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Abstract

An aim of organic farming is to reduce negative impacts of
agricultural management practices on physical, chemical,
and biological soil properties. A growing number of organic
farmers is trying out methods of reduced tillage to save costs,
protect humus and to foster natural processes in the soil. Fur-
thermore, techniques like increasing crop rotation diversity
and reduced tillage are discussed under the topics of agro-
ecology or ecological intensification also forimplementation
in non-organic farming systems.

The question arises as to whether these practices are
positively impacting on soil ecosystems and which indica-
tors can be used to describe these impacts. Collembolans are
a widely distributed group of the soil mesofauna. They are
mainly characterised as secondary decomposers feeding on
fungi and other microorganisms. We investigated the influ-
ence of different long-term organic crop rotations (mixed
farming with animal husbandry versus stockless arable) and
the short term effects of two years of different tillage systems
(conventional tillage versus reduced tillage) on the abun-
dance, species richness, species composition, and selected
species traits (life forms) of collembolan communities.

Although not significant, some trends are evident. Spe-
cies composition of collembolan communities responded to
expected alterations in soil moisture mediated by different
crop sequences and inter-annual effects rather than to dif-
ferent management practices. The proportion of euedaphic
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collembolan individuals tended to increase in soil environ-
ments that offered more stable habitat conditions from
increased availability of organic matter.

1 Introduction

Agriculture impacts directly and severely on soil biodiver-
sity (Orgiazzi et al., 2016). Negative effects are especially
expected in intensively managed systems with simple crop-
ping sequences (e.g. Eisenhauer, 2016). To foster sustainability,
soil fertility, biodiversity and nutrient supply from the soil,
organic farming uses diverse crop rotations, which include
different leguminous crops, and rely on organic fertilisation.
In organic mixed farming systems, crop nutrition relies on the
application of livestock manure and the inclusion of forage
and grain legumes. Besides mixed farming systems including
animal husbandry, stockless arable cropping systems without
manure input are used in organic farming. Their fertilisation
is based on N-fixation by legumes and input of crop residues
and green manure. In summary, that the main differences
between crop rotations of organic farming systems with and
without livestock keeping are the form of organic fertiliser
used and the proportion of legumes.

Regardless of the fertilisation regime, a common feature of
most organic crop rotations is the use of a mouldboard plough,
mainly for weed management. As the negative impacts of
regular ploughing for different soil functions are well known
(Peigné et al., 2007), in recent years different approaches have
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been presented to integrate reduced tillage practices into
crop rotations in organic farming systems to enhance system
sustainability (e.g. Mader and Berner, 2012; Moos et al., 2016).
In general, reducing tillage intensity has positive effects such
as reducing the risk of soil erosion or increased macroporosity.
Nevertheless, in organic farming, reducing the intensity of
soil tillage is hindered by specific challenges such as increas-
ing weed pressure, restricted N-availability, or restrictions in
crop choice (Peigné et al,. 2007).

The aim of our project was to investigate the influence of
different management practices in organic cropping systems
on the soil macro- and mesofauna. Complementing a report
about effects on earthworms (Moos et al., 2016), this paper
considers the influence of crops, crop rotations and tillage
regimes on collembolans.

The investigation of widely distributed soil fauna groups
such as earthworms and microarthropods, which hold key
positions within soil food webs, can shed light on the impact
of management practices on soil ecosystems. Collembolans
are likely to be good indicators for soil conditions because
they are widely distributed (Hopkin, 1997). Due to short
life cycles of the species, composition and abundance of
collembolan communities are expected to rapidly adapt
to and reflect environmental changes. This response might
be further enhanced through their function as secondary
decomposers, feeding on fungi and microorganisms, which
links them closer to the environment than predatory or her-
bivorous animals (Greenslade, 2007).

The influence of organic fertilisers on collembolan com-
munities is still under debate. Platen and Glemnitz (2016)
found a positive effect applying digestate from biogas
production on collembolan abundance in a two-year field
experiment. Kautz et al. (2006) showed a positive effect of
annual applications of straw and green manure. Kanal (2004)
also found a positive fertilisation effect when applying cat-
tle manure but highlighted additional seasonal variations in
abundance. In contrast, Pommeresche et al. (2017) described
negative short-term effects of slurry application on collem-
bolan abundance, with more negative effects for epigeic
than endogeic species. None of the studies found any con-
sistent effect on collembolan community composition. There-
fore, the influence of organic fertilisation on characteristics of
collembolan communities is at least mediated by the type of
organic matter and the timing of application.

As for organic fertilisation, there are different results from
examinations of the effects of tillage intensity on collembolan
communities. Brennan et al. (2006) found that reduced tillage
increases collembolan abundance, and Miyazawa et al. (2002)
ascribed the related negative effect of conventional tillage on
collembolan abundance to modified soil temperature, humid-
ity and pore size distribution. In contrast, van Capelle et al.
(2012) found a significant overall reduction in abundance and
species diversity with decreasing tillage intensity. This result
was however affected by interacting effects of soil texture and
collembolan life-form. Negative effects of reduced tillage were
shown for atmobiont and euedaphic species in loamy soils
(van Capelle et al., 2012). Although euedaphic species are well
adapted to live within the soil, they rely on the maintenance
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of stable habitat conditions (Jeffery et al., 2010), especially
on permanent pore space as they are not burrowing. On clay
soils, reduced tillage can lead to a decrease in pore volume,
which is likely to have a negative effect on euedaphic collem-
bolans (e.g. Dittmer and Schrader, 2000).

Compared to euedaphic collembolans, hemiedaphic
and atmobiont species are less dependent on the soil struc-
ture, as they inhabit the upper soil layer, the litter layer, or
the soil surface. Other factors such as humidity near the soil
surface and shading influence these life-forms (see above,
c.f. Pommeresche et al., 2017). Thus, relative proportions of
euedaphic, hemiedaphic and atmobiont species should indi-
cate an impact of soil tillage intensity.

