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Nitrogen fertilization of permanent grasslands affects soil fauna communities by
modifying their taxonomic composition, population dynamics and feeding activity.
However, it is not well understood if the edaphic fauna adapts to these external
inputs so that the immediate response to fertilizer application depends on the long-
term nutrient management strategy. We performed a field experiment in permanent
grasslands under agricultural management in three regions across Germany. We
used experimental fertilization with an organic plant-sourced fertilizer along a long-
term nutrient management gradient to study the immediate and long-term effects
of fertilization and their interdependence on the taxonomic composition and feeding
activity of the soil mesofauna (Nematoda, Oribatida, and Collembola). Sampling season,
soil properties, vegetation structure, and geographic location were considered as
additional predictor variables to reflect heterogeneity in environmental conditions. The
taxonomic composition, richness and total abundance of soil mesofauna communities
were significantly affected by long-term nutrient management, but not by experimental
fertilization. However, N pulses rapidly (within days) reduced the feeding activity
estimated with bait-lamina strips independent of long-term nutrient management
strategies. Experimental addition of organic plant-sourced fertilizer may have led to
a rapid build-up of microbial biomass, providing alternative food sources for the soil
mesofauna and causing a shift away from the bait-lamina substrate. Our study indicates
that community changes associated with the long-term nutrient management regime in
permanent grasslands do not alter the strong functional response of the soil mesofauna
to N pulses. There is an urgent need to develop nutrient management strategies for
permanent grasslands that take into account both the conservation of the edaphic
faunal community and changes of ecosystem functions caused by rapid responses of
the soil mesofauna to fertilizer inputs.

Keywords: bait-lamina, ecosystem function, land-use intensity, nitrogen input, permanent grassland, Acari
(mites), Collembola (springtails), Nematoda
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INTRODUCTION

Permanent agricultural grasslands provide important habitats
to many plant and animal species (Veen et al., 2009). Thus,
they are a key conservation measure at the national and EU
scale (Hristov et al, 2020). Yet, EU regulation allows for a
broad range of nutrient management intensities, including the
quantity of fertilizer and livestock densities. Decades of research
have shown that the structure and richness of soil invertebrate
communities can be altered by long-term land use (Birkhofer
et al., 2008) and short-term anthropogenic stressors (Zaitsev
et al., 2006), with effects being modulated by factors such as
landscape characteristics (Zaitsev et al., 2013). It is thus very likely
that grassland management severely affects soil biodiversity (e.g.,
Brussaard, 1997; Bardgett and Van Der Putten, 2014). However,
a comprehensive understanding of the functional consequences
associated with these changes is still lacking (Eisenhauer et al.,
2017; Delgado-Baquerizo et al., 2020).

The edaphic mesofauna is unable to overcome the physical
barriers of the soil, as soil animals such as Collembola or Acari
cannot actively construct their own passages and pore spaces in
soil (Potapov et al., 2022). Most functional effects of this group
are thus related to its feeding activity, with changes in these
activities being primarily caused by changes in both available food
sources and community composition (Wolters and Joergensen,
1991). Fertilizer application has previously been shown to reduce
the soil fauna feeding activity in tropical oil palm plantations
(for chemical fertilizers: Tao et al., 2016) or to increase feeding
activity in annual crop fields (for organic fertilizers: Pfotzer and
Schiiler, 1997). Understanding the effect of fertilizer application
on the feeding activity of belowground communities is essential
for evaluating the functional consequences of management
strategies. The long-term application of synthetic fertilizers may
lead to soil acidification and affect soil fauna negatively (Birkhofer
et al, 2008). Alternatively, organic fertilizers, either animal
(e.g., manure or slurry) or plant-sourced (e.g., green manure or
biofertilizers) materials, may promote soil fauna abundances and
activity due to provision of dead organic matter as food resource
for detritivores or due to enhanced microbial growth and
provision of food resources to microbivorous and fungivorous
soil fauna (Birkhofer et al., 2012). In the study presented here,
we focused on whether the immediate trophic response of soil
communities of permanent agricultural grasslands to fertilizer
application occurs independently of taxonomic composition.
Alternatively, it could be modulated by changes in taxonomic
composition associated with long-term nutrient management
strategies. In contrast to forests and annual crop fields (Geissen
and Brimmer, 1999; Birkhofer et al., 2008; Ding et al., 2019;
Shaw et al., 2019), effects of long-term fertilization (e.g., fertilizer
application, livestock density) on soil mesofauna communities of
permanent grasslands are not well studied (Forge et al., 2005).
Huhta et al. (1986) suggested that soil invertebrate communities
are less sensitive to moderate fertilizer pulses compared to
soil microbes and that fertilizer application affects soil fauna
primarily indirectly through changes in vegetation and soil
properties (see also Birkhofer et al, 2011; Zhu et al., 2016).
However, the short-term alteration of soil microbial and fungal

