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Recent research has shown that microbial-feeding invertebrate soil fauna species can significantly
contribute to N2O emissions. However, in soil food webs microbial-feeding soil fauna interact with each
other and with their predators, which affects microbial activity. To date we lack empirical tests of
whether or not these interactions play a significant role in N2O emissions from soil. Therefore we studied
how interactions between soil microbes, two groups of microbial-feeding soil fauna (enchytraeids and
fungivorous mites) and their predators (predatory mites) affect soil N2O emissions. We hypothesized
that: 1) the presence of two microbial-feeding fauna groups (enchytraeids and fungivorous mites)
together increase N2O emissions more than when only a single group is present; and 2) the addition of
predatory mites further enhances N2O emissions. We assembled soil food webs consisting of soil mi-
crobes, enchytraeids, fungivorous and predatory mites in microcosms with sandy loamy soil and steri-
lised hay as a substrate for the soil microbes. N2O emissions were measured during 56 days. We found no
support for our first yet support for our second hypothesis. Addition of predatory mites to microcosms
with enchytraeids and fungivorous mites increased N2O emissions significantly from 135.3 to
482.1 mg N m�2, which was also significantly higher than the control without fauna (83 mg N m�2)
(P < 0.001). In presence of enchytraeids, fungivorous and predatory mites, we found much higher nitrate
availability at the time of the N2O peak on Day 35 (10.9 versus 5.5 mg N per kg soil without soil fauna),
indicating that the major increase in N2O emissions in this treatment may be due to increased nitrifi-
cation. Increased nitrification may be attributed to higher availability of N from the dead tissues of
fungivorous mites and increased activity of the enchytraeids that might also have affected soil structure
and contributed to increased N2O emissions. This study demonstrates the importance of interactions
between microbial-feeding invertebrate soil fauna and their predators in understanding N2O emissions.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Nitrous oxide (N2O) is a major greenhouse gas, with a global
warming potential approximately 300 times higher on a per
molecule basis than carbon dioxide (CO2) (Solomon et al., 2007).
The concentration of N2O in the atmosphere has been increasing by
0.2e0.3% per year in recent times, and this has been attributed
mainly to increased use of nitrogen (N) fertilizers in agriculture
(Thomson et al., 2012). Soil is the major source of N2O, a gas which
is principally produced by microbial processes in soil such as
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nitrification, denitrification (Williams et al., 1992) and nitrifier-
denitrification (Kool et al., 2010). All these processes are driven
by the activity of soil microorganisms and are controlled by soil
abiotic conditions such as pH, anaerobicity and temperature, as
well as by the availability of inorganic forms of N and labile organic
matter (Davidson et al., 2000).

The role of soil fauna in N-mineralization has been well
acknowledged (Verhoef and Brussaard, 1990; De Ruiter et al., 1993).
However, the potential roles that soil fauna may play in increasing
or decreasing N2O emissions from soil has rarely been explored (but
see Kuiper et al., 2013). The main substrates for soil N2O production
are ammonium (NH4

þ) and nitrate (NO3
�). Soil fauna can affect

concentrations of these compounds in various ways: first by
feeding on microbes that mineralize, nitrify and/or denitrify; sec-
ond, by transporting and dispersing the microbes within the soil,
thereby stimulating microbial growth and activities; and third by
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increasing the surface area of substrates by shredding of litter
which facilitates microbial colonization on the substrates (Petersen
and Luxton, 1982; Seastedt, 1984; Verhoef and Brussaard, 1990;
Gessner et al., 2010). These interactions between microbes and
soil fauna are important with respect to N-mineralization, as sug-
gested by Verhoef and Brussaard (1990) that nearly 30% of N-
mineralization in soil is due to the presence and activity of soil
fauna, despite the fact that they only encompass a weight of 2.5% of
the total soil microbial biomass (Moore et al., 1988). With such a
strong influence on N dynamics, soil fauna is likely to have a sig-
nificant impact on N2O emissions from soil.