Besides fertilisation and tillage regimes, the characteris-
tics of the cultivated crops influence soil conditions and
thereby organisms inhabiting the soil. Different crop classes
(e.g. cereals versus root crops) can influence evapotranspira-
tion differently and thereby soil moisture and humidity
on the soil surface. Legumes influence the soil specifically
through their symbiosis with nitrogen fixing bacteria in root
nodules. Some studies indicate positive effects of the pres-
ence of legumes on collembolan abundance and diversity
in grassland due to increased microbial biomass, and higher
litter quality (e.g. Sabais et al., 2011). For arable land, some
studies have been conducted comparing the influence of
simple crop rotations (without legumes) and more complex
crop rotations (with legumes) on collembolan communities
(Andrén and Lagerlof, 1983; Jagers Op Akkerhuis et al., 1988).
However, these studies did not give consistent results, with
complex crop rotations having both positive and no effect on
collembolan abundance.

In the study reported here, we examined how collem-
bolan communities respond to different management
practices in two organic arable crop rotations on the same
experimental station, i.e. under comparable soil-climate and
agro-technical conditions. Effects of tillage and crop rotation,
as well as effects of crop classes and annual fluctuations (e.g.
precipitation), on species richness, abundance, and life-form
and species composition of collembolan communities were
analysed. We focussed on the question which characteristics
of collembolan communities are indicative of the effects of
different crop rotations or tillage regimes in organic farming.

2 Material and methods

2.1 Study site

The study was conducted at the experimental station of the
Thiinen Institute of Organic Farming in Trenthorst/Wulmenau,
Schleswig Holstein, northern Germany (53°46'N, 10°31°E). The
site has been managed according to the EU Organic Standards
2092/91 and 834/2007 since conversion from convention-
al farming in 2001. The farming area is nearly flat and the
soil conditions are homogeneous. The soils on the site are
Stagnic Luvisols derived from boulder clay with silty-loamy
texture and bulk densities of the topsoil between 1.3 to
1.5Mgm?. The Atlantic climate, with a mean annual precipi-
tation of 700 mm, relatively well-distributed throughout the
year and a mean annual temperature of 8.8°C, generally
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offers favourable cropping conditions. Dry periods and low
temperatures can limit N-mineralisation in the heavy soils in
early spring. The C:N-ratio of about 10 lies in a range which is
typical for high yielding agricultural land (Blume et al., 2010).
According to German fertilisation recommendations, soils
are sufficiently supplied with P, K, and Mg. The apparent soil
pH of 6.3 t0 6.5 is typical for arable land in temperate regions.

Within the experimental station, four crop rotations were
established: livestock I (L1), livestock Il (L1I), livestock Il (LIIT)
and stockless (SL) (Figure 1). The crop rotations L1 to LIl are
part of mixed farming systems and have been designed to
serve the needs of different livestock. Livestock manure
(slurry and solid manure) from one central stock was applied
to all fields of these three crop rotations. Furthermore, the
crop rotations comprised similar elements (Table 1). There-
fore, fields from the three rotations of the ‘mixed’ systems
(L1, LII, L1 can be seen as replicates when cultivated with
identical crops. The stockless rotation (SL) differs from the
livestock-based rotations (LI to LIlI) in organic fertilisation
and organic matter backflow through crop residues (c.f. 2.2).

Each field on the experimental station is identified by a
unique field-code and includes one or two long-term moni-
toring plots (LTM-plot) of one hectare each (Figure 1). Gener-
ally, within each LTM-plot, four geo-referenced long-term
sampling points (LTM-point) are located in a square at a dis-
tance of 60 m. Monitoring plots are stretched to cover one
hectare in narrow fields and the LTM-points are then located
in a zigzag with distances of 30 m (Figure 7). Soil sampling dis-
tances larger than 20 to 50 m assure the inclusion of spatial
variability of chemical and physical soil parameters in this
landscape (Haneklaus et al., 1998).
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FIGURE 1

Map showing the experimental farm in Trenthorst/Wulme-
nau, Germany and the different farming systems realised
within the farm. Red circles indicate the location of long-
term monitoring (LTM) points used for this study.

TABLE 1

Crop rotations (livestock |, livestock Il livestock Ill, stockless) and average soil conditions within the upper 30 cm of soils
in 2012 on the fields of the experimental farm in Trenthorst/Wulmenau. The crop rotations comprise five (livestock Il),

six (livestock I, stockless) or seven (livestock Ill) fields.

Crop rotation Livestock | Livestock I Livestock I m

Crops

pH
Nutrient content (mg 100g™)
P

K

Mg

Texture (g kg™)
Clay (< 2um)
Silt (2-50 um)

Sand (50-2000 pm)

clover-grass
clover-grass
maize
winter wheat
field bean/oat

triticale

6.4+0.1

70+0.3
11.9£0.5
10.3+0.3

23+1
35+1
42+2

clover-grass

clover-grass

red clover

maize clover-grass winter wheat
winter wheat spring barley spring barley
field pea/spring barley field pea/false flax field pea
triticale winter barley winter rape
field bean triticale
triticale
6.4+0.0 6.3+0.1 6.5+0.1
8.6+ 0.4 6.1+0.4 77+0.3
16.1+0.8 13.0+1.2 1.0+ 0.4
11.6+0.2 11.8+0.3 11.3+0.3
18+2 24+3 23+1
33+3 40+3 37+0
48+ 4 35+2 39+1

P and K: CAL extract (Schiller, 1969), Mg: CaCl, extract (Schachtschabel, 1954), Mean + standard deviation.
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The German Weather Service (DWD, Deutscher Wetter-
dienst) provided information about soil moisture for the years
2012 and 2014 (Figure 2). Water availability under winter wheat
in the top 30 cm was calculated for soil and weather conditions
at the experimental station using the AMBAV model (L6p-
meier, 1994).

