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Abstract
Labile carbon (C) input to soils is expected to affect soil organic matter (SOM) decomposition and soil organic C (SOC) stocks in
temperate coniferous forests. We hypothesized that the SOM decomposition rate, C content in soil fractions, and microbial and
faunal abundance and activity were increased along the gradient in labile C input aroundwood ant nests. Three distances from the
nest that differed in annual labile C input to soil were selected: 4 m with 6379 mg C m−2, 30 m with 9060 mg C m−2, and 70 m
with 9215 mg C m−2. Soil from the organic horizon (Oe+Oa), surface mineral horizon (A), and subsoil mineral horizon (B) was
analyzed for C content in soil fractions and for activity and abundance of soil microorganisms and fauna. In addition, a 1-year
litter-bag and soil-bag decomposition experiment was conducted. Although the rate of soil decomposition did not differ along the
labile C input gradient, the rate of litter decomposition in the B horizon increased as labile C input increased with distance from
the nest. Correspondingly, the C content in bulk soil and in the labile and less-protected soil fractions in the B horizon decreased
as labile C input increased. We infer that, because the O and A horizons are less C-limited than the B horizon, the changes in the
labile C input along the gradient affected the B horizon more than the surface O and A horizons. However, soil microbial and
faunal activity and abundances were not consistently affected by the gradient. Apparently, C stocks in soil fractions are more
important for microbial and faunal communities than labile C inputs. Although the results indicate that SOC content changes very
slowly in the coniferous forest soil of the current study, increases in the input of natural labile C leads to decreases in the SOC
stock in the B horizon. By increasing the labile C input to temperate forest soils, future increases in atmospheric CO2 concen-
tration may therefore lead to a significant loss of SOC in deep soil layers.
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Introduction

Forest ecosystems contain a large part of the carbon (C) stored
on land, and this terrestrial C is stored as both biomass and soil
organic matter (SOM) (Hyvönen et al. 2007). Because C
stocks in northern temperate forests are two times greater in
the soil than in the vegetation (Dixon et al. 1994; Schlesinger
1997), changes in soil C stocks can be more important than
changes in vegetation C stocks for the C budgets of these
forests (Medlyn et al. 2005). As a consequence, substantial
research has been directed at understanding the C budget of
temperate forest soils as influenced by the balance between
SOC decomposition and sequestration (e.g., Bradford et al.
2008; Hyvönen et al. 2007; Melillo et al. 2011; Wiesmeier
et al. 2013). Both of these processes might be greatly affected
by the availability of labile C (Gunina and Kuzyakov 2015;
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Qiao et al. 2014), which could increase with increases in at-
mospheric CO2 concentrations and the resulting increases in
primary production (Ceulemans et al. 1999; Norby et al.
1999). It follows that additional research is needed on the
effects of labile C inputs on the forest soil C budget.

Soils contain a broad spectrum of C structures, which range
from fresh labile C, such as plant litter leachates or root exu-
dates, to more recalcitrant SOC, which refers to SOM no lon-
ger recognizable as plant litter (Blagodatskaya and Kuzyakov
2008). Recalcitrant SOCmight be greatly affected by the input
of labile C, which changes the SOM decomposition rate via
the priming effect (Kuzyakov 2010; Kuzyakov et al. 2000).
Such a situation has already been observed in broadleaf forests
(Hopkins et al. 2014; Wang et al. 2015) as well as in conifer-
ous forests (Crow et al. 2009; Ganjegunte et al. 2006; Sulzman
et al. 2005). Although priming may mineralize some recalci-
trant SOC and lead to the loss of C via CO2, excessive inputs
of labile C to soil may also transfer into stabilized pools of
SOC such that the loss of C might be buffered by increased
SOC sequestration (Hyvönen et al. 2007; Wang et al. 2015).
These processes might be particularly important for subsoil C
pools, which contain a substantial portion of the stored SOC
(Jobbágy and Jackson 2000) and which is more susceptible to
changes in labile C input because it is more C-limited than
surface mineral soils (Wang et al. 2014). In addition, low C
quality and availability in subsoil mineral horizons might also
limit microbial decomposition of SOM (Baldock and
Skjemstad 2000). However, such inferences have not been
confirmed for temperate coniferous forest soils.