Soil invertebrate fauna comprises a large variety of species living
both below and on the soil surface. So far studies on the role of soil
fauna in N2O emissions have focused on earthworms (Bertora et al.,
2007; Paul et al., 2012) and enchytraeids (Van Vliet et al., 2004).
These studies showed that these soil fauna could increase N2O
emissions, most likely due to their effects on soil structure and their
capacity of stimulating microbial activity (Lubbers et al., 2013). A
recent microcosm study by Kuiper et al. (2013) revealed that
different functional groupsof soil fauna can influenceN2Oemissions
to different extents (decreased, increased, accelerated or delayed)
depending on their impact on soil physical conditions and on
immobilization of N in microbial biomass. These results trigger the
important, yet unanswered question of how interactions between
different functional groups of soil fauna affect N2O emissions.

Two key functional groups other than earthworms in the soil
food web that have been well studied with respect to N-minerali-
zation are enchytraeids andmicroarthropods (De Ruiter et al., 1993;
Brussaard, 1998; Wardle, 2002). Enchytraeids are fast-grazing
consumers feeding on both detritus and fungi, and they can
potentially alter soil physical structure more than any other soil
fauna of their size (Didden, 1990; Brussaard et al., 2012). Enchy-
traeids produce excreta that are richer in NH4

þ compared to other
soil fauna (Didden, 1990), and also soil NO3

� levels appear to be
higher in the presence of enchytraeids than with microarthropods
(Edsberg, 2000). This higher NO3

� production has been linked to
increased nitrification potential (Liiri et al., 2007). Enchytraeids
have also been recognized as vectors of microbes (Rantalainen
et al., 2004), which may influence both nitrification and denitrifi-
cation processes (Van Vliet et al., 2004). Microarthropods form
another large soil fauna group, mostly comprising species of mites
and collembola (Brussaard,1997). A large group ofmite species feed
on fungi and therefore plays an important role in N-mineralization
(Seastedt, 1984; Coleman et al., 2004).

As shown in an experiment with macro-detrivores, combina-
tions of functionally dissimilar soil fauna can increase the N-
mineralization rate due to facilitative interactions (Heemsbergen
et al., 2004). Such facilitative interactions include one group
benefitting from the activity of another group such as through
changes in soil structure or litter shredding by isopods promoting
microbial growth (Wardle, 2006). Nevertheless, competitive in-
teractions may also positively influence mineralization rates
(Loreau, 1998). Predatory mites, which represent another large
group of soil mites, feed on fungivorous mites and enchytraeids as
well as collembola and nematodes (De Ruiter et al.,1995). Predatory
mites can influence microbial activities through trophic cascades
(induced positive effects on microbes by feeding on microbial
feeders), although empirical evidence of trophic cascades in soil
food webs is scarce (Mikola and Setälä, 1998; Bardgett and Wardle,
2010). Presence of predatory mites can potentially influence the
behaviour of fungivourous mites and enchytraeids in terms of their
feeding rate and spatial distribution, in line with predatoreprey
relations in other systems (Schmitz et al., 2004). This may poten-
tially cause additional changes in N-mineralization and soil struc-
ture, and thereby to N2O emissions.
The aim of this study was to explore how interactions between
soil microbes, microbial-feeding soil fauna and their predators
affect soil N2O emissions. We selected common species of enchy-
traeids and fungivorous mites as microbial consumers and preda-
tory mites as consumers of enchytraeids and fungivorous mites to
test the following hypotheses: 1) the combination of two groups of
microbial-feeding fauna (enchytraeids and fungivorous mites) in-
creases N2O emissions compared to when only one of both groups
is present; and 2) addition of predatory mites further enhances N2O
emissions.