2.2 Study design

To evaluate the influence of different management prac-
tices on collembolan communities in organic farming we
compared (i) two crop rotations (livestock | versus stockless)
and (ii) conventional tillage with mouldboard ploughing
versus reduced tillage without mouldboard ploughing
(Figure 1).

In (i) we evaluated the influence of one decade of dif-
ferent organic crop rotations on collembolan communities.
The management of the crop rotations mainly differed in
the share of forage legumes (Table 1), in the amount of plant
material remaining on the fields (green mulch and straw) and
in farmyard manure application (Table 2). We sampled all six
fields of the livestock | (L) and all six fields of the stockless (SL)
rotation on 29 May 2012.

Since a crop rotation-independent influence of differ-
ent crop classes (grains, legumes, forage crops) could not be
excluded, this was also examined.

In (i) we studied the effect of soil tillage on collembolan
communities within a short-term experiment. Therefore, in
summer 2012 we split one field from each of the LI, LIl and
LIl rotations (Figure 1). Afterwards in each of the three rota-
tions, one field-half was managed with ploughing (CT: con-
ventional tillage) and the other field-half without ploughing
(RT: reduced tillage). Within our study, conventional and
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TABLE 2

Characteristics of fertilisation and crop residue management
on the fields of the livestock | and stockless rotation in the
harvest years 2002 to 2012. For management measures the
absolute number of events within 10 years is given.

N from organic fertilisers (kg ha™ a™) 39-62 -
Organic matter from organic fertilisers 954-1318 -
(kgha'a’)

Liming (kg ha'a™) 0-300 -
Plant residues remaining on the field 2-3 7-8
(not clover-grass)

Years with clover-grass 2-4 1-2
Mulching of clover grass 0-3 1-4
Ploughing of clover-grass 1-2 1-2

reduced tillage were defined according to ASAE (2005).
Conventional tillage included the use of a two-sided mould-
board plough, with a working depth of 25 to 30cm, whereas
no mouldboard plough was used in the field-halves man-
aged with reduced tillage. In RT, tillage depth was a maxi-
mum of 15 cm without soil inversion. In RT, a chisel plough
and arotary harrow were used. Therefore, the reduced tillage
regime in our study is rather intensive compared to much
less intensive approaches like no-till. The two different tillage
regimes were applied in two successive years. In 2012 before
growing triticale and in 2013 before growing clover-grass.
The soil management practices carried out are summa-
rised in Table 3. We sampled the field-halves on 29 May 2012
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according to AMBAV model.



Moos et al. (2020) - LANDBAUFORSCH - J Sustainable Organic Agric Syst - 70(2):113-128

17

TABLE 3

Agricultural measures applied for soil management on the three experimental fields, each belonging to one out of three
livestock-based farming systems (livestock I-Il), in 2011, 2012, and 2013. CT: conventional tillage; RT: reduced tillage

= _ — ~
& = =~ = 5
ST & & 3 g
£ S o 1] @ =
= > 1 9 i}
. . = > >
Agricultural machinery 5 3 5 5
used (ASABE,2009) > T RT
Chisel plough for
L 10-15
stubble cultivation 04 23 03 19 19
Oct Sep Oct Sep Sep
Two-way mouldboard
25-30
plough (5-furrow) 19 20 20
Oct Oct Oct
Two-way mouldboard
25-30
plough (5-furrow) 20
with packer Sep
Two-way mouldboard
25-30
plough (4-furrow)
10-15
Chisel plough
10-15
Spring teeth harrow 25 22
Mar Mar
10
Rotary harrow 20
Oct
Seed drill + front- 56
mounted disc harrow 26 24 25 21 21
Mar  Mar  Mar  Oct Oct
Land roller 25 22
Mar Mar

3 5 = 3 5
cT RT cT RT cT RT cT RT cT RT
(2x) (23
09 09 05 05 12 12 08 08 n 1
Sep Sep Sep Sep Aug  Aug Aug Aug Aug Aug
10 08 13 14
Sep Sep Aug Aug
18
Aug
(2x) (2x)
17 17 15 15 14 14 15 15
Sep Sep Aug Aug Aug Aug Aug Aug
(2x)
18 18
Sep Sep
(2x)
19 18 16 16
Sep Sep Aug  Aug
19. 19 19 19 29 29 21 21 18 18
Sep Sep Sep Sep Aug Aug Aug Aug Aug Aug

a) Cultivation of the spring-grown crops field bean/oat, field pea/spring barley, and field bean, respectively.

(before introducing the different tillage systems) and again
after two years on 19 May 2014 to assess the influence of till-
age on collembolan communities. In 2012, the fields were
planted with spring grown grain-legume cereal mixtures or
pure grain-legumes (LI: field bean/oat; LII: field pea/spring
barley; LIlI: field bean). In 2014, all fields were planted with
winter grown clover-grass.

Samples taken in 2012 from the half-field subsequently
managed with CT on the field of the LI rotation have also
been part of the dataset when comparing the crop rotations
LIand SL. Since annual effects could not be excluded, these
were also examined.