Although labile C undergoes various processes with
passage through the soil profile including sorption to soil
particles, aggregate formation, or leaching (Gunina and
Kuzyakov 2015), uptake and transformation by microor-
ganisms are the most significant (Biernath et al. 2008;
Fisher et al. 2010). Bacteria are generally better able than
fungi to utilize labile C (Koranda et al. 2014), but conif-
erous forest soils with low pH favor the activity of soil
fungi, which are more tolerant than bacteria to low pH
(Brady and Weil 2002). Therefore, fungi are expected to
be abundant in coniferous forest soils and to play a more
important role in labile C processing. Like soil microbes,
saprotrophic soil fauna feed on root exudates and other
forms of labile C (Ruf et al. 2006; Scheu 2001). In addi-
tion, soil fauna may indirectly benefit from labile C when
feeding on fungi and bacteria that acquired labile C
(Albers et al. 2006). Thus, the soil fauna community is
expected to be positively affected by labile C inputs.

Most previous studies on the effect of increased labile C
inputs to soil used artificially increased C inputs in the form of
simple sugars (e.g., Bradford et al. 2008; Chigineva et al.
2009; Haohao et al. 2017; Hopkins et al. 2014; Nieminen
and Pohjola 2014; Qiao et al. 2014). However, sugars poorly
represent labile C because plant-derived labile C also contains

organic acids, amino acids, and phenolics (Bertin et al. 2003;
Isidorov et al. 2010; Kalbitz et al. 2006). An alternative way of
assessing the effects of increased labile C inputs could be the
use of the naturally occurring labile C gradients in the sur-
roundings of wood ant nests (Jílková et al. 2020). Such gradi-
ents arise when ant foraging depletes honeydew inputs to soils
near ant nests. These gradients can be steep. In the study by
Jílková et al. (2020), for example, the difference between the
lowest C input (near the nest, highly affected by ants) and the
highest C input (> 70 m from the nest, not affected by ants)
was 1.5-fold. Given that photosynthesis is expected to in-
crease by 60% by the end of this century due to climate change
(Norby et al. 1999), we considered that information on the
effects of the spatial gradient in labile C inputs around ant
nests could be useful for understanding the effects of the pre-
dicted temporal gradient in labile C inputs to forest soils
resulting from climate change.

In the present study, we determined how SOM decompo-
sition, C content in soil fractions, and microbial and faunal
abundance and activity are affected by the gradient in labile C
input around wood ant nests. We tested three hypotheses: (1)
both SOM decomposition and C content in soil fractions will
increase as labile C input increases with distance from ant
nests, (2) greater changes will occur in the subsoil mineral
horizon than in the surface horizons due to higher C limitation
in the subsoil, and (3) the abundances of soil fungi and fauna
will increase as labile C input increases with distance from ant
nests.

Materials and methods

Study site and sampling transects

The study was carried out in a coniferous temperate forest on
the southern slope of Kleť Mountain in South Bohemia
(Czech Republic) at 800 m.a.s.l (48° 50′ 46″ N, 14° 18′ 1″
E). The forest stand consisted entirely of Norway spruce
(Picea abies (L.) H. Karst.) with a mean tree age of 70 years
and a dominant tree height of 30 m. Based on long-term mea-
surements (2005–2015), the mean annual temperature was
7.12 °C and the mean annual precipitation was 720 mm (data
from the Kleť observatory and the nature reserve area Blanský
les). The area had Cambisols derived from a deep colluvial
deposit on acid metamorphic rocks (granulite, gneiss) with a
thick organic horizon. The soil at the study site had a bulk
density of 0.30 ± 0.02 (mean ± SE), 0.67 ± 0.03, and 1.20 ±
0.03 g cm−3 in the O, A, and B horizon, respectively. The pH
was 4.00 ± 0.04, 4.12 ± 0.04, and 4.85 ± 0.04 in the O, A, and
B horizon, respectively. The OM content was 0.56 ± 0.03,
0.13 ± 0.01, and 0.05 ± 0.01 g g−1 in the O, A, and B horizon,
respectively. For a more detailed description of the soil profile,
see Jílková et al. (2020).
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Several thousand wood ant (Formica s. str.) nests are dis-
tributed over the southern slope of Kleť Mountain (Miles
2000). We selected four medium-sized nests (ca. 1 m3) dis-
tributed over an area of 1 ha. A sampling transect was
established around each nest as described by Jílková et al.
(2020). Each transect was 70 m long with sampling locations
at 4 m, 30 m, and 70 m. Based on Jílková et al. (2020), the
annual labile C input was 6379 mg C m−2 at 4 m,
9060 mg C m−2 at 30 m, and 9215 mg C m−2 at 70 m; the
area > 60m from the ant nests was not affected by ant foraging
activity. This sampling design yielded a total of 12 sampling
locations (4 nests × 3 distances).