2. Materials and methods

2.1. Experimental set-up

We tested our hypotheses in a 56 day microcosm experiment.
The microcosms were constructed from polypropylene
(diameter ¼ 6.7 cm, height ¼ 15 cm, volume ¼ 500 cm3) and were
filled with soil (loamy sand texture) from the Droevendaal Agri-
cultural Farm near Wageningen University in the Netherlands
(51�590 N, 5�390 E). After sieving (10 mm mesh size) the soil was
dried for 24 h at 70 �C to make the soil free from micro fauna such
as nematodes, enchytraeids and micro-arthropods, while mini-
mally affecting microbes present in the soil (Kaneda and Kaneko,
2011). The organic material used in this experiment was hay with
a C: N ratio of 13.8 measured in a C/N analyser (LECO CNH-analyser,
LECO Europe B.V., Geleen, Netherlands). Prior to its use the hay was
cut into small pieces and sterilized by autoclaving for 15 min at
121 �C to removemicrobes. Eachmicrocosmwas packed with 260 g
of dry soil, 39.5 g of distilled water (to reach 70% water filled pore
space WFPS) and 1.34 g of dry hay (equivalent to 125 kg N ha�1),
which we mixed with the top layer of soil before packing to the set
density. Subsequently, the microcosms were pre-incubated for
three days in a dark climate room with a constant temperature of
15 �C and 60% humidity to facilitate microbial colonization of the
soil and substrate before the fauna inoculation. Distilled water was
added every three days in all the microcosms to maintain soil
moisture. The microcosms were covered with black woven cotton
cloths to facilitate gas exchange whilst minimizing moisture loss.

Enchytraeids (Enchytraeus albidus, Henle, 1837) and fungivorous
mites (Acarus siro, Linnaeus, 1758 and Rhizoglyphus echinopus,
Fumouze and Robin,1868) were used from the soil fauna cultures as
described in Kuiper et al. (2013). Predatory mites (Hypoaspis miles,
Berlese, 1892) were bought commercially as Entomite-M (Koppert,
Berkel en Rodenrijs, the Netherlands). The faunal treatments for the
experiment as well as the number of individuals used per micro-
cosms, their density and total biomass were based on realistic
densities as can be found in the field (Table 1). For treatments with
enchytraeids, the ratio of adult to juvenile was kept equal. The
experiment was set-up using a completely randomized designwith
five blocks, with each of the five replicates in a separate block. We
included three extra replicates for all treatments for destructive
sampling on Day 35 of the experiment. The three extra replicates
were randomly assigned within three of the five blocks.

2.2. N2O and CO2 measurements

We started to measure N2O and CO2 fluxes 12 h after soil fauna
was added. Both types of gas fluxes were measured two times a
week during eight weeks. A photo-acoustic gas monitor (Type
1302, Brüel and Kjaer, Denmark) was used to measure gas fluxes of
both CO2 and N2O (Kuiper et al., 2013). Before measuring the fluxes,
microcosms were closed for at least 45minwith lids equipped with
two rubber septa, to allow accumulation of N2O and CO2. For
measuring gas flux, a sampling circuit was created using Teflon



Table 1
Details of the fauna additions per treatment.

Treatment
abbreviation

Species Faunal density

# microcosm�1 # m�2 mg dwt
per g
dry soil

CH Control with hay e e e

E Enchytraeus albidus 50 2596 96.4

M Fungivorous mites
(Rhizoglyphus echinopus,
Acarus siro)

400 20,769 1.5

EM Enchytraeus albidus and
fungivorous mites

450 (50 þ 400) 23,365 98

EP Enchytraeus albidus and
Hypoaspis miles

53 (50 þ 3) 2752 96.5

MP Fungivorous mites and
Hypoaspis miles

403 (400 þ 3) 20925 1.6

EMP Enchytraeus albidus,
fungivorous mites and
Hypoaspis miles

453 (50 þ 400þ3) 23,521 98
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tubes connection to the gas monitor and the headspace of the
microcosms, by plugging a hollow needle through each of the septa.
The N2O concentration in ambient air was measured each time
after 10 microcosms were measured; these ambient levels were
used as a correction factor while calculating fluxes from the mi-
crocosms. When measuring N2O fluxes a soda lime filter was used
to minimize interference of CO2 to maintain accuracy of the N2O
measurements. Measurement of CO2 fluxes was done in an iden-
tical way, but without the soda lime filter.