2.3 Sampling and identification of collembolans
According to our study design, at each LTM-point two soil
samples (subsamples) were collected with an auger (effec-
tive diameter 4cm, depth 10cm) resulting in eight samples
per field half/field (Figure 7). This soil sampling resulted in
96 samples for the comparison of crop rotations (LI versus
SL) in 2012. It resulted in 48 samples in both 2012 and 2014
for the comparison of tillage regimes (CT versus RT). The soil
mesofauna was extracted from the whole samples using
a MacFadyen high-gradient extractor (MacFadyen, 1961).
After collection in monoethylenglycol, the extract was trans-
ferred to 96 % ethanol for storage. Since a first inspection of
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the samples from May 2012 showed that many collembolan
individuals could be extracted from the individual samples,
two out of eight samples per field-half/field were randomly
selected to reduce the amount of work to a manageable level.
Attention was paid to always select samples from two differ-
ent LTM-points. From these two samples collembolan indi-
viduals were sorted out from the extract, counted and stored
separately in ethanol. The individuals were than mounted
on glass microscope slides and identified at the species lev-
el (max. magnification 400x) according to Hopkin (2007). If
necessary, additionally identification keys by Gisin (1960),
Bretfeld (1999), Potapov (2001), Thibaud et al. (2004), Dunger
and Schlitt (2011), or Jordana (2012) were used. The nomen-
clature used followed the system proposed by Hopkin (2007).

Heterosminthurus bilineatus Group, Protaphorura arma-
ta Group, Sminthurinus aureus Group, and Sminthurus viridis
Group were identified according to Hopkin (2007) as com-
plexes of species. Furthermore, when discussing the genera
Desoria and Isotomurus, Hopkin (2007) mentions difficulties
in separating some species in these genera. Therefore, he

TABLE 4 (PART 1)
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summarises them into species groups Desoria tigrina Group
and Isotomurus palustris Group, which we adopted in the
identification process.

2.4 Life-form traits of collembolans

We used the method proposed by Martins da Silva et al. (2016)
to classify collembolan species according to their adaptation
to living within the soil by calculating an eco-morphological
index (EMI). This enabled us to calculate a weighted mean
EMI value for each collembolan sample. This is a so-called
mean trait value (mT) (Vandewalle et al., 2010).

In addition to using the EMI mT-values for describing
collembolan communities, we aimed to visually compare
the composition of life-forms from different collembolan
communities using ternary diagrams (c.f. 2.5.3). Thus, we
used publications by Stierhof (2003), Chauvat et al. (2007),
Sticht et al. (2008), and Salamon et al. (2011) to assign the cal-
culated EMI values to one of the three life-forms atmobiont,
hemiedaphic, or euedaphic (Table 4). We assume that spe-
cies with the same EMI score belong to the same life-form

Life-forms (LF) of collembolan species as derived from eco-morphological index (EMI) and publications of Stierhof (2003),

Chauvat et al. (2007), Sticht et al. (2008), and Salamon et al.

(2011). EMI (eco-morphological index) scores according to

Martins da Silva et al. (2016). at: atmobiont; ep: epedaphic; he: hemiedaphic; eu: euedaphic. NA: No data available.

. |2

= o
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s | E]8
Isotomurus palustris Gr. Isot.palu 56 0
Tomocerus minor (Lubbock, 1862) Tomo.mino 2 0
Heteromurus nitidus (Templeton, 1836) Hete.niti 6 0
Lepidocyrtus cyaneus (Tullberg, 1871) Lepi.cyan 4 0
Lepidocyrtus lanuginosus (Gmelin, 1788) Lepi.lanu 42 0
Lepidocyrtus lignorum (Fabricius, 1775) Lepi.lign 2 0
Heterosminthurus bilineatus Gr. Hete.bili 2 0
Lipothrix lubbocki (Tullberg, 1872) Lipo.lubb 2 0
Pseudosinella alba (Packard, 1873) Pseu.alba 17 0
Pseudosinella decipiens (Denis, 1924) Pseu.deci 2 0
Pseudosinella denisi Gisin, 1954 Pseu.deni 2 0
Sminthurides malmgreni (Tullberg, 1876) Smin.malm 2 0
Sminthurides parvulus (Krausbauer, 1898) Smin.parv 2 0
Cryptopygus thermophilus (Axelson, 1900) Cryp.ther 4 0
Desoria tigrina Gr. Deso.tigr 2 0
Deuterosminthurus pallipes (Bourlet, 1843) Deut.pall 27 0
Deuterosminthurus sulphureus (Koch, 1840) Deut.sulp 2 0
Isotoma viridis Bourlet, 1839 Isot.viri 69 0
Parisotoma notabilis (Schiffer, 1896) Pari.nota 56 0
Sminthurinus aureus Gr. Smin.aure 52 0
Sminthurinus niger (Lubbock, 1862) Smin.nige 2 0
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TABLE 4 (PART 2)
Life-forms (LF) of collembolan species as derived from eco-morphological index (EMI) and publications of Stierhof (2003),
Chauvat et al. (2007), Sticht et al. (2008), and Salamon et al. (2011). EMI (eco-morphological index) scores according to
Martins da Silva et al. (2016). at: atmobiont; ep: epedaphic; he: hemiedaphic; eu: euedaphic. NA: No data available.
(Table 4, part 1, see previous page)

Abbreviation
Frequency (%)?

Sminthurus viridis Gr. Smin.viri 12

Sphaeridia pumilis (Krausbauer, 1898) Spha.pumi 21

Stenacidia violacea (Reuter, 1881) Sten.viol 8
Ballistura schoetti (Dalla Torre, 1895) Ball.scho 2
Cryptopygus bipunctatus (Axelson, 1903) Cryp.bipu 4
Parisotoma ekmani (Fjellberg, 1977) Pari.ekma 4

Proisotoma minuta (Tullberg, 1871) Proi.minu 48

Proisotoma tenella (Reuter, 1895) Proi.tene 2
Folsomides parvulus (Stach, 1922) Fols.parv 4
Proisotoma minima (Absolon, 1901) Proi.mini 2
Xenylla boerneri Axelson, 1905 Xeny.boer 2
Cryptopygus garretti (Bagnall, 1939) Cryp.garr 4
Cyphoderus albinus Nicolet, 1842 Cyph.albi 10
Isotomiella minor (Schaffer, 1896) Isot.mino 33