communities by fertilization (Lazcano et al., 2013) likely has
an indirect effect of the activity of soil mesofauna. Nutrient
availability changes the feeding behavior of soil mesofauna (Tao
et al., 2016) which can influence soil functioning through altered
nutrient cycles. Livestock grazing has similar effects, as nutrients
are deposited in pastures (Haynes and Williams, 1993; Chaneton
etal., 1996).

Here we address the questions (a) if experimental fertilization
with an organic plant-sourced fertilizer rapidly (over a few
days) affects the taxonomic composition or feeding activity
of the soil mesofauna compared to the long-term strategy
of nutrient management over 3 years and (b) if effects of
N-pulses through experimental fertilization are independent of
the long-term strategy of nutrient management. To answer
these questions, we studied effects of experimental fertilization
on the taxonomic composition and feeding activity of the soil
mesofauna (Collembola, Oribatida, and Nematoda) immediately
after application in permanent grasslands along a gradient
of long-term nutrient management strategies and in three
regions across Germany [German Research Foundation (DFG)
Biodiversity Exploratories, Fischer et al., 2010]. We hypothesize
that (H1) feeding activity of soil invertebrates increases rapidly
in subplots after the experimental application of an organic
fertilizer and (H2) taxonomic composition of the soil mesofauna
primarily responds to long-term nutrient management strategies,
but not rapidly to experimental fertilization. Finally, we
hypothesize that feeding activity in grasslands with very low
long-term fertilization levels or livestock densities respond more
strongly to experimental fertilization than those with higher
nutrient inputs (H3).

MATERIALS AND METHODS

Sampling Sites and Experimental Design

Sampling was conducted in spring and autumn 2009 on 12
permanent agricultural grasslands in each of the three regions
of the DFG Biodiversity Exploratories in Germany (Fischer
et al, 2010): Schwiabische Alb (AEG), Hainich-Din (HEG),
and Schorfheide-Chorin (SEG) (Table 1). The sampling sites
were selected along a gradient of land-use intensities based
on a standardized annual questionnaire for farmers including
information about the mowing frequency, livestock density
and the amount of N fertilization (Vogt et al, 2019). In
our study, we used the available 3-year averages (2006-2008)
of the livestock density (livestock unit days of grazing ha=!
year ') and N fertilizer amount (kg nitrogen ha=! year—!)
(Table 1) standardized across the three study regions as predictor
variables for the long-term nutrient management strategy of
each grassland (Bliithgen et al., 2012). Sampling season, soil
properties, vegetation structure and geographic location were
recorded as additional predictors to reflect environmental
heterogeneity (Table 2 and section “Soil Fauna, Vegetation,
and Soil Properties” for details). At each grassland site, two
subplots with a size of 5 m x 5 m were established with a
minimum distance from the grassland edge of 20 and 2 m
distance from each other. We randomly selected one subplot
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TABLE 1 | (A) Dates of experimental fertilization, placement and collection of bait-lamina strips and soil fauna sampling in spring and autumn 2009, (B) 3-year averages
(2006-2008) of N fertilization and livestock density, maximum average vegetation height, vegetation surface coverage, soil pH and soil organic carbon content
(means + SD and ranges) for the 12 grasslands sites in each of the three study regions.