2.3. Soil parameters

For all the treatments we measured microbial and chemical
parameters of the soil at three stages: baseline measurements at
the start of experiment (Day 1, Table 2), mid-term harvest mea-
surements at the time of the peak in N2O flux (Day 35), and final
harvest measurements at the end of the experiment when N2O
fluxes had subsided (Day 56). Soil pH, mineral N (NH4

þ and
NO3

� þ NO2
�) and microbial biomass N were measured at all three

sampling times. Mineral N was measured in sieved (10 mm) and
dried soil subsamples (dried at 40 �C) after extraction with 0.01 M
CaCl2 (Houba, 2000). Microbial biomass Nwasmeasured from fresh
soil subsamples according to Brookes et al. (1985) by the chloro-
form fumigation method, followed by 0.01 M K2SO4 extraction and
using a correction factor of 0.54.

2.4. Soil fauna extractions

Soil fauna was extracted from the soils on Day 35, when the
treatments were near their peak in N2O flux, as well as on Day 56,
during the final harvest. To extract the enchytraeids we used the
Baermann funnel method, whereas for mites we used the Tullgren
funnel extraction technique (Petersen and Luxton, 1982). For
treatments with only one species, we took a subsample of half the
Table 2
Baseline soil parameter values after incubation period of three days.

Soil parameters

Microbial biomass N 31.5 mg N kg�1

NH4
þ 5.1 mg N kg�1

NO3
� 3.6 mg N kg�1

pH-CaCl2 6.4
Bulk density 1.4 g cm�3
volume of soil per microcosm, whereas for two species we took
subsamples from a quarter of the total soil volume. This was
necessary because of the different extraction techniques for
enchytraeids (wetting) and mites (drying). Abundances and/or
biomass were expressed on a per soil weight basis to standardise
the parameters. We identified juveniles and adults for enchytraeids
based on the presence/absence of visible clitellum. We counted
fungivorous and predatory mites stored in ethanol (70%) after the
extraction. The individual fresh body weight of enchytraeids was
calculated using allometric relations provided by Abrahamsen
(1972) for different body lengths. We expressed enchytraeid
biomass in dry weight by correcting for moisture using moisture
content values given by Maraldo and Holmstrup (2009). For fun-
givorous and predatory mites, we used individual dry body weight
given for functional groups by Vreeken-Buijs (1998). We expressed
fauna body weight as dry weight (dw) in mg per g of dry soil.

2.5. Statistics

We used one-way ANOVA to test the treatment effects of soil
fauna additions on cumulative N2O emissions. Cumulative N2O
emissions comprised the emissions during the entire 56 days of the
experiment. To account for differences in soil fauna densities
among the treatments at the start of the experiment, we included
their initial densities as a covariable in the ANOVA (ANCOVA).
Further, we carried out post-hoc multiple comparison (Tukey HSD,
a ¼ 0.05) to test the differences in N2O and CO2 emissions, soil
abiotic factors and fauna biomass between the treatments. We
carried out Redundancy Discriminatory Analysis (RDA) to find the
relation between soil parameters and soil fauna, and actual and
cumulative N2O and CO2 emissions on Day 35 and Day 56. To test
the significance of the canonical axes of the multivariate RDA
analysis we used a Monte Carlo permutation test with 999 per-
mutations. N2O and CO2 emissions were used as response variables,
and microbial and fauna biomass, soil pH, NH4 and NO3 levels were
used as explanatory variables in the RDA. N2O and CO2 emission
rates were log-transformed for both RDA on Day 35 as 1*log
(Y35 þ 1) and Day 56 as 10*log (Y56 þ 1) where Y35 and Y56 are gas
flux values on Day 35 and Day 56, respectively. We used the sta-
tistical software SPSS version 16 to carry out AN(C)OVAs, and for
the RDA analysis, we used Canoco for Windows 4.5.

3. Results

3.1. N2O emissions

Overall, we found a significant effect of the treatments on the
cumulative N2O emissions for the experimental period (One-way
ANOVAF6, 28¼26.74,P<0.001).However, post-hocanalysis revealed
that only the treatment with enchytraeids, fungivorous and preda-
torymites (EMP)was significantly different. The N2O emissions from
this treatment (482.1 mg N m�2) were on average nearly six times
higher than those from the control treatment (CH) (83 mg N m�2),
while the other treatments which included one or two types of soil
fauna did not differ significantly from the control treatment (Fig. 1).
We already observed increased N2O emissions in the EMP treatment
(51. 8 mg Nm�2) at the time of the first destructive harvest (Day 35)
compared to the control treatment (6.3 mg N m�2).