Magalothorax minimus Willem, 1900 Mega.mini 2

Oncopodura crassicornis Shoebotham, 1911 Onco.cras 4
Folsomia candida Willem, 1902 Fols.cand 4
Folsomia spinosa Kseneman, 1936 Fols.spin 2
Isotomodes productus (Axelson, 1906) Isot.prod 10

Mesaphorura sp. Mesa.spec 21
Neotullbergia crassicuspis (Gisin, 1944) Neot.cras 2
Paratullbergia callipygos (Borner, 1902) Para.call 2

Protaphorura armata Gr. Prot.arma 27

Stenaphorura denisi Bagnall, 1935 Sten.deni 8

Supraphorura furcifera (Bérner, 1901) Supr.furc 2

A A D B A M DM A BN DS DA BN DD O O O O © © © o o o o Nl

Willemia anophthalma (Bérner, 1901) Will.anop 6

2Frequency in % from a total of 48 samples.

type. The use of 0.7 as upper threshold for the hemiedaphic
type is supported by studies of Dittmer and Schrader (2000),
Salamon et al. (2004), and Querner (2008). Additionally, this
threshold separates species with and without ocelli. Studies
by Caravaca and Ruess (2014), D'Annibale et al. (2015), Dom-
bos et al. (2017), Gillet and Ponge (2004), Leinaas and Ble-
ken (1983), Lindberg and Bengtsson (2005), Ponge (2000),
and Sterzynska and Kuznetsova (1995) justify separation
between hemiedaphic and atmobiont at 0.3. As we fol-
lowed the system proposed by Gisin (1943) we combined
species described as epigeic and atmobiont under the term
atmobiont.
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2.5 Statistics

2.5.1 Statistical models

Generalised linear mixed models (GLMMs) were used includ-
ing ‘crop rotation’ (LI versus SL) as fixed effect and ‘field-
code’ (unique to each field on the experimental station) as
random intercept effect for detecting differences in collem-
bolan abundance or species richness depending on the type
of crop rotation. The ‘tillage regime’ (CT versus RT) was used
as fixed effect in GLMM when analysing the influence of till-
age on collembolan abundance. ‘Sampling date’ (May 2012,
May 2014) and the interaction of ‘sampling date’ and ‘tillage
regime’ were used as additional fixed effects to check for



Moos et al. (2020) - LANDBAUFORSCH - J Sustainable Organic Agric Syst

temporal variability within the data. The ‘crop rotation’ (LI,
LII, LIll) was used as random intercept effect. The same set-
up was used when modelling collembolan species richness
depending on differences in the tillage regime.

Mean trait values (EMI mT-values) were evaluated using
linear mixed models (LMMs). The model evaluating the influ-
ence of ‘crop rotation’ used ‘crop rotation’ (LI versus SL) as
fixed effect and ‘field-code’ as random intercept effect.
After applying a backward selection procedure, the model
describing the influence of ‘tillage regime’ on EMI mT-values
used ‘sampling date’ (May 2012, May 2014) as fixed effect and
‘crop rotation’ (L1, L1I, L1Il) as random intercept effect.

Statistical analyses were conducted using R3.2.2
(R Development Core Team, 2016). All GLMMs were calcu-
lated for negative-binomial distributed count data. We used
the R-package gilmmADMB (Skaug et al., 2015) for calculating
GLMMs. For negative-binomial models the package uses the
log as standard link-function. The estimation method used in
glmmADMB is Laplace. Linear mixed models were calculated
using the R-package Ime4 (Bates et al., 2015). After setting up
models LS-Means and pairwise comparisons were obtained
using the R-package Ismeans (Lenth, 2016). Abundance,
species richness and EMI mT-values presented in the results
section are LS-means.

2.5.2 Non-metric multidimensional scaling
(NMDS)

Non-metric multidimensional scaling (NMDS) and associ-
ated analyses were conducted using the R-package vegan
(Oksanen et al., 2015). After conducting NMDS, differences
between centroids for factor levels were analysed using per-
mutational multivariate analysis of variance using distance
matrices (R-function vegan::adonis). Homogeneity of multi-
variate spread is a prerequisite for comparing centroids and
was therefore checked in advance (R-function vegan:beta-
disper). The adjustment of p-values obtained from pairwise
comparisons of centroids was conducted using Bonferroni cor-
rection. NMDS were calculated using abundance values and
used Bray-Curtis as dissimilarity measure. The final NMDS
analysis for the comparisons between crop rotations and
tillage regimes both used three dimensions and had stress
values of twelve and eleven, respectively. When displaying
species in the NMDS plots they had to be weighted. Only the
main species were displayed to avoid overlapping of species
labels. Species weighting was done as follows: (1) calculating
the share of each species in every sample; (2) calculating the
share of samples in which the share of a species was greater
than or equal to 3.2 %; (3) weighting of species according
to this share of samples. The threshold of 3.2% was chosen
according to Engelmann (1978) who proposed this level for
separation of main and other species of soil arthropod com-
munities.

2.5.3 Ternary diagrams

Ternary diagrams illustrate compositions of three components
and we used them to visualise the composition of collembolan
life-forms. We calculated the relative share of atmobiont,
hemiedaphic, and euedaphic collembolan individuals for each
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sample. For creating ternary diagrams the R-package compo-
sitions was used (van den Boogaart et al., 2014). The share of
each component is 100% in the corner labelled accordingly
and 0% at the line opposite to that corner.

3 Results and discussion

3.1 Abundance, species richness and life-forms
Overall, 47 collembolan species and species groups were
identified within the samples analysed for this study
(Table 4). Based on their occurrence in the samples of this
dataset seven species are rated eudominant, eight domi-
nant, 12 subdominant and 20 as rare according to Engel-
mann (1978).