Soil sampling and processing

Soil was sampled three times throughout the vegetative season
(i.e., in April, July, and October 2017) from three horizons (O,
A, and B), giving a total of 108 samples. The O horizon was
the organic horizon which varied in thickness and consisted of
moderately to highly decomposed organic matter (Oe+Oa ac-
cording to the USDA soil taxonomy). The A horizon repre-
sented the surface mineral soil (ca. 0–10 cm depth), and the B
horizon represented the mineral subsoil (ca. 50–60-cm depth).
Samples for analysis of microbial properties and physical frac-
tionation of SOC were collected by inserting soil core sam-
plers (46-mm diameter) vertically from the forest floor surface
into the O and A horizon or from the bottom of a trench (50 ×
50 × 50 cm) into the B horizon; a trench was dug at each
sampling location. Samples were taken in three replicates ca.
10 cm from each other that were pooled to form one compos-
ite sample per sampling location and horizon. Then, they were
passed through 2-mm screens and air-dried (for physical frac-
tionation), kept at 4 °C (for assessment of soil respiration), or
freeze-dried (for analysis of phospholipid fatty acids, PLFAs).
Additional samples were collected with soil core samplers
(36 mm diameter) and were kept at 4 °C for mesofauna and
microfauna extraction.

Physical fractionation of SOC

Physical fractionation was carried out for samples collected in
July from the A and B mineral horizons. The procedure
described by Six et al. (1998, 2000) was used to determine
C storage in six SOC fractions. In brief, 30 g of a soil sample
were placed in 150 mL of dH2O together with 50 glass beads.
The suspension was shaken on a horizontal shaker at 80 os-
cillations per minute for 15 min and was then wet-sieved
through a 250-μm screen and then through a 53-μm screen.
Coarse particulate OM (the cPOM fraction) was collected on
the 250-μm screen. The material that passed through the
53-μm screen was centrifuged at 3200 g for 30 min, such that
the pellet contained silt and clay in macroaggregates (the S+
CMAC fraction). A 5-g sample of the material that passed

through the 250-μm screen and that was collected on the
53-μm screen was subjected to density fractionation using
sodium polythungstate (SPT) at a density of 1.8 g cm−3. The
sample was placed in 35 mL of SPTand centrifuged at 1370 g
for 10 min, such that the supernatant contained the light (<
1.8 g cm−3) intra-macroaggregate POM fraction (the
POMMAC fraction). The pellet (> 1.8 g cm−3) was placed in
30 mL of dH2O with 12 glass beads, shaken overnight on a
horizontal shaker at 80 oscillations per minute, and wet-sieved
through a 53-μm screen. The material collected on the 53-μm
screen represented intra-microaggregate POM (the POMMIC

fraction). The material that passed through the 53-μm screen
was centrifuged at 3200 g for 30 min, such that the pellet
contained silt and clay in microaggregates (the S+CMIC frac-
tion). All of six fractions were dried at 40 °C to a constant
weight, ball-milled, and analyzed for total organic C (TOC)
using a TOC-LCPH/CPN model TOC analyzer coupled with an
SSM-5000A solid sample module (Shimadzu). To assess dis-
solved organic C (DOC), 1.5 g of soil were placed in 50 mL of
dH2O with 6 glass beads; the suspension was shaken on a
horizontal shaker for 15 min and passed through a 0.45-μm
filter; the filtrate was analyzed for TOC content using a TOC
analyzer (model TOC-LCPH/CPN, Shimadzu).

Microbial properties

Microbial properties were analyzed in samples from all three
horizons. Soil respiration was analyzed several days after sam-
pling. A 10-g quantity of the fresh soil was placed in 100-mL
glass vessels. Three vessels were left empty to determine the
CO2 concentration of the air (blank). The vessels were pre-
incubated for 24 h at room temperature. A beaker with 3 mL
of 1 MNaOHwas then placed in each vessel and vessels were
incubated for 3 days at room temperature before respiration
was quantified by titration of the NaOH according to Page
(1982).

PLFAs were extracted from freeze-dried soil with a
chloroform-methanol-phosphate buffer (1:2:0.8) (Bligh and
Dyer 1959). Phospholipids were separated using solid-phase
extraction cartridges (LiChrolut Si 60, Merck), and the sam-
ples were subjected to mild-alkaline methanolysis. The free
methy l es t e r s o f PLFAs were ana lyzed by gas
chromatography-mass spectrometry (450-GC, 240-MS ion
trap detector, Varian, Walnut Creek, CA, USA) as previously
described (Jílková et al. 2015).