3.2. Soil fauna and abiotic factors

On Day 35, the RDA showed that 71.7% of the variations in N2O
and CO2 emissions could be explained by the soil abiotic factors and
soil fauna treatments (Fig. 2a). Axis 1 of the RDA plot explained
nearly 38% of the variation, and Axis 2 explained a further 17%. Axis



Fig. 1. Cumulative N2O emission for all treatments at the final harvest (Day 56). The initial faunal density was used as a covariate for the ANOVA test. Bars are means (�1 S.E.),
different letters indicate significant differences based on Tukey HSD multiple comparison at a ¼ 0.05. Treatment symbols are given in Table 1, in brief CH ¼ control hay,
E ¼ enchytraeids, M ¼ fungivorous mites, EM ¼ enchytraeids þ fungivorous mites, EP ¼ enchytraeids þ predatory mites, EMP ¼ enchytraeids þ fungivorous mites þ predatory
mites.
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1 was positively correlated with mineral N (especially NO3
�)

(r ¼ 0.71) and enchytraeid biomass (r ¼ 0.52) but negatively
correlated with microbial biomass N (r ¼ �0.35). Axis 2 did not
show any strong correlationwith explanatory variables. At the final
harvest on Day 56, the RDA plot showed changes in the relation
between soil abiotic and soil fauna parameters and the actual and
cumulative N2O emissions compared to Day 35 (Fig. 2b). Microbial
biomass N, which was negatively related to Axis 1 on Day 35,
showed a positive correlation with the first axis on Day 56
(r ¼ 0.18), whereas NO3

� showed a negative relation with Axis 1
(r¼�0.45) on Day 56. Axis 1 alone explained 77% of the variation in
N2O and CO2 emissions whereas Axis 2 explained only 3% of the
variation. In total, the RDA analysis explained 82.4% of the variation
in N2O and CO2 emissions on Day 56.

We did not find significant differences in NH4
þ or in microbial

biomass N among soil fauna treatments on both harvest days (Day
35 and Day 56), although a trend of lowmicrobial biomass N in the
treatment with enchytraeids, fungivorous mites and predatory
mites (EMP) was notable (11.78 mg N per kg soil). The concentra-
tion of NO3

� varied among treatments on both harvest days being
highest in treatment EMP on Day 35 (Table 3a). The total biomass of
the enchytraeids increased over time and was higher when
enchytraeids were living with fungivorous mites, whereas the
biomass of the fungivorous mites decreased; for the predatory
mites no significant changes over time in biomass were observed
(Table 3b).

4. Discussion

Our results show that N2O emissions are increased by the
presence of a combination of enchytraeids, fungivorous and pred-
atory mites (EMP), in line with our second hypothesis. We did not,
however, find that the addition of predatory mites increases N2O
emissions when introduced in combination with only enchytraeids
or only fungivorous mites (EP and MP). This provides partial sup-
port for Hypothesis 2. Further, no significant differences in N2O
emissions between the treatments with single or combined pres-
ence of enchytraeids and fungivorous mites were found, hence we
reject Hypothesis 1. Our results are in line with the idea that N-
mineralization rates enhance when different types of decomposers
are combined with their predators (Beare et al., 1995; Brussaard,
1997; Hättenschwiler et al., 2005), which potentially can lead to
increased N2O emissions. Mineral N availability, however, cannot
fully explain our results on the enhancement of N2O emissions,
additional explanatory factors such as soil physical-chemical fac-
tors must also come into play (Kuiper et al. 2013). We therefore
discuss below how interactions between soil fauna can potentially
change soil physicalechemical characters which are relevant to
increase N2O emissions. Thereafter we highlight that a combination
of biotic interactions in soil together with quantifications of soil
physicalechemical characteristics can help to reveal a compre-
hensive overview of N2O emissions from soil.

