays a key but so far largely 
overlooked role in shaping SOC responses to drought.
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1  |  INTRODUCTION

The unprecedented summer droughts in 2003, 2015, and 2018 se-
verely affected the productivity and functioning of European forests 
(Büntgen et al., 2021; Ciais et al., 2005). Drought limits the meta-
bolic activity of plants and soil biota (Reichstein et al., 2013). The 
predicted increase in drought intensity and frequency (Seneviratne 
et al., 2021; Stocker, 2014) would thus strongly impact carbon (C) 
cycling in the plant-soil system by reducing net primary productiv-
ity, belowground C allocation, and decreasing litter decomposition 
(Ciais et al., 2005; Gao et al., 2021; Santonja et al., 2017). However, 
it is still challenging to predict the net effects of altered precipitation 
patterns on soil organic carbon (SOC) storage since drought sup-
presses both C inputs and outputs from soils (Cotrufo et al., 2011; 
Zhou et al., 2016) and the interrelated above- and belowground pro-
cesses. In addition, plant and soil biota acclimate or adapt to altered 
precipitation, and species composition shifts in the longer term 
(Eilmann et al., 2009; Feichtinger et al., 2015; Hartmann et al., 2017). 
Rainfall manipulation studies in forests provide clear evidence that 
drought suppresses both ecosystem productivity and respiration 
rates (Huang et al., 2018; Schindlbacher et al., 2012), while total 
SOC stocks down to 15 or 30 cm depth were found to increase only 
slightly (Zhou et al., 2016) or remain unchanged (Deng et al., 2020). 
However, small effect sizes might vanish in the large C reservoir of 
soils (Schrumpf et al., 2011), and the short duration of these stud-
ies (less than a decade) hampers the identification of long-term re-
sponses in the soil (Beier et al., 2012; Feichtinger et al., 2015).

While responses of total SOC stocks might be small or difficult 
to detect, drought may impact organic layers and mineral soils to 
a different extent, as revealed along natural precipitation gradi-
ents (Gosheva et al., 2017; Wiesmeier et al., 2013). The processing 
of organic matter will be affected differently in distinct soil layers 
due to a number of mechanisms: (1) Soil moisture varies strongly 
within soil profiles and between soil compartments (Moyano et al., 
2012). Surface litter and organic layer experience more intense and 
frequent drying and rewetting cycles compared to the underlying 
mineral soil since litter is located on the soil surface and physically 
disconnected from the continuum of pores of the mineral soil (Keith 
et al., 2010). (2) C inputs to the mineral soil occur primarily via below-
ground C sources including rhizodeposition, which show a sensitive 
response to changes in soil moisture (Gao et al., 2021). (3) Moisture 
limitation strongly impacts soil fauna (Blankinship et al., 2011), which 
plays a key role in the decomposition of litter and its incorporation 
into the mineral soil (Chamberlain et al., 2006; Frouz, 2018). In fact, 
soil fauna enhances litter decomposition through multiple mecha-
nisms including direct feeding (Thakur et al., 2018), litter fragmen-
tation (Nielsen, 2019), or facilitating microbial decomposition (Filser 
et al., 2016; García-Palacios et al., 2013), with cascading effects on 

litter transformation into soil organic matter (SOM) (Chamberlain 
et al., 2006; Soong et al., 2016).

Drought may affect all decomposer organisms directly through 
changes in water availability or indirectly through a decline in sub-
strate quantity and quality (Schimel, 2018). Soil biota exhibits a 
broad range of drought sensitivity among faunal and microbial 
groups (Manzoni et al., 2012; Nielsen, 2019). The divergent re-
sponses of decomposers to water limitation can thus differentially 
affect the various pathways of SOM cycling. For instance, the ac-
tivity of soil fauna—including organisms involved in litter fragmen-
tation and belowground C transfer (Chamberlain et al., 2006; Frouz, 
2018)—responds earlier and more intensely to water stress than the 
activity of bacteria and fungi (Manzoni et al., 2012; Siebert et al., 
2019). Some key decomposer faunal groups are soft-bodied and rely 
on a moist surface (e.g., enchytraeids, earthworms) (Carley, 1978; 
O'Connor, 1957) or have a thin and permeable cuticle (e.g., spring-
tails, insect larvae) (Brown & Gange, 1990; Holmstrup et al., 2001), 
which make them highly susceptible to drought spells. Although 
soil invertebrates can adopt a large range of drought avoidance 
strategies, e.g., by migrating to deeper or moister soil areas (Rodà 
et al., 1999), the severity and duration of summer droughts never-
theless impose serious constraints on the duration of their activ-
ity (Gerard, 1967; Holmstrup et al., 2001) and may lead to lasting 
effects on populations (Lindberg & Bengtsson, 2006). In compari-
son, soil microorganisms—conducting most of the organic matter 
mineralization (Prescott, 2005)—can endure lower water potentials 
through numerous mechanisms, e.g., by living in smaller water-filled 
pores (Foster, 1988), increasing their osmotic potential or entering 
dormancy called anhydrobiosis (Bosch et al., 2021), but can rapidly 
return to an active state following rewetting (Placella et al., 2012; 
Schimel, 2018).

Rainfall manipulation studies showed that reducing precipitation 
in forests may decrease the abundance, species richness or alter the 
community composition of key decomposer faunal groups (Aupic-
Samain et al., 2021; Blankinship et al., 2011; Lindberg et al., 2002). 
Moreover, drought has been observed to slow down litter decom-
position driven by soil fauna (Peguero et al., 2019; Santonja et al., 
2017). Although of pivotal importance for the net transfer of C into 
the mineral soil, faunal processes have largely been overlooked in 
studies addressing drought impacts on SOC storage.

Our study aimed to assess the effects of water limitation on SOC 
storage in forests and how these are mediated by soil fauna. We took 
advantage of a unique, large-scale irrigation experiment in a drought-
prone pine forest running since 2003 (Dobbertin et al., 2010; Joseph 
et al., 2020). Here, we assessed the vertical SOC distribution and 
changes in SOM properties after 9 and 17 years and studied litter 
mass loss from three dominant tree/shrub species using litterbags of 
different mesh sizes, including or excluding meso- and macrofauna. 