(A) Dates Schwabische Alb AEG Hainich-Din HEG Schorfheide-Chorin SEG
Fertilization and bait-lamina placement spring 2009 04.05-06.05 27.04-29.04 08.05-10.05
Sampling spring 2009 18.05-19.05 11.05-13.05 22.05-24.05
Fertilization and bait-lamina placement autumn 2009 21.09-23.09 02.10-04.10 14.09-16.09
Sampling autumn 2009 05.10-07.10 16.10-18.10 28.09-30.09
(B) Predictors Schwabische Alb AEG Hainich-Diin HEG Schorfheide-Chorin SEG

Fertilization (kg N ha~" year~1)

Livestock density (livestock unit days of grazing ha=' year—1)
Vegetation coverage (%)

Maximum average vegetation height (cm)

Soil pH

Soil organic carbon content (g 100 g~ soil)

24.5 + 33.3 (0.0-100.0)
118.0 £ 177.73 (0.0-596.3)
94.4 + 9.1 (51.7-100.0)
16.6 + 6.1 (6.2-29.1)
6.3+ 0.5 (5.4-7.9)
0.63 + 0.07 (0.50-0.81)

35.0 + 38.5 (0.0-103.3)
122.4 + 122.0 (0.0-395.9)
92.3 + 7.8 (68.3-100.0)
22.1 + 8.6 (10.8-49.4)
6.9+ 0.4 (5.6-7.5)
0.45 + 0.09 (0.28-0.65)

40.8 + 45.6 (0.0-112.7)
100.4 + 45.6 (0.0-450.2)
89.8 + 12.9 (52.3-100.0)
24.6 + 13.5 (3.8-58.0)
6.1+ 0.9 (4.7-7.9)
0.46 + 0.36 (0.12-1.33)

TABLE 2 | Indicator groups and the individual variables in each indicator group as used in all distance-based linear models (DistLM, McArdle and Anderson, 2001).

Indicator group Variable type Variables

Location Continuous Latitude and Longitude

Vegetation Continuous Surface cover (%) and Maximum average height (cm)

pH values Continuous Unitless

Soil organic carbon Continuous SOC content (g 100 g~ soil)

Experimental fertilization Binary Experimentally fertilized (1 = yes or O = no)

Long-term nutrient management Continuous 3-year average livestock density (LU ha='a~") and fertilizer amount (kg ha='a~")
Season Binary Spring (1 = yes, 0 = no, autumn)

as control and the other as experimental fertilizer treatment
subplot. The latter was fertilized with 2,000 kg ha=! of an organic
plant-sourced commercial fertilizer [N = 6.67% (=133.4 kg N
ha=!), P,O, = 0.85%, K,O = 0.86%; AGROBIOSOL®, SW-
Diingesysteme, Wolfenbiittel, Germany] in spring and autumn
2009 (for dates see Table 1). This plant-sourced fertilizer is
certified for organic agriculture in the EU and is produced by
fermenting agricultural by-products (e.g., soy flour or sugars),
fungal biomass growth and subsequent drying of the material.
The control subplots were not experimentally fertilized.

Feeding Activity

The bait-lamina test provides a standardized method to estimate
the feeding activity of soil mesofauna (T6rne, 1990; Kratz, 1998).
In spring and autumn 2009 feeding activity of soil fauna was
investigated by using the bait-lamina test following the schedule
in Table 1. Bait-lamina strips with a size of 6 mm x 160 mm had
16 holes of 1.5 mm diameter arranged in a single vertical row
with 5 mm intervals. The bait substrate consisted of cellulose,
agar-agar, bentonite, and bran flakes following Fisenbeis et al.
(1996). Consumption of this bait substrate over time provides
an estimate of the feeding activity of soil macro- and mesofauna
under different environmental conditions (Birkhofer et al,
2011) or agricultural management practices (Birkhofer et al,
2021). To avoid displacement of the bait, the bait-lamina strips
were inserted into the soil in a preformed vertical slit using
a stainless-steel metal knife. The top hole was inserted to

surface level and the bottom hole reached 7 cm depth. At each
date, each subplot received 8 bait-lamina strips in a 2 x 4
arrangement with 10 cm spacing between strips. Bait-lamina
strips were collected after 14 days and the feeding activity was
assessed by counting the number of completely empty holes
(Vorobeichik and Bergman, 2021).