The presence of enchytraeids and fungivorous mites along with
predatory mites increased the availability of inorganic N through
three level trophic interactions (Table 3a). The feeding of the pred-
atory mites on microbial-feeding soil fauna may prevent the over-
grazing of microbes which can lead to higher mineral N availability
in the system (Schmitz et al., 2010). Predation pressure by a single
species on two prey species can invariably affect prey population
(Hixon andMenge,1991); empirical evidence shows that one prey is
often more harmed while the other prey species generally remain
unharmed (Toscano et al., 2010). Our observation of the decline in
fungivorous mites and increase in enchytraeids in the presence of
predatory mites are in line with such argument (Table 3b). This
could be due to increasedburrowing activities of the enchytraeids in
the presence of predators, which results into habitat destruction of
fungivorousmites, an example of competitive interactions (Maraun
andScheu, 2000). In turn, fungivorousmiteswould becomeexposed



Fig. 2. Biplot based on RDA for N2O and CO2 emissions explained by soil fauna and soil
physical-chemical parameters on a) Day 35 and b) Day 56. Grey arrows: soil abiotic
factors and soil fauna biomass, black arrows: gas emissions with cum ¼ cumulative and
act ¼ actual (on the day of measurement). Closed triangles indicate the treatments;
treatment symbols are given in Table 1, in brief CH ¼ control hay, E ¼ enchytraeids,
M ¼ fungivorous mites, EM ¼ enchytraeids þ fungivorous mites,
EP ¼ enchytraeids þ predatory mites, EMP ¼ enchytraeids þ fungivorous
mites þ predatory mites.
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to higher predation pressure, causing their higher mortality thus an
increase in N input from dead tissues which can be colonized and
mineralized by soil microbes (Seastedt, 1984).

In cases with higher availability of high quality substrate (i.e.
substrate with high N concentration), microbes are accounted to
increase the production of NO3

- (Stark and Hart, 1997; Burger and
Jackson, 2003). This increase in NO3
� availability in combination

with soil pockets with low oxygen levels can create ideal conditions
for N2O emissions (Williams et al., 1992). The lower microbial
biomass N in treatments with enchytraeids, fungivorous and
predatory mites at the time of high N2O emissionwas accompanied
with a higher availability of NO3

�, which can be explained by the fact
that it was less immobilized in microbial biomass (Table 3a). Also,
given that our microcosm favoured the process of denitrification
due to soil moisture levels of 70% WFPS during the whole experi-
mental period, the NO3

� consumption by denitrifiers was likely to
be high at higher concentrations of NO3

� (Bateman and Baggs,
2005).

The presence of enchytraeids enhances the dispersal of mi-
crobes through the soil profile (Williams and Griffiths, 1989;
Rantalainen et al., 2004). This can additionally favour microbial
colonization on dead fungivorous mites and litter, leading to
increased N-mineralization. The enchytraeids themselves can also
feed on dead animal tissues whichmay have provided an additional
supply of NH4

þ and consequently NO3
� in the microcosms (Didden,

1993; Laurén et al., 2012). The higher production of NO3
� and its

higher consumption such as by denitrifying microbes in treatments
with the enchytraeids, fungivorous and predatory mites could be a
possible reason for higher N2O emissions. Other treatments such as
with enchytraeids and fungivorous mites also increased the NO3

�

concentration in soil over the experimental period (Table 3a).
However, N2O emissions from these treatments were relatively low,
possibly due to less favourable soil physical conditions for incom-
plete reduction of NO3

� into N2O (Kuiper et al., 2013).
As dynamics of N2O emissions always depend on soil abiotic and

physical characters (Williams et al., 1992), soil fauna that can in-
fluence soil physical structures can considerably influence N2O
emissions (Kuiper et al., 2013). The incomplete reduction of NO3

� to
N2O is essentially attributed to particular levels of soil aeration, not
too oxic and not too anoxic (Williams et al., 1992; Davidson et al.,
1993). Enchytraeids for instance can increase porosity in sandy
soils which increases aeration and thereby they can decrease N2O
emissions by reducing denitrification rates (Van Vliet et al., 2004).
In treatments without enchytraeids, such as with only fungivorous
mites, negligible changes in soil structure and soil porosity are
expected (Lee and Foster, 1991; Kuiper et al., 2013). On the other
hand increased levels of anoxicity may also result from increased
biotic activity and total respiration (CO2 emission), which decreases
oxygen availability in soil. Our CO2 emission data shows that total
respiration was comparatively higher in the enchytraeids, fungiv-
orous and predatory mites (EMP) treatment than in the other
treatments, albeit not significantly higher (Supporting Information
1).