K E Y WO RD S
carbon cycling, carbon storage, climate change, drought, forest, litter decomposition, 
mesofauna communities, soil biota
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We also examined soil meso- and macrofauna abundance and the 
community composition of the main mesofaunal decomposer groups 
(here Acari and Collembola) by extracting and morphologically clas-
sifying soil invertebrates. Our hypothesis was that soil faunal decom-
posers and litter transformers would respond particularly sensitive 
to irrigation, showing a greater stimulation of their activity by irri-
gation in comparison to microorganisms. As a consequence, we ex-
pected that irrigation would accelerate litter incorporation into the 
mineral soil, which increases mineral SOC stocks, and thus alters soil 
C storage and its vertical distribution in this naturally dry pine forest. 
In turn, this would imply that naturally occurring summer droughts 
at this site—predicted to intensify and become more frequent in a 
future climate—suppress the faunal-mediated C translocation within 
the soil, thereby reducing long-term SOC storage in the mineral soil.

2  | METHODS

2.1  |  Site description

The experimental site is located in a xeric forest in the Rhone Valley 
(Pfynwald, Valais, Switzerland, 46°18'N, 7°37'E, 615  m a.s.l.). The 
forest is dominated by mature (approximately 100-year-old) Scots 
pine trees (Pinus sylvestris) interspersed with pubescent oak (Quercus 
pubescens Willd), with a stand density of about 730 trees  ha−1 
(Brunner et al., 2009). The study area has a moderately continental 
climate, with a mean annual temperature of 10.7°C and mean annual 
precipitation of 518 mm from 2003 to 2012 (Herzog et al., 2014). The 
terrain is flat, and the soil is a shallow Pararendzina with an approx. 
20-cm-thick topsoil developed on an alluvial fan, with high contents 
of skeletal material (>50%) below 20-cm depth (Herzog et al., 2019).

The experimental site is divided into eight plots (25 × 40 m) sepa-
rated by 5-m buffer areas (Dobbertin et al., 2010). The experimental 
plots have all the same soil type, clay content (Table S4), parent ma-
terial, topographic and climatic characteristics (Brunner et al., 2009), 
thus minimizing the potential confounding factors that may affect 
SOC storage. The plots were aligned side by side along a hydrolog-
ically disconnected water channel (see the plot layout in Figure S1). 
In 2003, four plots were randomly selected and have been irrigated 
since then, whereas the other four plots were left untreated (hereaf-
ter termed ‘irrigated’ and ‘dry control’, respectively) (Dobbertin et al., 
2010). Thus, the irrigation experiment is laid out as a completely ran-
domized design. The irrigation system is activated each night during 
the vegetation period (from May to October), approximately dou-
bling the annual precipitation amount (+600 mm yr−1), using water 
from a nearby channel of the Rhone River that is hydrologically 
disconnected from the surrounding soil. Nutrient input of N and P 
through irrigation is minor, but concentrations of Ca, Mg, and K are 
higher than in rainwater (Dobbertin et al., 2010). These inputs of 
base cations are presumably not important in these calcareous soils.

Volumetric soil water content was measured with 10HS-Sensors 
(Decagon Devices) installed in three dry control and three irrigated 
plots at two different locations per plot at 10-cm soil depth. Soil 

temperature was measured in the same profiles at 10-cm depth 
using MPS-2 Sensors (Decagon Devices).

2.2  |  Litter decomposition experiment

Litter decomposition was examined from May 2014 to December 
2015 using the litterbag method. Litterbags were filled with foliage 
litter from the dominant trees Quercus pubescens and Pinus sylvestris 
and the shrub Viburnum lantana, which are the main contributors to 
litterfall at the site. Freshly-senesced Quercus and Viburnum leaves 
were picked from the litter layer, whereas Pinus needles were col-
lected in litter traps just before the start of the litterbag experiment. 
Litter materials were separated according to whether their origin 
was from dry control or irrigated plots. Leaf litter was cut into pieces 
of 2 × 2 cm and oven-dried at 40°C to constant weight. Litterbags 
(10 × 10 cm) with two mesh sizes were used: 0.1 mm (made of nylon 
cloth material), allowing the access of soil microfauna and micro-
organisms, and 10 mm (made of polyester fiber material), allowing 
access to micro-, meso-, and macrofauna plus microorganisms. For 
each plot, 12 litterbags (2 mesh sizes × 3 litter species × 2 origins) 
per time point (n = 6), were filled with 1 ± 0.02 (SE) g of litter material 
(total n = 576 litterbags). After removing the vegetation and clean-
ing the soil surfaces from all visible litter residues, litterbags were 
placed on the soil surface in early May 2014. The first set of litterb-
ags (n = 96) was collected after 10 days, before the start of irrigation, 
and then 40, 80, 110, 140, and 572 days after their placement in the 
field. The first set of litterbags was collected after 10 days in order to 
control possible mass losses or gains due to experimental shortcom-
ings. The chemical properties of the litter were measured from this 
first set of control litterbags. Collected litterbags were transported 
immediately to the laboratory. Litter material was carefully cleaned 
with a fine brush from extraneous plant debris and soil. Residual lit-
ter was weighted after drying at 40°C to constant weight. The ash 
content of the collected litter was determined by burning at 550°C 
for 4 h and used for correction of the mass loss (Karberg et al., 2008).

2.3  |  Soil sampling and processing for SOC stocks

Soils were sampled in October 2011 and November 2019, after the 
end of the irrigation period. In each of the eight plots, four quantita-
tive soil pits were excavated with a 20 × 20 cm frame. The organic 
layer was separated in the field into L (undecomposed litter) and FH 
layer (fermentation and humified material). Afterward, the mineral 
soil was excavated by depth increments (0–2, 2–5, 5–10, 10–20 cm). 
The soil samples were immediately transported to the laboratory 
and kept at 4°C until further processing. The field-moist organic 
layer samples were homogenized and cleaned from herbs, mosses, 
and woody debris using a 4 mm sieve, and then weighed. The field-
moist mineral soil samples were sieved at 4 mm, sorting out stones 
and roots, and weighed. A subsample of soil <4 mm was freeze-dried 
and then sieved at 2 mm and weighed for the determination of fine 
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soil dry mass. The bulk density of the fine soil was estimated by di-
viding the dry mass of fine soil by the fine soil volume of each depth 
increment sampled in the quantitative pits. For chemical analyses, 
the four subsamples were pooled into one composite sample for 
each plot and depth increment. Roots were carefully rinsed over a 
1-mm sieve with tap water. Fine roots (diameter ≤2 mm) were hand-
picked, freeze-dried, and weighed.