In total, 20 PLFA compounds were consistently detected
above the thresholds required for accurate quantification and
were used to assess the composition of mainmicrobial groups.
PLFAs were assigned to indicator groups as follows: fungi
18:2ω6,9, 18:1ω9 (Klamer and Bååth 2004); actinobacteria
10Me-16:0, 10Me-17:0, 10Me-18:0 (Hanson et al. 1999;
Zelles 1999); Gram-positive (G+) bacteria i15:0, a15:0,
i16:0, i17:0, a17:0 (Hanson et al. 1999; Butler et al. 2003);
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and Gram-negative (G−) bacteria 16:1ω7, 18:1ω7, cy17:0,
cy19:0 (Hanson et al. 1999; Zelles 1999). PLFA compounds
that were not attributable to specific groups were included for
multivariate analyses of microbial community composition.
Microbial biomass C (Cmic) was calculated as the sum of all
fatty acid esters in nanomole multiplied by a conversion factor
of 2.4 based on the assumption that 1 nmol of PLFA corre-
sponds to 2.4 μg of C (Bailey et al. 2002).

Fauna extraction and analysis

Fauna abundances were analyzed in samples from the O and
A horizon only. Mesofauna were extracted using a high-
efficiency “high-gradient” photo-thermo-extractor modified
according to Marshall (1972). Heat extraction was performed
over 5 days at increasing temperatures of 25, 27, 30, 33, and
40 °C. The average efficiency of the extractor used at these
temperatures was experimentally determined to be 93.5% for
adult stages of mesofauna. A picric acid-saturated water solu-
tion was used as a fixation medium. The extracted mesofauna
were filtered out of the picric acid solution and transferred to
80% denatured ethanol in Eppendorf tubes. Individuals were
cleared in an 80% solution of lactic acid in water before they
were examined. Microfauna were extracted from soil into dis-
tilled water using an L-C extractor (Devetter 2010). Soil fauna
samples were processed in a random order as soon as possible,
but no later than 1 month after collection to prevent commu-
nity changes. Counting and sorting were performed with a
stereomicroscope for mesofauna or an inverted microscope
for microfauna.

Decomposition experiment

Litter bags and soil bags were used to assess the decompos-
ability of litter and soil along the gradient. Litter subsamples
were collected in April 2017 from the litter layer (Oi) at each
sampling location and were combined to form one composite
litter sample. Soil was collected in April 2017 at each sam-
pling location from each horizon (Oe+Oa, A, B); the soil
samples were not combined into a composite sample. Litter
and soil were air-dried. Litter was then placed in thin layers in
plastic bags and γ-ray sterilized (isotope Co60, total dose
40 kGy) as described in Frouz and Nováková (2002) so that
litter decomposition resulted from the activity of the organ-
isms surrounding the litter bags rather than in the litter. A part
of the litter might have transformed to dissolved OM due to
lysis of microbial as well as plant cells during the sterilization
process which might have relatively increased the rate of de-
composition. Nonetheless, since the litter placed into all litter
bags derived from the same composite sample and the amount
of dissolved OM was the same, the comparison of treatments
was not affected. All of the bags used for assessing decompo-
sition were constructed of mesh and were 10 × 10 cm in size,

but litter bags had 1-mm openings while soil bags had 42-μm
openings. Litter bags, each containing 7 g of sterilized litter,
were placed at each sampling location and horizon. Soil bags,
each containing 15 g of non-sterilized soil from the O horizon
or 50 g of non-sterilized soil from the A or B horizons, were
placed in the location where the soil was collected. The soil
bags contained more material than the litter bags because the
OM content was substantially lower in soil than litter, and
detecting OM mass loss would therefore require a greater
quantity of soil than litter. The bags were placed in the field
in July 2017. After the bags were collected in July 2018, the
material in each bag was air-dried and mass loss was
calculated.

Statistical analyses

Data were analyzed using mixed linear models with distance,
horizon, and season as fixed factors, and ant nest as a random
factor. Dependent variables were log-transformed before anal-
ysis when needed to improve the normality of residuals. The
highest-level interactions were never significant and were
therefore excluded from the models. When tests indicated sig-
nificant differences, Fisher LSD post hoc tests were used to
compare means. The effect of distance from the ant nest on
contents of SOC fractions was determined using partial redun-
dancy analysis (RDA). The effect of ant nest (replications) and
soil horizons on total variability was partialled out as
covariables. The abundances of main microbial groups
(PLFA relative abundance, mol%) and fauna abundance were
analyzed by principal component analysis (PCA). Loadings of
PLFA compounds and fauna groups on each principal com-
ponent axis are reported to indicate important sources of var-
iation responsible for discriminating among samples in each
analysis. All analyses were performed using Statistica 13 and
Canoco 5 software.