Soil Fauna, Vegetation, and Soil

Properties

In each subplot, four intact soil cores with a diameter of 8 cm
and a depth of 5 cm were sampled, resulting in 288 soil cores per
sampling season (36 grassland sites x 2 subplots x 4 soil cores).
Soil fauna was extracted using a modified Kempson extraction
method (Kempson et al., 1963). Heat extraction was performed
over 8 days with stepwise (5°C) increasing temperatures every
day from 20 to 60°C. All adult Oribatida and Collembola
from these samples were identified to species level. To sample
Nematoda communities in each subplot, nine samples were
collected as intact soil cores with a diameter of 3 cm and a
depth of 10 cm. We extracted nematodes from 100 g bulk
soil per subplot following a modified Oostenbrink elutriator-
cottonwool filter method. An aliquot containing about 100
nematode individuals was randomly taken from each extracted
sample for identification. The specimens were then preserved in
4% formalin and identified to genus level. Nematoda abundance
was not analyzed, as only a predefined number of individuals was
identified to genus level and counted.
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Vegetation cover and maximum average height were
measured in three 1 m x 1 m quadrats per subplot at each
sampling date. Surface cover was visually estimated on a
percentage scale and maximum average height was measured
for the highest plant in each corner of the 1 m x 1 m quadrat.
Soil pH was measured for each subplot in a solution of CaCl,
(10 g bulk soil in 25 ml CaCl,) using an electrical pH sensor
(with a resolution of two decimals). Soil organic carbon content
was quantified for each subplot with the loss-on-ignition (LOI)
method for bulk soil quantities between 2.89 and 3.57 g. Bulk
soil samples for pH value and soil organic carbon content
measurements consisted of three samples of the upper 5 cm
in each subplot.

Statistical Analyses

To account for the large number of potentially relevant
predictors in this study (Table 2) and the multivariate nature
of taxonomic community composition data, we used distance-
based linear models (DistLM) as an appropriate method
for multivariate, multiple regression analyses of community
data (McArdle and Anderson, 2001). These regression models
allow for the analyses of uni- and multivariate dependent
data based on the selection of an appropriate resemblance
measure to create resemblance matrices for all pairs of samples.
For a general flowchart of the DistLM analyses refer to
Supplementary Figure 1. Community composition data were
analyzed separately for the three taxonomic groups (Collembola,
Oribatida, and Nematoda) based on log (x + 1) transformed
abundance data of all species (Collembola, Oribatida) or
genera (Nematoda) using the Bray-Curtis similarity measure.
Transformation of abundances was performed to weight down
the importance of very abundant compared to less abundant taxa
(Anderson et al.,, 2008). The univariate variables feeding activity,
Collembola, Oribatida and Nematoda taxonomic richness
and total abundance were individually analyzed based on
untransformed data and Euclidean distances. Model selection
in all DistLMs was based on the AIC selection criterion
and a stepwise selection procedure (combining forward and
backward selection) using the indicator groups listed in Table 2.
Location, as individual plot coordinates, was fitted prior to
all model selection procedures to account for geographic
distribution. In case of significant relationships between indicator
groups and univariate dependent variables, Pearson correlations
were calculated between the dependent variable and each
individual independent variable in the respective indicator
group (Table 2). In case of a significant relationship between
a categorical indicator group (coded binary) and a univariate
dependent variable, means and 95% confidence intervals were
compared between levels of the respective indicator variable(s).
Effects of indicators selected in DistLMs and the respective
individual predictor variables on multivariate community data
are shown in distance-based RDA ordinations. Distance-
based linear models test for sequential, additive effects under
hypotheses H1 and H2, but not for interdependencies between
predictors (H3). We therefore used additional permutational
analysis of variance (PERMANOVA, Anderson, 2014) models to
explicitly test if effects of experimental fertilization statistically