2.4  |  Chemical analyses of soil and litter materials

Composite samples of dried soil, root, and litter materials were 
ground to a fine powder using a ball mill (MM2000, Retsch). Mineral 
soil samples were treated with HCl to remove inorganic C prior to 
dry combustion (Walthert et al., 2010). Samples were analyzed for 
C and N contents, δ13C, and δ15N values by dry combustion with an 
automated elemental analyzer-continuous flow isotope ratio mass 
spectrometer (Euro-EA 3000, HEKAtech GmbH, Germany, inter-
faced with a Delta-V Advanced IRMS, Thermo GmbH, Germany).

Klason lignin was extracted from the litter used in the litter de-
composition experiment, according to Herzog et al. (2014). Total lig-
nin content was equal to the sum of the non-acid-soluble and the 
acid-soluble lignin, which was estimated from UV absorbance of the 
hydrolysate at 205 nm (Dence, 1992). The phenol content was quan-
tified using the water solubles of the lignin extraction after Swain 
and Hillis (1959).

2.5  |  Sampling and analysis of soil fauna

Soil fauna was examined by assessing: (i) soil meso- and macrofauna 
abundances for the main taxonomic groups in 2015 and (ii) com-
munity composition of the most abundant mesofauna groups (here 
Acari and Collembola), by extracting and morphologically classifying 
soil invertebrates at the genus and species level in 2017.

2.5.1  |  Soil fauna abundance

Meso- and macrofauna abundances were assessed in early May 2015 
before the start of summer irrigation (gravimetric water content of 
first 10 cm soil: 45 ± 1% in dry control plots, vs. 42 ± 2% in irrigated 
plots) and in July 2015 during the irrigation period (gravimetric soil 
water content: 15 ± 1% vs. 26 ± 1%, in dry control vs. irrigated plots). 
At the two sampling dates, four soil samples were randomly collected 
in each of the eight experimental plots. The organic layers (L+FH) 
were carefully excavated using a 20 × 20 cm frame, and afterward, a 
soil corer (Ø = 5 cm) was used to sample the mineral soil to a depth 
of 10 cm. Samples were transported immediately to the laboratory 
and stored at 4°C until further processing. Soil fauna was extracted 
from soil samples in the laboratory using Tullgren (“Berlese”) funnels 
(Crossley & Blair, 1991), where animals were collected in a plastic vial 
filled with 75% ethanol. Extracted invertebrates were classified into 

the following taxonomic units according to Müller/Bährmann deter-
mination keys (Köhler, 2015): Acari, Collembola, Protura, Symphyla, 
Pseudoscorpiones, Lumbricidae, Formicidae, Insecta (adults and 
larvae separately), Diplopoda, Isopoda, Gastropoda, Chilopoda, 
Araneae.

To include deeper-dwelling worms, earthworms were sam-
pled from the mineral soil within two, randomly selected areas 
(50 × 50 cm) per plot using the mustard extraction method (Lawrence 
& Bowers, 2002). After litter removal, 5 L of 0.33% mustard solu-
tion was poured onto the soil surface in two steps after a 10-min 
interval (Gunn, 1992). Earthworms (Lumbricidae) were then counted 
from each area. In addition to earthworms, Enchytraeidae were also 
counted.

2.5.2  |  Soil mesofauna community composition

Litter and soil samples were collected within four randomly selected 
2 × 2 m squares in each of the eight experimental plots during the 
irrigation period in the relatively wet June 2017 (gravimetric water 
content of first 10 cm soil: 21 ± 1% vs. 24 ± 1%, in dry control vs. irri-
gated plots). After sampling the litter layer within the 2 × 2 m square, 
one soil core was randomly sampled using a soil corer (Ø = 5 cm) to 
a depth of 10 cm (thus including FH and mineral soil). The collected 
samples (four litter layers and four soil cores) were pooled into 
one composite sample (one litter layer and one soil core) per plot. 
Samples were immediately transported in a cooling box to the labo-
ratory, and soil microarthropods were extracted using a Macfadyen 
high gradient extractor (Macfadyen, 1961). Soil microarthropods 
were distinguished into Collembola (Subclass) and Acari (Subclass), 
which were further classified into Oribatida (Order Sarcoptiformes, 
Suborder Oribatida, nomenclature following Weigmann, 2006), 
Gamasina (Order Mesostigmata, Suborder Gamasina), Uropodina 
(Order Mesostigmata, Suborder Uropodina), Prostigmata (Order), 
and Astigmata (Order), up to genus and species level whenever 
possible.

2.6  |  Soil C fluxes

Litterfall was sampled twice per year throughout two full years 
(November 2013–November 2014 and April 2016–April 2017) from 
seven 0.5 × 0.5 m litter traps continuously placed on the soil surface 
in each of the eight replicated plots (n = 56 in total).

Moisture dependency of microbial soil respiration was determined 
by laboratory incubation of root-free soil samples (0–10 cm depth) 
first dried at room temperature and then rewetted to different soil 
moisture levels in the laboratory (n = 6 per moisture content). More 
details can be found in Joseph et al. (2020).

Soil respiration in the field was measured monthly in 2014 
and 2015 using an infrared gas analyzer (IRGA, Vaisala) on 4 col-
lars per plot (n = 32 in total), according to Hartmann et al. (2017). 
Cumulative soil respiration over the years 2014–2015 was estimated 
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by interpolating linearly between the monthly measurements using 
the temperature dependency of soil CO2 effluxes from the irrigated 
plots obtained from long-term monitoring (2011–2019), according to 
Gao et al. (2021).

2.7  | Data analysis

Carbon stocks in the organic layers (L and FH) were obtained by mul-
tiplying SOC concentrations with dry masses of the organic material. 
Mineral SOC stocks were determined by multiplying SOC concen-
trations with bulk densities and fine soil volume of the correspond-
ing depth increment.

The effects of the irrigation on all parameters were tested with 
linear-mixed effect models using the lme function in nlme package, 
version 3.1-140 (Pinheiro et al., 2019) using R version 3.6.1 (R Core 
Team, 2019). For soil characteristics and soil fauna abundance, the 
model included irrigation, sampling depth, year, and their interaction 
as fixed effects when relevant. The multiple sampling within each 
plot was accounted for by considering the plot as a random effect 
and including a temporal residual correlation structure (corAR1, 
auto-regressive model of order 1) within the lme function follow-
ing Zuur et al. (2009) to model potential time-dependency of mea-
surements. We have also added a spatial correlation structure for 
relevant models showing a depth correlation in the residuals, using 
corSpher in lme function, with depth as spatial covariate (Pinheiro 
& Bates, 2000). Finally, we accounted for cases where the residual 
variance differed between levels of treatments, sampling depths, or 
years, using the VarIdent structure (Pinheiro & Bates, 2000).