Results

SOC fractionation

According to a partial RDA, C content in soil fractions was
significantly affected by the distance from the nest (Fig. S1)
(pseudoF = 6.9, P < 0.01, 999 permutations), but the effect of
soil horizon was stronger than the effect of distance: distance
explained 25.6% and soil horizon explained 70.9% of the data
variability. Similar results were obtained with a two-way
ANOVA (Table 1). The A horizon generally had a higher C
content than the B horizon. Carbon content generally de-
creased with the distance from the ant nest. This effect, how-
ever, was significant only in the B horizon; specifically, sig-
nificant differences with distance in the B horizon were found
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in bulk soil and in cPOM, POMMAC, S+CMAC, and DOC
fractions (Table 1).

Soil microorganisms

Means of soil microbial properties and statistical results
of mixed-effect linear models as affected by the distance
from the nest, season, and soil horizon are presented in
Figs. 1 and 2 and Table 2. Soil horizon had the stron-
gest effect, followed by season. Soil respiration, Cmic,
and fungal relative abundance were highest in the O
horizon and decreased with depth. The relative abun-
dances of actinobacteria, G+, and G− bacteria, in con-
trast, were lower in the O horizon than in the mineral
soil horizons. Soil respiration was higher in July than in
April and October. The relative abundance of microbial
groups showed no consistent pattern with respect to
season, i.e., the abundance was generally highest in
April for G+ and G− bacteria but in October for fungi
and actinobacteria. The overall effect of distance from
the nest was significant only for Cmic, which was higher
at 4 m than at 30 m and 70 m from the nest. However,
the effect of distance was dependent on season; the
relative abundance of actinobacteria in July was greater
at 4 m than at 30 m and 70 m, but the relative abun-
dance of G+ bacteria in October was lower at 4 m than
at 30 m and 70 m from the nest. Multivariate analysis
of PLFA community composition showed that commu-
nity composition changed with distance in the B horizon
in April and July (Fig. S2). The community discriminat-
ed similarly on the first (PC1) and second principal
component (PC2). The loadings on these axes indicated
that the increased relative abundance of actinobacteria
(10Me-16:0, 10Me-17:0, 10Me-18:0) and G+ bacteria
(a15:0, i17:0, a17:0) were the strongest factors causing
discrimination of the of the main microbial groups at
4 m distance from that at 30 and 70 m (Table S1).

Soil fauna

Means of soil fauna abundances and statistical results of
mixed-effect linear models as affected by the distance from
the nest, season, and soil horizon are presented in Figs. 3 and 4
and Table 3. Again, soil horizon had the strongest effect,
followed by season. Fauna abundances were always higher
in the O horizon than in the A horizon. The abundances of
microfauna groups were higher in April than in July and
October. The abundances of mesofauna groups, in contrast,
were lower in April than in July and October. The overall
effect of the distance from the nest was significant only for
the Oribatida and was marginally significant (P = 0.08) for the
Prostigmata, with a higher abundance at 4 m than at 30 and
70 m. However, the effect of distance depended on season; in
April and October, Prostigmata and Nematoda abundances
were higher at 4 m than at 30 m and 70 m from the nest.
Multivariate analysis of fauna community composition
showed distinct communities in the O horizon vs. the A hori-
zon (Fig. S3). The community discriminated primarily on the
first principal component (PC1). The loadings on this axis
indicated that the greater abundance of all fauna groups in
the O horizon explained the discrimination of the fauna com-
munity between the O horizon and the A horizon (Table S2).

Decomposition experiment

Litter mass loss did not differ among soil horizons (F2,18 =
2.27, P = 0.13) but differed with the distance from the nest
(F2,18 = 3.81, P < 0.05) (Fig. 5a). Litter mass loss increased
with distance from the nest in both the A and B horizon but
was statistically significant only in the B horizon. Soil mass
loss differed among soil horizons (F2,18 = 134.0, P < 0.001),
and was highest in the O horizon, intermediate in the A hori-
zon, and lowest in the B horizon (Fig. 5b). Soil mass loss was
not significantly affected by distance from the nest (F2,18 =
0.9, P = 0.43).