depend on the long-term nutrient management strategy of
each grassland to address H3. In PERMANOVA models,
we used experimental fertilization as categorical fixed factor
and the 3-year average of fertilizer amount as covariable
including the interaction between both model terms. All
PERMANOVA models were based on the same resemblance
matrices used for DistLMs and were calculated with type III
sums of squares and 9999 permutations of residuals under a
reduced model (Anderson, 2014). All statistical analyses were
performed in PRIMER 7.0.21 with the PERMANOVA + 1
add-on (PRIMER-e).

RESULTS
Soil Fauna Feeding Activity

Experimental fertilization significantly affected soil fauna feeding
activity estimated with bait lamina strips (Table 3A), with feeding
activity being 1.6 times lower in experimentally fertilized subplots
(Figure 1). Long-term nutrient management and soil pH were
selected as additional predictors in the final model, but they
had no significant effect on soil fauna feeding activity and
only explained very low proportion in the variation of feeding
activity (Table 3A). The effect of experimental fertilization did
not depend significantly on the long-term fertilization strategy
(PERMANOVA: Pseudo-F ¢ = 0.30, P = 0.583).

Taxonomic Richness and Abundance

The long-term nutrient management strategy had a significant
effect on the taxonomic richness of all soil faunal groups
studied (Tables 4A-C), while experimental fertilization did
not affect taxonomic richness. Nematoda (Pearson correlation
R = —0.166, P = 0.047; Supplementary Figure 2A) and
Oribatida (R = —0.327, P < 0.001; Supplementary Figure 2A)
richness and Oribatida abundance (R = —0.210, P = 0.012;
Supplementary Figure 2B) were negatively correlated to the
long-term average fertilizer amount. Collembola richness was
positively correlated to the livestock density (R = 0.169,
P = 0.043; Supplementary Figure 3). Seasonal differences
were significant in Nematoda and Collembola richness, and
Nematoda richness was further negatively affected by soil
organic carbon content (Table 4A). Nematoda communities on
average had two (AEG, SEG) or three (HEG) genera fewer
in autumn than in spring. Oribatida communities on average
had two more species in spring in AEG, one fewer in spring
in SEG, with no differences observed for HEG. Collembola
abundance was only significantly affected by location (Pseudo-
Fi41,3 = 28.65, Prop. = 0.29, P < 0.001) and Oribatida abundance
was significantly and negatively affected by long-term nutrient
management (Pseudo-Fj39 5 = 35.25, Prop. = 0.08, P = 0.003), but
not by experimental fertilization.

Community Composition

Nematode communities differed markedly between locations
and between spring and autumn samples (Figure 2).
Nematode communities in HEG were characterized by
higher abundances of Helicotylenchus and Amplimerlinius.
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TABLE 3 | Results of distance-based linear models (DistLMs) testing for effects of indicator groups (Table 2) as predictors for (A) soil fauna feeding activity, (B)

Nematoda, (C) Oribatida, and (D) Collembola community composition.

Indicator group Pseudo-F P-value Proportion Cumulative Res. df Regr. df
(A) Feeding activity

1. Pulse 18.21 <0.001 0.10 0.20 140 4
2. Soil pH 2.98 0.085 0.02 0.22 139 5
3. Management 2.62 0.076 0.03 0.25 137 7
(B) Nematoda

1. Corg 7.55 <0.001 0.04 0.23 140 4
2. Season 5.79 <0.001 0.038 0.26 139 5
3. Management 3.33 <0.001 0.03 0.30 137 7
(C) Oribatida

1. Corg 11.45 <0.001 0.06 0.22 140 4
2. Season 12.21 <0.001 0.06 0.28 139 5
3. Management 4.39 <0.001 0.04 0.33 137 7
4. Soil pH 3.17 0.001 0.02 0.34 136 8
(D) Collembola

1. Soil pH 9.59 <0.001 0.05 0.21 140 4
2. Management 4.60 <0.001 0.05 0.26 138 6
3. Corg 3.77 0.001 0.02 0.28 137 7
4. Vegetation 2.09 0.018 0.02 0.30 135 9

Indicator groups are given in the order of model selection with experimental fertilization treatment (pulse), soil pH values, long-term nutrient management, soil organic
carbon content (Corg), Season and vegetation properties. Pseudo-F and P-values are provided together with the individual and cumulative proportion of explained
variation in the sequential model and residual and regression degrees of freedom. Note that coordinates of study plots (location) were fitted first in all models to account

for geographic distribution.