Mass loss from litterbags and chemical litter properties were 
tested for the fixed effects of irrigation, origin, mesh size, species, 
sampling date, and their interaction, with litterbag location nested 

within the plots as a random effect. The VarIdent structure was in-
cluded to account for different variances between levels of treat-
ments, origins, mesh sizes, species, and sampling dates. To account 
for the repeated measurements in the plots, an autocorrelation 
structure (corAR1) was included in the statistical model (Pinheiro & 
Bates, 2000).

In order to predict the minimum detectable difference (MDD) 
for SOC stocks in different soil layers (Table S2), we performed a 
power analysis for linear-mixed effect models (including all sampling 
years) by simulation using the R package simr, version 1.0.5 (Green 
& MacLeod, 2016) with α value of 0.05, the statistical power of 60% 
(β of 0.4), and 200  Monte Carlo simulations. In order to enable a 
comparison of MDD for soil layers with different magnitudes of SOC 
stocks, MDDs were also calculated as percentages of mean dry con-
trol stocks for that layer.

Standard errors of irrigation-induced changes (%) were estimated 
according to the rules for propagation of independent random un-
certainties for products and quotients according to Taylor (1997).

For the analysis of mesofauna α-diversities (i.e., species diver-
sity within the plot), the observed richness (number of species) and 
Shannon diversity index were estimated using the R package phy-
loseq, version 1.30 (McMurdie & Holmes, 2013). Mesofauna commu-
nity structure was measured by the Bray–Curtis index. Bray-Curtis 
dissimilarities were calculated based on standardized square-root 
transformed group abundances, and then visualized by analysis of 
principal coordinates (PCO) using the ordinate function in phyloseq. 
Effects of irrigation, sampling layer, and their interaction on α-
diversity were assessed by linear mixed-effects models as described 
above. Effects of irrigation, sampling layer, and their interaction on 
Bray-Curtis dissimilarities were assessed by permutational multi-
variate analysis of variance (PERMANOVA, 105 permutations with 
Monte-Carlo test procedure) using PRIMER v7 (Clarke & Gorley, 

F IGURE  1 SOC stocks in the organic layers (L litter, and FH fermentation and humified) and mineral soil at different soil depths in dry 
control and irrigated plots sampled in 2011 (a), and 2019 (b). The symbols represent the means of four replicates (±standard error). p-values are 
calculated with linear-mixed effect models: p < 0.10 (·), p < 0.05 (*), p < 0.001 (***) [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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2015). Correlation-based indicator species analysis was calculated 
based on square-root transformed relative abundances using the 
multipatt function in R package indicspecies (version 1.7.9) with 105 
permutations and with all possible combinations (De Cáceres et al., 
2010).

The dependent variables were log- or sqrt-transformed when 
necessary to meet assumptions of normality and homoscedastic-
ity of the residuals. Research data are publicly archived in EnviDat 
(Guidi et al., 2022).

3  |  RESULTS

3.1  |  SOC stocks and concentrations

Irrigation significantly decreased C stocks in the organic layers (in-
cluding both L and FH layers) after 9 and 17 years of summer irriga-
tion by 60% (−1.0 kg C m−2 in 2011 and 2019, with p = 0.009 of the 
linear-mixed effect model including both sampling years, Table S1a; 
Figure 1a,b). In contrast, SOC stocks in the mineral soil increased 
after irrigation at 2–5 cm (+61% in 2011, and +35% in 2019, p = 0.049, 
Table S1a; Figure 1a,b) and 5–10 cm depth (+66% in 2011 and +39% 
in 2019, p = 0.016, Table S1a; Figure 1a,b). This increase in mineral 
SOC stocks under irrigation was due to higher SOC concentrations 
at specific soil depths rather than soil masses (Table S5). In the en-
tire mineral topsoil (0–20  cm depth) of this shallow Pararendzina, 
the increase in SOC stocks amounted to 1.0 kg C m−2 in 2011 and 
0.8 kg C m−2 in 2019 (p = 0.11, Table S1a). Total SOC stocks (includ-
ing L + FH and mineral soil) were not significantly different in dry 
control and irrigated plots (Figure 1a,b; Table S1a,b). For total SOC 
stocks, the minimum detectable difference (MDD) calculated by 
power analysis through simulation was 1.5 kg C m−2, while for SOC 
stocks at 2–10-cm depth (where most of the SOC change in mineral 
soil took place) was 1.1 kg C m−2, which approximately corresponded 

to the observed irrigation effect for the same depth (Table S2). 
However, when expressed relatively to mean SOC stocks, the MDD 
of total SOC stocks was much smaller than the MDD of SOC stocks 
at 2–10-cm depth (26% vs. 62%, Table S2), given the larger stocks in 
the total soil compared to the 2–10-cm depth increment.

3.2  |  Properties of the soil organic matter

The natural 13C abundance in SOM decreased under irrigation (i.e., 
more negative values of δ13C, Figure 2a). In 2019, the difference in 
δ13C signature between dry control and irrigated plots was less evi-
dent in the L (−0.3‰, p = 0.15, Table S3) than in the FH layer (−0.8‰, 
p = 0.031, Table S3) and in the mineral soil, such as at 0–2 cm depth 
(−1.0 ‰, p = 0.011, Table S3). Similar to natural 13C abundance in 
SOM, root δ13C signature decreased under irrigation, with an aver-
age difference of −0.8 ‰ (p = 0.002, Table S3; Figure 2a). The natu-
ral 15N abundance in SOM also differed between treatments, with 
higher δ15N values under irrigation in the FH layer (p = 0.012, Table 
S3; Figure 2b) but lower ones in irrigated than in dry control plots at 
5–10 cm depth (p = 0.034, Table S3; Figure 2b). Irrigation did not af-
fect C/N ratio of SOM (p = 0.61, Table S3; Figure 2c).