Table 1 Carbon content (mg C g−1 soil) in soil fractions and bulk soil as
affected by the distance from the nest (4, 30, and 70 m) and soil horizon
(A and B). Values are means ± SEs. For each horizon, means with
different letters are significantly different (P < 0.05). F and P values for

mixed linear models are shown. *, **, and *** indicate significance at
P < 0.05, < 0.01, and < 0.001, respectively; NS indicates P > 0.05. Two-
way interactions were never significant and were not included in the
models

Horizon Distance cPOM POMMAC S+CMAC POMMIC S+CMIC DOC Bulk soil

A 4 19.2 ± 8.2 24.8 ± 7.6 52.8 ± 5.8 0.25 ± 0.06 0.16 ± 0.06 0.81 ± 0.14 98.0 ± 16.3

30 9.8 ± 2.4 11.7 ± 3.5 42.8 ± 8.3 0.26 ± 0.04 0.28 ± 0.07 0.61 ± 0.12 65.5 ± 13.5

70 9.7 ± 1.3 12.0 ± 3.1 34.6 ± 4.4 0.33 ± 0.07 0.37 ± 0.12 0.61 ± 0.09 57.6 ± 8.5

B 4 5.2 ± 1.6 a 3.9 ± 1.9 a 13.3 ± 3.8 a 0.20 ± 0.03 0.21 ± 0.03 0.21 ± 0.06 a 23.1 ± 7.2 a

30 2.0 ± 0.5 ab 1.7 ± 0.5 ab 11.1 ± 2.1 a 0.19 ± 0.03 0.15 ± 0.03 0.11 ± 0.03 ab 15.3 ± 3.0 ab

70 1.2 ± 0.2 b 1.0 ± 0.3 b 6.5 ± 0.8 b 0.10 ± 0.01 0.12 ± 0.04 0.08 ± 0.01 b 9.0 ± 1.3 b

Source of variance df cPOM POMMAC S+CMAC POMMIC S+CMIC DOC Bulk soil

Distance 2, 11 8.5 ** 3.8 * 4.4 * 0.5 NS 0.1 NS 5.2 * 6.6 *

Horizon 1, 11 80.7 *** 61.6 *** 114.5 *** 7.8 * 1.3 NS 144.5 *** 122.7 ***
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Discussion

Litter decomposition rates increased as labile C inputs in-
creased, i.e., litter decomposition rates were higher at 30 m
and 70 m from wood ant nests than at 4 m from the nests. Our
results are in agreement with previous studies which found
that labile C inputs to soils increased SOM decomposition
rates in coniferous forests (Crow et al. 2009; Ganjegunte
et al. 2006; Sulzman et al. 2005). However, although the trend
was evident in both the A and B horizon, it was only signifi-
cant in the B horizon. The B horizon is considered to be C-
limited because of the lack of C inputs into the subsoil (Wang
et al. 2014) and low C quality and availability (Baldock and
Skjemstad 2000). We infer that, because the O and A horizons
are less C-limited than the B horizon, the changes in the labile
C input along the gradient affected the B horizon more than
the surface O and A horizons. These results are consistent with
our previous study, which found that SOM contents in the B
horizon were higher at 4 m than at greater distances from the
nest (Jílková et al. 2020). The results show the effect of the
native microbial community on litter decomposition because

the litter had been γ-ray sterilized before it was added to the
litter bags. Litter decomposition rates did not differ among the
soil horizons. However, that suggested a higher capacity of the
native microbial communities in deeper soil horizons to de-
compose newly introduced organic materials, since the micro-
bial biomass decreases considerably with soil depth.

On the other hand, when native soil substrates were used
for the decomposition experiment (i.e., the soil-bag experi-
ment), the effect of soil horizon was significant, specifically,
the decomposition rate was highest in the O horizon and low-
est in the B horizon. This suggests that soils at different hori-
zons differ in their decomposability, i.e., in the SOM content
that is available to be decomposed. Although the labile C
input into the B horizon may have been affected by distance,
the soil decomposition rate (as indicated by mass loss from
soil bags) was not significantly affected by distance in any of
the three horizons.

The C contents in the bulk soil as well as in soil fractions
decreased with distance from the nest. This natural gradient of
labile C input in a forest ecosystem represents relatively low
inputs that probably stimulated the microbial activity and

Fig. 1 Soil respiration and
microbial biomass C as affected
by the distance from the nest (4,
30, and 70 m), soil horizon (O, A,
and B), and season (April, July,
and October). Values are means ±
SEs. For each season and horizon,
means with different letters are
significantly different (P < 0.05)
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therefore led to the loss of SOC stock. Similar conclusions
were presented in previous studies that used free-air CO2 en-
richment (FACE) setups (e.g., Hoosbeek et al. 2004). This
shows that ecologically relevant increase in labile C input
causes contradictory effect to studies that applied excessive
C amount inputs, such as the study by Wang et al. 2015,
who applied C causing saturation of the microbial community,
leading to the stabilization of the excessive labile C and there-
by increasing SOC stocks.