3.1.1 Comparison of crop rotations:

livestock | versus stockless

In May 2012, after 10 years of different crop rotation manage-
ment treatments, neither collembolan abundance nor species
richness differed significantly between the two crop rota-
tions livestock | (L1) and stockless (SL) (Table 5). On fields of
the LI rotation, 22 species and on fields of the SL rotation
29 species were identified. While not significant, collembolan
abundance, the overall number of species, and the number
of species per sample were higher in the stockless rotation.
These trends found in our study are in line with results of
studies conducted by Kautz et al. (2006) and Pommeresche
et al. (2017). Kautz et al. (2006) found a positive effect of
regular application of straw and green manure on overall
collembolan abundance which they attributed to improved
soil physical properties and good food supply. In addition,
Pommeresche et al. (2017) observed a decrease in collembo-
lan abundance after slurry application, which was more pro-
nounced for epigeic than for endogeic collembolan species.
According to Domene et al. (2010), this negative effect of
manuring can be ascribed to extractable ammonium from
the slurry which is toxic for collembolans. Within our study, a
higher proportion of plant residues remained on the fields of
the stockless rotation while the fields of the livestock | rotation
were regularly manured with slurry (cf. Table 2).

TABLE 5

Results of statistical modelling (GLMM) to reveal the influ-
ence of different crop rotations (L1 vs. SL) on abundance
and species richness of collembolans (n=24). Least square
means (LSM) as well as lower (LCL) and upper (UCL) confi-
dence levels are given.

Response Effect LSM Asymptotic | Asymptotic
level LCL ucL
LI

Abundance - 19,126 8,015 45,645
(Individuals m?) 3

p SL 31,107 13,033 74,244
Species richness LI 5 3 7
(Species per -
sample) E SL 7 5 10
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There was no significant difference between EMI mT-
values of the two crop rotations in May 2012 (L1: 0.51 + 0.06;
SL: 0.55 £ 0.06; p=0.6452). When visually comparing the
proportions of life-forms between LI and SL fields, a higher
relative share of euedaphic individuals under LI could be
revealed, while the relative share of hemiedaphic individuals
was higher under SL (Figure 3). Because the 95 % Cls overlap
these differences are considered as not significant. The trend
towards higher relative share of euedaphic individuals in
the livestock | rotation may be caused by negative effects of
regular slurry application on surface dwelling collembolans
(Pommeresche et al., 2017).

3.1.2 Comparison of tillage regimes:
conventional versus reduced

No significant differences in collembolan abundance or spe-
cies richness were observed in either 2012, before setting
aside the plough, or in 2014, after two years of different till-
age regimes in place when comparing conventional tillage
(CT) and reduced tillage (RT) (Table 6). Furthermore, there
was no significant interaction between tillage regime and
year of sampling.

As in our study, Petersen (2002) did not find any differ-
ence in collembolan abundance when comparing con-
ventional tillage with ploughing and non-inverting deep till-
age in a one-year case study. Sabatini et al. (1997) support this
result for the long run when studying fields constantly man-
aged with three different tillage intensities for 15 years prior to
sampling. In contrast, Miyazawa et al. (2002) revealed a posi-
tive effect of reduced tillage on collembolan abundance.
The fact that we did not observe any differences between

TABLE 6
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at eu

FIGURE 3

Ternary diagram representing the relative proportions of
life-forms (eu: euedaphic, he: hemiedaphic, at: atmobiont)
in the collembolan communities on the fields of the live-
stock | (L1) and stockless (SL) rotation in 2012. Data from SL
marked with triangles and data from L1 with circles. Solid
markings represent the geometrical means. In addition
95% Cl are shown.

Results of statistical modelling (GLMM) to reveal the influence of different tillage regimes (CT vs. RT) on abundance and
species richness of collembolans (n=24). Least square means (LSM) as well as lower (LCL) and upper (UCL) confidence

levels are given.

Abundance CcT 8,220 5,317 12,708
(Individuals m?) 2012 0.0514
RT 12,046 7,762 18,693
CcT 29,067 18,804 44,933
2014 0.4821
RT 25,357 16,419 39,161
2012 8,220 5,317 12,708
cT <0.0001
2014 29,067 18,804 44,933
2012 12,046 7,762 18,693
RT 0.0002
2014 25,357 16,419 39,161
Species number CcT 5 3 8
. 2012 0.8995
(Species per sample) RT 5 3 8
CcT 6 4 10
2014 0.8206
RT 6 4 9
2012 5 3 8
CcT 0.2881
2014 6 4 10
2012 5 3 8
RT 0.476
2014 6 4 9
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conventional and reduced tillage could be due to our use of a
rather intensive form of reduced tillage with the use of chisel
plough and rotary harrow. In addition, the sampling in May
2014 took place nine months after the last ploughing and the
time might have been long enough for the collembolan com-
munities to recover from this disturbance (Petersen, 2002).
Furthermore, the influence of soil tillage on collembolan
abundance is mediated by abiotic soil properties. When
evaluating twelve datasets from nine German studies van
Capelle et al. (2012) showed an overall positive effect of con-
ventional tillage on collembolan abundance and diversity,
but also highlighted that this overall effect did not hold true
for all combinations of soil type and life-forms. For instance,
species of all life-forms were promoted by reduced tillage
and not by conventional tillage in silty soils.

In our study collembolan abundance was significantly
higher in May 2014 as compared to May 2012 under both till-
age regimes. We ascribe this result to higher soil moisture
in 2014 and the different crops under study in 2012 (spring
grown grain-legume cereal mixtures or pure grain-legumes)
and in 2014 (winter grown clover-grass). Seasonal effects on
collembolan communities based on differences in soil mois-
ture rather than on differences in management were also
shown by D’Annibale et al. (2017). Due to the setup of our
investigating it was not possible to distinguish the effect of
year and cultivated crops, but we could show that there was
no effect of tillage regime on collembolan abundance or
species richness in our study.