3.3  |  Litter decomposition

Foliar litter chemistry significantly differed among tree species used 
for filling the litterbags (Table 1). The C concentration, C/N and 
lignin/N ratios were higher in Pinus than in Quercus and Viburnum 
(Table 1; Table S6a). Phenol content was higher in Pinus and Quercus 
than in Viburnum (Table 1; Table S6a). Additionally, Viburnum and 
Pinus litter originating from irrigated plots had a higher C/N ratio 
and lower N concentration than dry control plots, whereas no differ-
ence in lignin, lignin/N, and phenol content was observed (Table 1; 

F IGURE  2 The natural abundance of 13C (a), 15N isotope (b), and C/N ratio (c) in the organic layers (L litter, and FH fermentation and 
humified), mineral soil at different soil depths, and fine roots (total soil 0–20 cm) in dry control and irrigated plots sampled in 2019. The 
symbols represent the means of four replicates (±standard error). Fine-roots properties are reported to a depth of 10 cm, representing 
the average depth of sampled soil (0–20 cm). P-values are calculated with linear-mixed effect models: p < 0.10 (·), p < 0.05 (*), p < 0.01 (**), 
p < 0.001 (***) [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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Table S6b). During the litter decomposition experiment in 2014, soil 
water contents monitored at 10 cm depth by soil sensors remained 
rather constant in the irrigated plots averaging 40.3  ±  0.3  vol% 
(May–October), never dropping below 30  vol% (Figure S2b). In 
the dry control, they fluctuated more strongly and decreased to 
22  vol% in October–November at 10  cm depth (Figure S2b) and 
rapidly increased to values above 30 vol% following a pronounced 
precipitation event in November. In the litter layer, differences in 
soil water content were even more pronounced. Their gravimetric 
water content at the end of August 2014 was 17 ± 1% in dry con-
trol plots, vs. 42 ± 4% in irrigated plots. Irrigation did not affect soil 
temperature at 10-cm depth with annual averages in dry control TA
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. F IGURE  3 Mass loss (% of initial mass) from litterbags of 

Quercus leaves (Q. pubescens), Viburnum leaves (V. lantana), and 
Pinus needles (P. sylvestris) in dry control and irrigated plots over 
field decomposition from May 2014 to December 2015. The 
0.1 mm mesh bags allowed the access of soil microfauna and 
microorganisms, while 10 mm mesh bags allowed the access of 
micro-, meso-, and macrofauna plus microorganisms. The symbols 
represent the means of eight replicates (±standard error). The mass 
loss of Pinus needles in 10-mm mesh bags in irrigated plots is not 
shown for the last collection date (only 1 litterbag was retrieved) 
[Colour figure can be viewed at wileyonlinelibrary.com]
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plots of 11.8 ± 0.2°C vs. 11.9 ± 0.2°C in irrigated plots (Figure S2c). 
Irrigation strongly affected litter mass loss (p  <  0.001, Table S7a; 
Figure 3). Mass loss was greater in the 10 mm than in the 0.1 mm 
mesh bags, with a significant effect of mesh size for Quercus and 
Viburnum (p < 0.001, Table S7b). After 140 days in the field, follow-
ing the experimental irrigation during summer and early fall, irriga-
tion strongly accelerated the mass loss of Quercus and Viburnum 
litter in 10 mm mesh bags compared to the dry control (+228% for 
Quercus, with p = 0.009, +202% for Viburnum with p = 0.013, Table 
S7c), whereas the irrigation effect was not significant for Pinus nee-
dles (+40%, p  =  0.17, Table S7c). In 0.1  mm mesh bags, the mass 
loss after 140 days increased significantly for all litter species under 
irrigation (+38–46%; Table S7c; Figure 3). The contribution of meso- 
and macrofauna to total mass loss (estimated by the differences in 
mass loss between the two mesh sizes) increased under irrigation by 
about 9–10 times for Quercus and Viburnum leaves, but only by 43% 
for Pinus needles. After 572  days, irrigation accelerated the mass 
loss of Quercus litter in 10 mm mesh bags (+31%; p = 0.041, Table 
S7c) with more than 90% loss of initial litter mass under irrigation, 
whereas differences in litter mass of Viburnum were not statistically 
significant (+15%; p = 0.92, Table S7c). Mass loss in 0.1 mm mesh 
bags was greater under irrigation for Quercus (+23%; p = 0.021) and 
Pinus (+22%; p = 0.050), but not different for Viburnum (p = 0.65, 
Table S7c).

3.4  |  Soil fauna abundance and mesofauna 
diversity and community composition

The soil meso- and macrofauna was dominated by Acari (69%–90% 
of the total individuals across different sampling dates in 2015 and 
layers), followed by Collembola (6%–22% of the total individuals, 
Table S8). In May 2015, when soils of the irrigated and non-irrigated 
plots were equally moist, the irrigation treatment showed a limited 
effect on the abundance of main decomposers and litter transform-
ers (Figure 4a). Only the abundance of Collembola was significantly 
higher in the organic layers of irrigated than of dry control plots 
(+130%; p  =  0.038, Table S8), while the abundance of other main 
decomposers was not significantly affected by irrigation (Table S8; 
Figure 4a). In July 2015, when soils showed pronounced differences 
in soil water content, irrigation strongly affected the abundance of 
the main decomposers and litter transformers in the organic lay-
ers, in the following order: Insect larvae (26-fold), Isopoda (24-fold), 
Symphyla (9-fold), Acari (4-fold), and Collembola (3-fold, Figure 4b; 
Table S8). In the organic layers, Lumbricidae were present only in ir-
rigated plots, but just in two out of four plots. Similar to the organic 
layers, irrigation significantly increased the abundance of Collembola 
(fourfold, p = 0.007, Table S8) in the mineral soil. Irrigation showed 
a fivefold increase of Lumbricidae (p = 0.042, Table S8) and a four-
fold increase of Symphyla (p = 0.10, Table S8), but this increase was 
only marginally significant due to high variability among irrigated 
plots. In addition, irrigation significantly increased the abundance of 

Enchytraeidae (13-fold, p = 0.005, Table S8). In contrast, there were 
no effects of irrigation on the abundances of Acari and Insect larvae 
in the mineral soil (Figure 4b; Table S8).