SEG plots had higher abundances of Tylenchorhynchidae and
Eucephalobus, while representatives of Prodorylaimus were
more abundant in grassland soils in AEG and HEG. Soil
organic carbon content and long-term nutrient management
were selected in the final model (Table 3B), with higher
abundances of Tylenchorhynchidae and Eucephalobus with

Mean number of empty holes per strip
w

Control Fertilized

FIGURE 1 | Mean feeding activity as the mean number of empty holes per
bait-lamina strip with 95% confidence intervals for the number of empty holes

per bait strip in subplots without (Control; N = 72) and with (Fertilized, N = 72)
experimental fertilization (Pseudo-F140.4 = 18.21, P < 0.001).

increasing long-term fertilization (Figure 2). Experimental
fertilization neither significantly affected Nematoda community
composition in the final model nor in marginal tests for
individual predictors.

Communities of oribatid mites differed between locations and
between spring and autumn samples (Figure 3). Oribatid
communities in autumn were characterized by higher
abundances of Malaconothrus monodactylus. Communities
in AEG and some communities in SEG had high abundances
of Eupelops acromios and Achipteria coleoptrata, whereas
communities in HEG and some communities in SEG were
characterized by high abundances of Tectocepheus velatus.
Subplots with higher soil organic carbon content and pH values,
but lower long-term fertilization had higher abundances of
A. nitens, A. coleoptrata, and E. acromios and lower abundances
of T. velatus. Experimental fertilization neither affected
Oribatida community composition significantly in the final
model nor in marginal tests for individual predictors (Table
30).

Unlike nematode and oribatid communities, the composition
of Collembola communities differed between locations, but not
between spring and autumn sample dates (Figure 4). Folsomia
quadrioculata, Lepidocyrtus lanuginosus, and Parisotoma
notabilis were more abundant in AEG and HEG than in SEG.
The abundances of L. lanuginosus and P. notabilis increased
with soil pH values, F. quadrioculata and L. lanuginosus were
positively related to livestock density (Table 3D). Experimental
fertilization neither affected Collembola community composition
significantly in the final model nor in marginal tests for
individual predictors.
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TABLE 4 | Results of distance-based linear models (DistLMs) testing for effects of indicator groups (Table 2) as predictors for (A) Nematoda genus, (B) Oribatida

species, and (C) Collembola species richness.

Indicator group Pseudo-F P-value Proportion Cumulative Res. df Regr. df
(A) Nematoda

1. Season 11.89 <0.001 0.06 0.26 140 4
2. Corg 9.64 0.002 0.05 0.31 139 5
3. Management 6.89 0.002 0.06 0.37 137 7
4. Vegetation 2.61 0.083 0.02 0.39 135 9
(B) Oribatida

1. Management 18.29 <0.001 0.14 0.45 139 5
(C) Collembola

1. Season 4.83 0.027 0.03 0.23 140 4
2. Management 3.43 0.037 0.04 0.26 138 6
3. Pulse 2.58 0.110 0.01 0.28 137 7
4. Soil pH 2.05 0.155 0.01 0.29 136 8

Indicator predictor groups are given in the order of model selection with experimental fertilization treatment (pulse), soil organic carbon content (Corg), soil pH values,
long-term nutrient management, season and vegetation properties. Pseudo-F values and P-values are provided together with the individual and cumulative proportion of
explained variation in the sequential model and residual and regression degrees of freedom. Note that coordinates of study plots (location) were fitted first in all models to
account for geographic location. Res. df, residual degrees of freedom; Regr. df, regression degrees of freedom.