A visual comparison of the proportions of life forms under
CTand RT in May 2012 (Figure 4a) and May 2014 (Figure 4b) was
possible using ternary diagrams. There was no difference in
the proportions of life forms in May 2012. In May 2014, the

at eu

FIGURE 4
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relative share of atmobiont individuals was higher under
CT than under RT whereas under RT the relative share of
hemiedaphic individuals was higher (Figure 4b). The 95 % Cls
only overlap slightly for the data from May 2014.

Martins da Silva et al. (2016) found an increase in
euedaphic collembolans in soil habitats offering stable con-
ditions in terms of resource availability, soil moisture, or dis-
turbance in a Europe-wide study of different habitat types
(forests, grasslands, arable land). Therefore, we hypothesise
that the trend towards a higher relative share of hemiedaphic
individuals after two years of reduced tillage indicates the
early stages of the stabilisation of habitat conditions on the
field-halves that were not ploughed.

Irrespective of the tillage regime, the EMI mT-value was
significantly higherin May 2012 than in May 2014 (2012: 0.61
+ 0.04; 2014: 0.44 £ 0.04; p<0.01). Higher EMI mT-values indi-
cate a higher relative share of euedaphic individuals, which
we assume is due to the dry weather conditions in 2012
decreasing the relative share of hemiedaphic and atmobiont
individuals.

3.2 Collembolan communities

In the following we use autecological information on col-
lembolan species to characterise gradients uncovered with
multivariate statistical methods. This approach must take
geographical differences into account. Fjellberg (1998, 2007)
characterises Protaphorura armata and Sminthurus viridis as
preferring rather dry or mostly dry habitats. This is contrary
to the views of other authors. While Hopkin (1997) reports
that P. armatais susceptible to drought, Bretfeld (1999) states
that S. viridis prefers the vegetation of moister grasslands and
herbaceous fields. We suppose that these different ratings of

at eu

Ternary diagram representing the relative proportions of life-forms (eu: euedaphic, he: hemiedaphic, at: atmobiont) in
the collembolan communities on the fields under CT and RT in May 2012 (a) and May 2014 (b). Data from RT marked with
triangles and data from CT with circles. Solid markings represent the geometrical means. In addition 95 % Cl are shown.
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species are due to the fact that the assessments of Fjellberg
(1998, 2007) are more valid for boreal and alpine regions with
lower mean temperatures. Individuals of the same collem-
bolan species are able to tolerate different humidity levels
depending on the mean temperatures in their respective
habitat, with individuals living in colder habitats tolerating
lower humidity (Snider and Butcher, 1972, as cited in Hop-
kin 1997). Therefore, in the case of P. armata and S. viridis
we adopted the view of Hopkin (1997) and Bretfeld (1999),
respectively.
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3.2.1 Comparison of crop rotations: livestock |
versus stockless

In May 2012 the main gradient within the data on collembo-
lan communities from the livestock | (L1) and the stockless (SL)
rotation along the first NMDS-axis is spanned by Protaphorura
armata Group and Sphaeridia pumilis and the gradient along
the second axis was spanned by Heterosminthurus biline-
atus Group and Pseudosinella decipiens on the one end and
Willemia anophthalma on the other end of the axis (Figure 5a).
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FIGURE 5

NMDS for the collembolan data from May 2012 for the two crop rotations livestock | (L1) and stockless (SL).

a) Ordination showing main species within the dataset (abbreviations according to Table 4).

b) Sampling points grouped according to farming systems (SL marked with triangles and LI with circles).

¢) Sampling points grouped according to crop classes (SGrain: spring grown grain; WGrain: winter grown grain; F-LEG:
fodder legumes (clover-grass mixture); G-LEG: grain legumes; LEG-Mix: mixtures of grain legumes and grains; MA: maize).
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No significant difference between the centroids for the
two crop rotations (LI versus SL) were identified (p=0.105).
It is clear that there is no difference along the first axis and
only little difference along the second axis (Figure 5b). When
using crop-classes rather than crop rotations as grouping
variables some differentiation is possible (Figure 5c). Col-
lembolan communities differ between autumn-sown and
spring-sown crops. However, none of the centroids differ
significantly (Table 7).

The species spanning axis 1 can be differentiated accord-
ing to their life-forms. P. armata is an euedaphic species, a
“true soil-dweller” (Bauer and Christian, 1993), with only
poor drought resistance (Hopkin, 1997). On the other hand,
S. pumilis lives in the litter layer of soils of different humidity
levels (Bretfeld, 1999; Ponge, 2000) and is a mobile epigeic
species (Salamon et al., 2004). As the centroids of the live-
stock I and stockless rotation were not separated along this
axis, both crop rotations host collembolan communities
consisting of a balanced mixture of species of different life-
forms after ten consistent years of different organic farming
practices.

The second axis could follow a gradient of soil acidity.
P. decipiens is characterised as not occurring under acid con-
ditions (Ponge, 1993), while W. anophthalma prefers acidic
habitats like peat, mor, or moder (Chauvat and Ponge, 2002;
Salmon etal., 2014). Therefore, we hypothesise that the data
on collembolan communities indicate more acidic condi-
tions under the livestock | rotation than under the stockless
rotation.