Abundances and α-diversity (species richness and Shannon index) 
of the main mesofaunal groups (Acari and Collembola), assessed at 
similar soil moisture levels in irrigated and dry control plots in June 
2017, did not significantly differ (Table S9). In contrast, irrigation 
significantly affected Acari (of which 80% belong to the Suborder 
Oribatida) and Collembola community composition based on Bray-
Curtis dissimilarities tested by PERMANOVA (irrigation effect on 
Acari: p  =  0.013, on Collembola: p  =  0.031, Table S9). Analysis of 
principal coordinates (PCO) based on Bray–Curtis dissimilarities re-
vealed a divergence of Acari and Collembola communities between 
dry control and irrigated plots, and that community composition was 
clearly separated between the litter layer and the soil (Figure 5a,b). 
Indicator species analysis of Acari showed that Licnodamaeus pul-
cherrimus (Oribatida) and Zercon (Gamasina) were significantly asso-
ciated with dry control plots, while Oppiella subpectinata (Oribatida) 
and Astigmata were indicative of irrigated soils (Table S10). Among 
Collembola, Pseudosinella alba was found to associate with dry con-
trol soils (Table S11).

3.5  |  Responses of soil C fluxes and their 
moisture dependency

Irrigation enhanced both soil C inputs (litterfall, fine-root produc-
tion) and C outputs (soil respiration, litter mass loss from litterbags) 
compared to non-irrigated conditions (Figure 6). Litterfall, fine-root 
production, and soil respiration were 57%, 96%, and 45% greater in 
irrigated than in dry control plots, respectively. Microbial respiration 
(and thus microbial activity) measured from root-free soil in the labo-
ratory showed a distinct response to moisture starting to decrease 
below gravimetric soil water contents of 20%. In comparison to the 
abundance of the key decomposers Collembola and Lumbricidae 
sampled in the mineral soil in 2015, both microbial activity and soil 
respiration in the field were less sensitive at given soil moisture 
under dry conditions (Figure 7).

4  | DISCUSSION

4.1  |  Irrigation alters the vertical distribution of 
SOC stocks

Our results showed that 17-year-long irrigation in a naturally dry 
pine forest altered the vertical SOC patterns in the soil with a C 
loss in the organic layer and a comparable C gain in the mineral soil 
at 2–10-cm depth, and thus did not affect total SOC stocks. The 
negligible effect on total SOC is consistent with unchanged SOC 
stocks observed in the first 10-cm soil after 5 years of rainfall ad-
dition (+33% of annual precipitation) in Mediterranean shrubland 
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(Talmon et al., 2011) and Mediterranean woodland (Cotrufo et al., 
2011). We believe that in our study the lacking irrigation effect on 
total SOC stocks was “real” and not only due to the difficulty in 
detecting small SOC stock changes in the large C reservoir of soils 
within a few years (Schrumpf et al., 2011). Our power analysis re-
vealed that the minimum detectable difference (MDD) of total SOC 
stocks was only slightly greater than the MDD of SOC stocks at 2–
10-cm depth (1.5 kg C m−2 vs. 1.1 kg C m−2), despite total SOC stocks 
were about 3 times larger compared to stocks at 2–10-cm depth. 
Therefore, the relative MDD of total SOC stocks was much smaller 
than that of stocks at 2–10-cm depth (26% vs. 62% of the mean SOC 
stocks, Table S2).

The lacking irrigation effect on total SOC stocks very likely re-
sults from a canceling out of C inputs and outputs from soils. The 
decadal long irrigation in this dry forest increased litterfall (+57%, 
Figure 6) and approximately doubled Scots pine fine-root production 
(+96%, Brunner et al., 2019) as well as belowground C allocation of 
assimilates (+110%, Joseph et al., 2020). However, soil CO2 effluxes 
were also stimulated by the water addition, with effect sizes ranging 
between +45% in the moderately dry years 2014–2015 (Figure 6) to 
+90% in the dry years 2017–2018 (Gao et al., 2021). Overall, these 
positive irrigation effects imply that the naturally dry conditions in 
this drought-prone forest strongly suppress C cycling rates. While 
the net effects of these opposed fluxes seem to balance out, the 
vertical SOC distribution differed between dry and non-water lim-
ited conditions.

4.2  |  Irrigation enhances faunal-mediated mass 
loss and C transfer

Our results indicate that soil fauna played a key role in the observed 
net C loss from organic layers with irrigation and probably also con-
tributed to the concomitant C accumulation in the mineral soil. The 
litterbag study with different mesh sizes showed that summer irri-
gation strongly accelerated the mass loss of Quercus and Viburnum 
litter mediated by meso- and macrofauna (+215%, Figure 6). This in-
crease was paralleled by the many-fold increase in the abundance of 
key decomposer organisms and litter transformers, especially during 
irrigation in the naturally dry summer months (Figures 4b and 7). In 
comparison, litter mass loss by microfauna and microorganisms was 
less sensitive to irrigation (+44%, Figure 6) and remained even un-
affected for fine roots in litterbags excluding macrofauna (Herzog 
et al., 2019). Moreover, potential microbial C mineralization (and thus 
microbial activity), as well as soil respiration measured at the lower 
limit of soil moisture levels occurring under field conditions (15 grav-
%), were only reduced by 50% in naturally dry vs. irrigated plots (see 
Figure 7). Taken together, these results suggest that faunal-mediated 
litter mass loss and abundance of meso- and macrofauna respond 
more sensitively to water limitation than microbial activity. The 
outcome could be biased by an overestimation of the mass loss by 
larger mesh size bags (10 mm) due to litter “fall-through,” increased 
leaching, or improved microclimatic conditions inside the litterb-
ags (Kampichler & Bruckner, 2009). In our study, we minimized this 

F IGURE  4 Irrigation-induced changes 
in the relative abundance of the main 
decomposer organisms and litter 
transformers (based on Nielsen, 2019) 
in the organic layers (L + FH, litter, plus 
fermentation and humified) and mineral 
soil (0–10 cm) at two sampling dates: (a) 
May 2015, before the start of irrigation, 
and (b) July 2015, during the irrigation 
period. The % changes are calculated as 
(Irrigated—Dry control)*100/Dry control. 
The % change could not be calculated 
when no individuals were collected in dry 
control plots (“0 in Dry control”). Standard 
errors (n = 4 plots) were estimated by 
laws of error propagation. P-values of the 
number of individuals m−2 were calculated 
with linear-mixed effect models: p < 0.10 
(·), p < 0.05 (*), p <0.01 (**) 
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artifact by carefully cleaning the soil surface from litter fragments 
before placing the litterbags to identify eventual litter fragments fall-
ing out. Also, we observed only a marginal effect of mesh size on 
the moisture conditions inside the litterbags (data not shown), which 
is in agreement with Riutta et al. (2012), who found no interaction 
between mesh size and watering treatment on moisture conditions 
within litterbags of different mesh sizes. Moreover, the loss of small 
litter pieces from litterbags with large mesh sizes can be attributed 
to the fragmentation by meso- and macrofauna, thus accounting for 
their role in facilitating litter incorporation into the soil, rather than to 
an artifact of the litterbag method (Riutta et al., 2012).