Our results indicate that different forms of interactions among
soil fauna of different feeding guilds, such as one negatively
affecting another, can influence N2O emissions from soil depending
on the extent to which such interactions influence soil physical and
chemical conditions. Future studies should consider different
combinations of soil fauna groups and be able to quantify their
impacts on soil physicalechemical factors resulting from their in-
teractions for establishing mechanistic relations between soil food
web dynamics and N2O emissions.

5. Conclusion

We found that the combination of enchytraeids, fungivorous
and predatory mites can dramatically enhance N2O emissions,
indicating the importance of soil fauna interactions in N2O emis-
sions from soil. We argue that accounting for biotic (both trophic
and non-trophic) interactions in soil that may alter soil physicale
chemical characteristics can increase our understanding of N2O



Table 3a
Change in soil parameters over experimental period (treatments CH ¼ control hay, E ¼ enchytraeids, M ¼ fungivorous mites, EM ¼ enchytraeids þ fungivorous mites,
EP ¼ enchytraeids þ predatory mites, EMP ¼ enchytraeids þ fungivorous mites þ predatory mites).

Treatment MBN [mg N kg�1 soil] NH4 [mg N kg�1 soil] NO3 [mg N kg�1 soil]

Day 35 Day 56 Day 35 Day 56 Day 35 Day 56

CH 17.3 � 1.36 8.0 � 3.3 19.8 � 1.33 8.0 � 0.53 5.5 � 0.93 a 20.5 � 1.51 a
E 21.3 � 4.64 3.5 � 1.5 23.6 � 1.44 7.2 � 0.59 6.7 � 0.81 a 32.2 � 2.28 b
M 24.5 � 2.60 8.3 � 0.9 23.5 � 1.48 7.7 � 0.48 6.0 � 0.11 a 21.8 � 1.74 a
EM 15.8 � 3.02 1.5 � 3.3 25.1 � 1.47 7.6 � 0.46 8.9 � 0.74 ab 39.4 � 1.79 b
EP 19.2 � 3.92 4.1 � 0.67 24.7 � 0.16 7.7 � 0.47 8.2 � 0.40 ab 35.7 � 2.63 b
MP 18.8 � 3.46 6.3 � 0.88 23.0 � 0.10 7.5 � 0.39 5.2 � 0.56 a 38.1 � 1.68 b
EMP 11.78 � 0.78 7.3 � 3.8 22.5 � 1.22 8.82 � 0.78 10.9 � 1.47 b 22.2 � 1.82 a
ANOVA ns ns ns ns <0.01 <0.001

Table 3b
Faunal biomass (mg dw per g dry soil) changes over experimental period (treatment symbols see Table 1 and legend of Table 3a).

Enchytraeid biomass Mite biomass Predatory mites biomass

Treat-ment Day 35 Day 56 Treat-ment Day 35 Day 56 Treat-ment Day 35 Day 56

E 520 � 110 a 820 � 140 a M 0.7 � 0.1 a 0.1 � 0.03 a EP 0.04 � 0.02 0.1 � 0.03
EM 1400 � 90 b 1450 � 170 ab EM 0.3 � 0.2 a 0.03 � 0.01 a MP 0.1 0.01
EP 960 � 110 ab 1030 � 130 ab MP 0.1 � 0.03 a 0.1 � 0.03 a EMP 0.1 � 0.02 0.1 � 0.03
EMP 1410 � 230 b 1800 � 300 b EMP 0.1 � 0.05 a 0.01 a
ANO-VA <0.01 <0.05 <0.05 <0.05 ns ns

M.P. Thakur et al. / Soil Biology & Biochemistry 70 (2014) 256e262 261
emissions and will enhance our predictive capacity for N2O emis-
sions from soil.
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