Differences in the C content of soil fractions along the gradi-
ent were found only in labile C fractions (i.e., coarse POM and
DOC, which are not protected by mineral associations) or in
less-protected C fractions (i.e., POM occluded by or bound onto

mineral particles in macroaggregates), which is not surprising
given that non-protected and macroaggregate-associated SOC
shows a low level of protection (Six et al. 2002) and therefore
is largely susceptible to changes in labile C inputs. On the other
hand, microaggregates provide a higher level of protection than
macroaggregates and therefore are considered to provide a
higher degree of SOC stabilization (Six et al. 2000, 2002).

The effect of the distance on the C content in soil fractions
was significant only in the B horizon. This again confirms the
assumption that the B horizon is C-limited and that the input
of labile C therefore causes larger changes in the B horizon
than in the surface horizons. Unlike the C content in soil
fractions, however, the soil decomposition rate was not

Fig. 2 Relative abundance of microbial groups as affected by the distance from the nest (4, 30, and 70 m), soil horizon (O, A, and B), and season (April,
July, and October). Values are means ± SEs. For each season and horizon, means with different letters are significantly different (P < 0.05)

Table 2 Results of mixed-effect linear models for soil respiration,
microbial biomass C (Cmic), and relative abundance of microbial groups
as affected by the distance from the nest (4, 30, and 70 m), soil horizon
(O, A, and B), and season (April, July, and October). F and P values for

are shown. *, **, and *** indicate significance at P < 0.05, < 0.01, and <
0.001, respectively; NS indicates P > 0.05. Three-way interactions were
never significant and were not included in the models

Source of variance df Soil respiration Cmic Fungi Actinobacteria G+ bacteria G− bacteria

Season 2, 80 23.5 *** 0.8 NS 21.0 *** 21.8 *** 15.8 *** 12.6 ***

Horizon 2, 80 485.9 *** 143.1 *** 46.2 *** 5.0 ** 27.2 *** 15.7 ***

Distance 2, 80 0.4 NS 4.0 * 1.3 NS 2.8 NS 0.03 NS 1.2 NS

Season × horizon 4, 80 0.5 NS 4.5 ** 15.0 *** 5.0 ** 10.0 *** 6.0 ***

Season × distance 4, 80 1.0 NS 0.3 NS 0.3 NS 3.0 * 2.6 * 1.9 NS

Horizon × distance 4, 80 2.0 NS 1.7 NS 1.2 NS 1.1 NS 0.4 NS 0.8 NS
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affected by the distance from the ant nest in the B horizon.
Apparently, the 1-year-long soil-bag experiment was too short
for changes in mass loss to be detected, especially in the B
horizon with a low SOM content. On the other hand, C in the
bulk soil and soil fractions had probably been influenced by
the gradient in labile C input for a longer time than C in the
soil bags because we selected medium-sized wood ant nests
that could have been already inhabited for several years or
even decades (Hölldobler and Wilson 1990).

The soil microbial and faunal community compositions did
not show a consistent response to distance from the nest, al-
though we expected relative abundances and activity to be
higher at 70 m than at 4 m. Contrary to our expectation,
Cmic content was higher near than away from the nest in the
B horizon. Apparently, labile C stocks in soil fractions, which
were also higher near the nest in the B horizon, are more
important for increasing microbial biomass than labile C in-
puts. This explanation is not inconsistent with our finding of
an increased decomposition rate and reduced SOC stock dis-
tant from the nest because decomposition can be increased via
the priming effect without changing the Cmic content
(Blagodatskaya and Kuzyakov 2013). The effect of distance
was also apparent in the abundances of actinobacteria, G+

bacteria, Oribatida, and Prostigmata. The ability of these mi-
crobial and faunal groups to decompose recalcitrant SOM
(Gerson 1969; Seifert et al. 2011; Stefaniak and Seniczak

1983) may help explain why they were more abundant closer
to the nest where the labile C input was lower. Similar results
were found by Maraun et al. (2001), who reported that the
abundance of oribatid mites was decreased by glucose-
addition treatments. Moreover, the feces of soil fauna contrib-
ute to the production of protected microaggregates (Wolters
2000) with reduced decomposability (Six et al. 2000, 2002),
which could explain the lack of changes in microaggregate-
associated C fractions with the distance from the nest.