Meta-analysis of decomposers activity in response to drought 
showed large variability among functional groups and individual 
species, with soft-bodied fauna undergoing water stress sooner 
than microbial activity (Manzoni et al., 2012). In agreement with our 
study, microbial decomposers were only weakly affected by drier 
conditions (Aupic-Samain et al., 2021; Pereira et al., 2019), while soil 

fauna groups playing a key role in litter fragmentation and incorpo-
ration processes, such as Collembola, Oribatida, and Lumbricidae, 
were found to be highly responsive to drought (Aupic-Samain et al., 
2021; Lindberg et al., 2002; Stevnbak et al., 2012). Among these, 
Collembola are particularly sensitive to desiccation due to their per-
meable cuticle (Kærsgaard et al., 2004; Peguero et al., 2019). In our 
study, irrigation increased the abundance of Collembola both in spring 
under equally moist soils and in summer at contrasting moisture lev-
els between dry and irrigated conditions. The abundance of other 
important litter transformers such as Acari, Lumbricidae, Symphyla, 
and Isopoda—that can avoid drought, e.g., by migrating into moister 
soil (Gerard, 1967; Rodà et al., 1999)—was higher in irrigated as com-
pared to non-irrigated soils, but only during summer irrigation and 
not in early spring before the annual irrigation started and when soils 
were similarly moist (Figure 4a,b). This pattern indicates that faunal 
populations may recover within a few months or adapt after repeated 
drought exposure. Their apparent resilience is in line with previous 
rainfall manipulation studies (Eisenhauer et al., 2012; Holmstrup et al., 
2017). Nevertheless, we found that the community composition of 
the two dominant mesofauna groups that play a fundamental role in 
litter decomposition (Acari, dominated by Oribatida, and Collembola) 
differed significantly between dry and irrigated conditions, despite 
unchanged species richness (Figure 5a,b; Table S9). The drought-
tolerant Licnodamaeus pulcherrimus (Acari, Suborder Oribatida) and 
the soil-dwelling springtail Pseudosinella alba (Collembola) were sig-
nificantly associated with dry control plots. Conversely, the drought-
sensitive mite Oppiella subpectinata (Acari, Suborder Oribatida) (Taylor 
& Wolters, 2005) and the detritivorous Astigmata (Acari, Suborder 
Astigmata) were indicative of irrigated soils (Table S10 and Table S11). 
Our results confirm that precipitation reductions (as in our naturally 
dry forest) may result in strong and long-lasting changes in mesofauna 
community structures of Oribatida and Collembola (Holmstrup et al., 
2013; Lindberg & Bengtsson, 2006; Lindberg et al., 2002). Changes in 
the community composition or presence/absence of particular spe-
cies can be of greater importance to C cycling than species richness 
alone (Cragg & Bardgett, 2001; Nielsen et al., 2011). This suggests 
that in addition to changes in abundance of main decomposer faunal 
groups, changes in species composition may affect faunal-mediated 
C decomposition and translocation under increasingly dry conditions.

Unlike Quercus and Viburnum, the mass loss of Pinus needles in-
creased by irrigation to a similar extent both in soil fauna accessible 
and not accessible litterbags. Consequently, and in agreement with 
other studies (García-Palacios et al., 2013; González & Seastedt, 
2001), meso- and macrofauna seem to modify drought effects on 
decomposition more strongly for higher quality (e.g., Quercus and 
Viburnum) than for lower quality litter (Pinus).

4.3  |  Long-term effects of removing water 
limitation on SOC

While our results give clear evidence for an enhanced loss of C from 
organic layers through faunal activity, other processes might have 

F IGURE  5 Multivariate ordination representation by principal 
coordinates (PCO) based on Bray–Curtis dissimilarities of Acari 
(a) and Collembola (b), in litter and soil 0–10 cm (including FH 
fermentation and humified and mineral soil) of dry control and 
irrigated plots, collected in June 2017. Bray–Curtis dissimilarities 
were calculated from standardized square-root transformed species 
abundances. The variance explained by each PCO axis is given in 
parentheses. The ellipses enclose all points for combinations of 
layers (litter, soil 0–10 cm) and treatments (dry control, irrigated) 
[Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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contributed to the concomitant SOC accumulation in the mineral soil 
with irrigation. For instance, enhanced DOC leaching due to irriga-
tion might have increased the C transfer from the organic layer to 
the mineral soil. However, annual DOC fluxes from similarly shal-
low organic layers in Swiss forests range only between 13 and 26 g 
DOC m−2 yr−1 at MAPs of 1000 to 1800 mm yr−1 (Pannatier et al., 
2012). These fluxes are thus substantially smaller than the observed 
redistribution of approximately 110 g C m−2 yr−1 in the first 9 treat-
ment years. Carbon inputs from roots might have additionally con-
tributed to increase SOC stocks in the upper mineral soil. Brunner 
et al. (2019) measured that Scots pine fine-root production down to 
10-cm depth increased by 32 g m−2 yr−1, and thus by 15 g C m−2 yr−1 
(with root C content of 45%) in the dry year 2015, which again seems 

far smaller as compared to the observed SOC gain in the mineral soil. 
Additional C inputs may originate from mycorrhiza or root exuda-
tion, but as these are both labile C sources, they may rather con-
tribute more to the enhanced respiratory C fluxes in irrigated soils 
than to SOC storage. We, therefore, suggest that in this dry forest 
the moisture-sensitive soil fauna exerted a key influence on the C 
transfer from the organic layer into the mineral soil. Our conclu-
sion is supported by observations in eastern North America where 
invading earthworms led to rapid and dramatic changes in organic 
layers (Alban & Berry, 1994; Bohlen et al., 2004; Eisenhauer et al., 
2007). For instance, in a mixed forest in northern Minnesota, invad-
ing earthworms decreased forest floor C stocks from 2.5 kg C m−2 to 
0.3 kg C m−2 over a period of 14 years (Alban & Berry, 1994). In fact, 