DISCUSSION

Soil fauna feeding activity responded to experimental fertilization
with a plant-sourced organic fertilizer rapidly, within 14 days
after application. This response was independent of the changes
in taxonomic community composition, richness and total
abundance associated with long-term nutrient management.
Thus, in terms of immediate response, edaphic mesofauna
communities do not appear to adapt to external inputs.
Considering the impact of nitrogen availability on priming
effects in the root system (Dijkstra et al., 2013), this may have
serious consequences, e.g., for the carbon storage in grassland
ecosystems and should therefore caution relevant actors (e.g.,
Manolache et al., 2020) involved in the development of future
grassland management strategies.

The almost immediate reduction of the feeding activity
does not confirm results from previous studies with other
organic fertilizers (Pfotzer and Schiiler, 1997) nor our first
hypothesis. It might be explained by an increase in soil microbial
biomass from experimental fertilizer pulses (Ali et al., 2021)
and the manufacturer of the AGROBIOSOL® organic fertilizer
claims that the application “activates” soil life. Microbes provide
an alternative protein-rich food source for soil invertebrates
and their increased availability may have drastically reduced
the attractiveness of protein-poor bait lamina substrates (Li
et al., 2020). The rapid response of the mesofauna reported
here is consistent with the fast negative effect of chemical
fertilizer application on soil fauna feeding activity in tropical
oil palm agroecosystems compared to the application of plant
residues (Tao et al., 2016). The generality and permanence of
organic and chemical fertilizer effects on soil mesofauna in
grassland soils nevertheless needs to be investigated in the future.
Wahyuningsih et al. (2019), for example, even reported an
initial positive response of feeding activity to the application of
chemical nitrogen fertilizer within a few days after application.
Alternatively, the application of organic fertilizer may have

rapidly induced a certain level of feeding inactivity in soil fauna
communities, but this explanation does not seem very probable
based on our existing knowledge.

Soil invertebrate species composition, taxonomic richness
and overall abundance were significantly altered by long-
term nutrient management for all taxa. This confirms our
second hypothesis and proves that the management regime
strongly influences the structure of belowground communities
(see also Degtyarev et al., 2019; Korobushkin et al., 2019
Saifutdinov et al., 2020). Given the duration of the meso- and
microfauna life cycles (Hopkin, 1997; Khan and Kim, 2007) and
the comparatively small-scale fertilizer application (see section
“Materials and Methods”), immediate community changes due
to demographic responses or to lethal and repulsive effects
are highly unlikely. However, our study suggests that rapid
changes in feeding activity must not be accompanied by
structural changes of the soil community. The evaluation of
management effects on grassland soils must thus consider both
short-term and long-term responses of edaphic biota. The
fact that the species richness of Oribatida was only affected
by long-term nutrient management confirms that this taxon
is less sensitive to pulse stress (sensu Bengtsson, 2002) and
rather reflect conditions over longer temporal scales (Zaitsev
et al, 2013). Land-use intensity is known to vary between
years in the studied grasslands (Allan et al, 2014) and soil
taxa such as Oribatida may rather respond to this inter-
annual variation.