Compared to distance from the nest, soil horizon had much
larger effects on the abundance of fauna and microorganisms,
which was expected because of the substantial differences in
pH and SOM content among soil horizons (Jílková et al.
2020). Fauna is generally more abundant in the O horizon
than in the A horizon because the O horizon has a higher
SOM content (Berg et al. 1998; Ellers et al. 2018; Potapov
et al. 2017; Setälä and Aarnio 2002). In addition, fungi are
generally tolerant of low pH (Brady and Weil 2002) and are
better able to decompose recalcitrant coniferous litter than
bacteria (Koranda et al. 2014), and the O horizon was more
acidic and contained a higher content of litter mass than the A
and B horizons (4.00 ± 0.04, 4.12 ± 0.04, and 4.85 ± 0.04 for
pH and 0.56 ± 0.03, 0.13 ± 0.01, and 0.04 ± 0.01 g g−1 for OM
content, respectively; Jílková et al. 2020). Reduced competi-
tion from fungi could explain why bacterial groups were more
abundant in the A and B horizons than in the O horizon.

Fig. 3 Numbers of individuals (1000 ind m−2) of mesofauna as affected by the distance from the nest (4, 30, and 70 m), soil horizon (O and A), and
season (April, July, October). Values are means ± SE. For each season and horizon, means with different letters are significantly different (P < 0.05)
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Conclusions

The gradient of labile C input around wood ant nests in a tem-
perate coniferous forest soil affected the rate of litter decompo-
sition and the labile C content in soil fractions, but only in the B
horizon. We infer that, because the O and A horizons are less C-
limited than theBhorizon, the changes in the labileC input along
the gradient affected the B horizon more than the surface O and
A horizons. On the other hand, community composition and
activities of soil organisms were not significantly affected by
the gradient in labile C input. Apparently, C stocks in soil frac-
tions are more important for microbial and faunal communities

than labile C inputs. Our results show the effects of future chang-
es in labile C inputs to coniferous forest soils because the gradi-
ent exploited in our study corresponds to the expected increase in
photosynthesis by the end of this century (Norby et al. 1999).
Moreover, the labile C input represents an ecologically relevant
effect of mixture of compounds (i.e., sugars, amino acids, and
phenolics). Although the SOC stock changes very slowly as
shown in our study, the natural input of labile C into coniferous
forest soils leads to decreases in the SOC stock in the B horizon.
By increasing the labile C input to temperate forest soils, future
increases in atmospheric CO2 concentration may therefore lead
to a significant loss of SOC in deep soil layers.

Fig. 4 Numbers of individuals (1000 ind m−2) of microfauna as affected by the distance from the nest (4, 30, and 70 m), soil horizon (O and A), and
season (April, July, and October). Values are means ± SE. For each season and horizon, means with different letters are significantly different (P < 0.05)

Table 3 Results of mixed-effect linear models for mesofauna and
microfauna as affected by the distance from the nest (4, 30, and 70 m),
soil horizon (O and A), and season (April, July, and October). F and P

values for are shown. *, **, and *** indicate significance at P < 0.05, <
0.01, and < 0.001, respectively; NS indicates P > 0.05. Three-way
interactions were never significant and were not included in the models

Source of variance df Oribatida Prostigmata Gamasida Collembola Enchytraeidae Nematoda Rotifera Tardigrada

Season 2, 49 5.6 ** 11.9 *** 0.6 NS 1.7 NS 7.1 ** 4.6 * 9.2 *** 20.8 ***

Horizon 2, 49 59.2 *** 30.6 *** 32.9 *** 37.1 *** 3.6 NS 63.5 *** 58.5 *** 226.8 ***

Distance 2, 49 3.4 * 2.7 NS 1.1 NS 0.8 NS 1.1 NS 1.1 NS 0.9 NS 0.3 NS

Season × horizon 2, 49 3.6 * 6.0 ** 0.6 NS 0.6 NS 3.6 * 5.0 * 3.8 * 16.9 ***

Season × distance 4, 49 0.6 NS 2.8 * 2.2 NS 2.2 NS 2.5 NS 4.0 ** 1.4 NS 1.1 NS

Horizon × distance 4, 49 2.7 NS 1.5 NS 1.4 NS 0.02 NS 0.3 NS 0.3 NS 0.03 NS 2.1 NS
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