F IGURE  6 Irrigation-induced changes in soil C inputs, outputs, and stocks. Litterfall was obtained over two years (2013–2014, 2016–
2017). Fine-root production of Pinus was measured for the year 2015 in the upper 10 cm soil (Brunner et al., 2019). Cumulative soil 
respiration was estimated for the years 2014–2015. Litter mass loss after 140 days (May–October 2014) is shown for 0.1 mm mesh bags 
(access of soil microfauna and microorganisms) and 10 mm mesh bags (access of micro-, meso- and macrofauna plus microorganisms) for 
broadleaves (Quercus, Viburnum) and conifer (Pinus) species. Soil C stocks were measured in 2011 and 2019. The % changes are calculated 
as (Irrigated–Dry control)*100/Dry control. Standard errors (n = 4 plots) were estimated by laws of error propagation [Colour figure can be 
viewed at wileyonlinelibrary.com]

F IGURE  7 Moisture dependency 
of microbial respiration (root-free soil 
from 0–10 cm depth, incubated at 
different soil moisture levels under 
controlled conditions), soil respiration, 
and abundance of key decomposer faunal 
groups (Acari, Collembola, Lumbricidae). 
These faunal groups were sampled in 
the mineral soil (0–10 cm) in May 2015 
(wet spring, before the start of irrigation) 
and July 2015 (dry summer, during the 
irrigation period). Microbial respiration 
data are adapted from Joseph et al. 
(2020). The dashed line represents the 
fit of microbial respiration (normalized 
to maximal rates) to a Boltzmann 
equation [Colour figure can be viewed at 
wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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this C loss was accompanied by an increase in mineral SOC stocks, 
which, however, did not fully compensate for the forest floor C loss.

In our study, the decrease in natural 13C and 15N abundance in 
the mineral soil under irrigated conditions gives clear evidence of 
a substantial “fresh” C input to soil. The decreased soil δ13C values 
under irrigation correspond to decreased δ13C values in the plant 
detritus (i.e., litter layer and fine roots), reflecting an increased pho-
tosynthetic discrimination of plant tissues under non-water limited 
conditions (Farquhar et al., 1982). Therefore, significantly lower 
δ13C values in SOM under irrigation reflect a considerable C input 
of fresh organic matter into SOM of the mineral soil since the start 
of this experiment (Figure 2a; Figure S3). In contrast to δ13C, δ15N 
values are independent of the water-use efficiency of plants and 
thus reflect OM degradation. Despite higher δ15N values in the or-
ganic layer of the irrigated plots, indicating a greater degree of OM 
degradation, the δ15N values were lower in the irrigated than in the 
dry control in the mineral soil (5–10 and 10–20 cm depth) and thus 
corresponded to less transformed OM. This implies that, at these 
depths, a greater portion of organic matter was derived from fresh 
litter (Dijkstra et al., 2006), either from above- or belowground litter 
input (Figure 2b; Figure S3).

The increased supply of “fresh” C resulting from stimulated fau-
nal translocation as well as rhizodeposition may have cascading ef-
fects on the belowground C available for soil microbial communities 
and eventually lead to greater persistence of SOM. In this naturally 
dry forest, increased water supply shifted the soil microbiome from 
largely oligotrophic to more copiotrophic lifestyles (Hartmann et al., 
2017), potentially reflecting the enhanced C transfer into the min-
eral soil observed here. In combination with the enhanced turnover 
of microbial biomass (Gao et al., 2021), this may lead to increased 
formation of microbial products that can become stabilized by asso-
ciations with reactive mineral surfaces (Bossuyt et al., 2005; Cotrufo 
et al., 2015). In addition, the litter transferred into the mineral soil 
via soil fauna might become stabilized by occlusion into aggregates 
(Bossuyt et al., 2005). Consequently, the enhanced litter incorpo-
ration into the mineral soil under improved water availability in this 
dry pine forest does not only increase SOC stocks in the mineral 
soil, but may eventually also increase the overall SOC stability. In 
turn, this indicates that under naturally dry conditions in this pine 
forest—with drought predicted to intensify in the next decades—the 
faunal-mediated C translocation within the soil is suppressed, which 
thus potentially reduces SOC stabilization and enhances the vul-
nerability of SOC against disturbances by climatic changes or forest 
management.

Although the C transferred from the organic layers to the min-
eral soil might have become increasingly stabilized into the min-
eral soil, e.g., through organo-mineral associations, our repeated 
soil survey after 9 and 17  years of experimental irrigation sug-
gests rather limited effects on total SOC stocks as there is no ev-
idence of increasing effect sizes in the mineral soil after the first 
decade of summer irrigation. One reason for the lacking effect 
in later phases could be that the organic layer (a so-called “Xero-
moder”) had been rapidly lost (leading to the formation of a “mull”) 

or transferred into the mineral soil within the first experimental 
years, e.g., by the abrupt removal of drought, which limited faunal 
activity during summer and early fall under naturally dry climatic 
conditions. Nevertheless, on an even longer (e.g., centennial) time 
scale, the altered C inputs to the mineral soils—increasing with 
greater precipitation and decreasing under drier conditions—may 
further impact C storage in the mineral soil. In support, studies 
along natural gradients in the Alps document that forest soils re-
ceiving lower annual precipitation are associated with smaller SOC 
stocks in mineral soils than soils receiving higher amounts of pre-
cipitation (Gosheva et al., 2017; Prietzel et al., 2016; Wiesmeier 
et al., 2013).

5  |  CONCLUSIONS

Our results show that long-term summer irrigation in a drought-
prone Scots pine forest led to a redistribution of SOC with C losses 
from organic layers and a corresponding C gain in the uppermost 
mineral soils. This SOC redistribution took place in the first dec-
ade of irrigation. We also found that faunal-mediated litter mass 
loss and translocation are more drought sensitive than microbial-
mediated decomposition. Consequently, we suggest that changes 
in meso- and macrofauna abundance and faunal-mediated C 
translocation—here accelerated by irrigation and suppressed by 
naturally occurring summer droughts—strongly contributed to the 
altered vertical SOC distribution. Although of fundamental impor-
tance for the net transfer of C from the organic layer to the min-
eral soil, faunal processes have largely been overlooked in studies 
on climate change impacts on SOM. Together with decreased 
DOC leaching and root-derived C, faunal-processes suppression, 
e.g., by drought, leads to a lower C input into the mineral soil. This 
also decreases the C supply for belowground communities under 
dry conditions, which in turn potentially reduces the microbial 
processing and consequently the formation of stabilized SOM. 
However, the longer-term effects (>20 years) of drier conditions 
on total SOC stocks remain equivocal as reduced C inputs to the 
mineral soil can be balanced by reduced microbial SOM minerali-
zation in dry mineral soils.
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