Our results indicate that the response to fertilization and
to local variation of soil properties is dominated by a
relatively small number of species in each of the taxonomic
groups. The remaining species form a species pool that varies
locally from region to region and, to a lesser extent, from
season to season. As in other studies (Bongers and Bongers,
1998; Yeates, 1999), organic fertilization increased the relative
density of some bacterivorous nematodes (e.g., Eucephalobus
in Figure 2). This suggests that the experimental fertilization
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FIGURE 2 | Distance-based RDA plot of study plots based on Nematode community data and the model in Table 3B from AEG (M), HEG (@) and SEG (A) with
samples from spring (solid) and autumn (open) 2008. Individual predictor variables from selected indicator groups of the model in Table 3B are superimposed
(CORG, soil organic carbon content; GRAZ, average livestock density 2006-2008; FERT, average fertilizer amount 2006-2008). Nematoda genera with correlation
coefficients >0.3 between axis scores of sites and abundances are superimposed with (1) Prodorylaimus, (2) Helicotylenchus, (3) Amplimerlinius, (4)
Tylenchorhynchidae, and (5) Eucephalobus.
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FIGURE 3 | Distance-based RDA plot of study plots based on oribatid mite community data and the model in Table 3C from AEG (M), HEG (®) and SEG (A) with
samples from spring (solid) and autumn (open) 2009. Individual predictor variables from selected indicator groups of the model in Table 3C are superimposed
(CORG, soil organic carbon content; pH, soil pH value; GRAZ, average livestock density 2006-2008; FERT, average fertilizer amount 2006-2008). Oribatida species
with correlation coefficients >0.3 between axis scores of sites and abundances are also superimposed with (1) Malaconothrus monodactylus, (2) Tectocepheus
velatus, (3) Eupelops acromios, (4) Achipteria coleoptrata, and (5) A. nitens.

not only promoted microbial growth, but also shifted the for forests (Zaitsev et al, 2013), only Oribatida species with
soil fungal to bacteria ratio toward bacteria (see also De rapid generation time like the non-specialized T. velatus
Vries et al., 2006). Interestingly, as previously indicated also responded to experimental fertilization pulses. Larger sexually
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FIGURE 4 | Distance-based RDA plot of study plots based on Collembola community data and the model in Table 3D from AEG (M), HEG (®) and SEG (A) with
samples from spring (solid) and autumn (open) 2009. Individual predictor variables from selected indicator groups of the model in Table 3D are superimposed
(CORG, soil organic carbon content; pH, soil pH value; GRAZ, average livestock density 2006-2008; FERT, average fertilizer amount 2006-2008; COVE, vegetation
cover; HEIG, vegetation height). Collembola species with correlation coefficients >0.3 between axis scores of sites and abundances are also superimposed with (1)
Isotoma viridis, (2) Folsomia quadrioculata, (3) Lepidocyrtus lanuginosus, and (4) Parisotoma notabilis.
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reproducing, fungivorous and herbifungivorous species in the
genus Achipteria rather responded to soil conditions which
generally reflect land-use history. Compared, to Oribatida,
the weaker response of Collembola species to experimental
fertilization may be best explained by the higher vertical
and horizontal mobility in comparison to the other soil
taxa in this study (Hopkin, 1997; Meyer et al, 2021). Very
strong seasonal variation of Oribatida communities highlights
the need for multiple sampling campaigns over the year
to realistically determine soil microarthropod diversity and
community composition.

CONCLUSION

The rapid change in feeding activity proves the sensitivity of
meso- and microfauna in permanent grassland soils to organic
fertilizer application. This response is probably due to the
stimulation of microbial growth, especially that of bacteria, in
organically fertilized soils. Several studies based on food web
analysis support this assumption by showing a shift from the
fungal and to the bacterial channel in fertilized grassland soils
(Bardgett et al., 1996; De Vries et al., 2006; Denef et al., 2009).
However, detecting changes in nutrient or energy fluxes through
soil food web analysis requires massive structural changes in
the community, as these methods derive estimates of matter
fluxes based on abundance or biomass changes. Therefore, these
approaches cannot detect immediate changes in feeding activity
that are not accompanied by changes in community structure,
as was the case in our study. We hypothesize that food web

analyses underestimate the ecological consequences of intensive
management because they do not account for animal behavior.
Since short-term and small-scale processes play a key role in
the rhizosphere (Philippot et al., 2013), there is an urgent
need to develop nutrient management strategies for permanent
grasslands that take into account both the conservation of the
edaphic community and changes of ecosystem functions caused
by rapid responses of the soil mesofauna to fertilizer inputs.
These considerations are fundamentally important as a more
sustainable management of agricultural permanent grasslands is a
key component of ongoing discussions about further developing
the common agricultural policy in the EU (Peeters et al., 2020;
Montanarella and Panagos, 2021).
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