TABLE 7
Results of pairwise comparison of centroids from NMDS
from the collembolan datasetin L1and SL in May 2012.

| adustedp

F-LEG-G-LEG 1
F-LEG-LEG-Mix 0.9
F-LEG-MA NA
F-LEG-SGrain 0.675
F-LEG-WGrain 0.345
G-LEG-LEG-Mix NA
G-LEG-MA NA
G-LEG-SGrain NA
G-LEG -WGrain 1
G-LEG-Mix-MA NA
LEG-Mix-SGrain NA
LEG-Mix-WGrain 1
MA - SGrain NA
MA-WGrain NA
SGrain-WGrain 0.285

SGrain: spring grown grain; WGrain: winter grown grain;
F-LEG: fodder legumes (clover-grass mixture); G-LEG: grain legumes;
LEG-Mix: mixtures of grain legumes and grains; MA: maize.

NA: Comparison of centroids were not possible as homogeneity of
multivariate spread could not be achieved.
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The differentiation between collembolan communities
of different crop classes was more pronounced. Differences
became apparent between autumn-sown and spring-sown
crops along axis 1. As sampling took place in May, the time
elapsed since tillage and sowing differed markedly between
these two groups. Different crops were in different devel-
opment stages causing different degrees of soil coverage.
As Salmon et al. (2014) found convergence of collembolan
species traits for epigeic species and those living in open
habitats, the gradient along the first axis could reflect differ-
ences in habitat openness. Along the second axis, legumes
and maize can be differentiated from cereals. Here the col-
lembolan communities might uncover lower pH values in
the rhizosphere of legumes and maize (Kamh et al., 2002;
Maltais-Landry, 2015). Kamh et al. (2002) found enhanced
release of protons from Zea mays under P-deficient condi-
tions. To what extent proton release of young maize plants
to dissolve phosphorus influenced soil pH was not within the
scope of our study, but cannot be ruled out as a mechanism
influencing habitat conditions for soil fauna on the study site
(Ohm et al., 2015). Therefore, the higher relative share of leg-
umes and maize in the livestock | rotation (cf. Table 1) could
have influenced the differentiation of the livestock | and
stockless rotation along the second NMDS-axis.

3.2.2 Comparison of tillage regimes: conven-
tional versus reduced
The first axis of an NMDS on the collembolan data from fields
under conventional (CT) and reduced (RT) tillage is spanned
by Sminthurides malmgreni, Cyphoderus albinus and Pseudo-
sinella alba on the one end and Deuterosminthurus pallipes
and Neotullbergia crassicuspis on the other end of the axis
(Figure 6 a). NMDS-axis 2 is spanned by Sminthurides parvulus,
P.armata Group, Supraphorura furcifera and Isotomurus palus-
tris Group on the one end and P. alba, Cryptopygus thermo-
philus and Sminthurinus niger on the other end of the axis.

Species at both ends of the first NMDS-axis are xero-
thermophil and prefer dry and open habitats (C. albinus
(Bockemiihl, 1956, as cited in Dekoninck et al., 2007), P. alba
(Filser, 1995), D. pallipes (Bretfeld, 1999; Fjellberg, 2007;
Querner, 2004), N. crassicuspis (Stierhof, 2003)). Along the
second axis, a humidity gradient seems to be spanned.
S.parvulus, P.armata, S. furcifera, and I. palustris prefer wet or
damp habitats (Bretfeld, 1999; Fjellberg, 1998, 2007; Hopkin,
1997, 2007) whereas P. alba and C. thermophilus are adapted
to dry habitat conditions (Detsis, 2009; Filser, 1995; Kautz et
al,. 2006; Potapov, 2001).

There was no difference between centroids of CT and
RT in May 2012 and in May 2014 (figure not shown). The lack
of differences between conventional and reduced tillage in
2014, after two years of different management treatments,
could be due to the intensive form of reduced tillage investi-
gated in this study (cf. 3.1.2) or due to sampling of collem-
bolans taking place nine months after the last soil tillage, so
that collembolan communities may have aligned during this
time. Although the centroids differed between May 2012 and
May 2014 (Figure 6b), no test for significance of this difference
was possible as the condition of homogeneity of multivariate
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spread was not satisfied. Significant differences between
spring grain crops (grain-legume/cereal mixtures; LEG-Mix)
and fodder legumes (red clover-grass; F-LEG) (p=0.003) and
between grain legumes (G-LEG) and fodder legumes (F-LEG)
(p=0.003) could be shown (Figure 6¢).

In May 2012, all fields were cultivated with grain legumes
or with grain-legume/cereal mixtures, respectively. In May
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2014, all fields were cultivated identically with fodder leg-
umes. Therefore, effect of year and crop class cannot be sepa-
rated in our analyses (cf. 3.1.2). However, we could show that
there were no differences between collembolan communi-
ties based on tillage regimes and furthermore hypothesise
that differences between data from May 2012 and May 2014
are related to differences in soil moisture.
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FIGURE 6

NMDS1

NMDS for the collembolan data from May 2012 and May 2014 under the different management systems CT (conventional

tillage) and RT (reduced tillage).

a) Ordination showing main species within the dataset (abbreviations according to Table 4).
b) Sampling points grouped according to sampling month (May 2012 marked with triangles and May 2014 with circles).
¢) Sampling points grouped according to crop classes (F-LEG: fodder legumes (clover-grass mixture); G-LEG: grain legumes;

LEG-Mix: mixtures of grain legumes and grains).
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While in 2012 spring grown crops were cultivated the
grass-clover-mixture present on all fields in 2014 was a
winter-grown crop. Thus, higher soil cover of the vegetation
in May 2014 may have led to higher soil moisture. Alvarez et
al. (2001) also discussed a positive effect of higher soil mois-
ture due to higher weed densities as possibly influencing
collembolan communities. Furthermore, data from the Ger-
man Weather Service (DWD) on soil moisture revealed overall
higher water content in the soil in 2014 (Figure 2).

4 Conclusion

Neither different crop rotations kept over ten years nor
shorter-term changes in tillage regimes significantly influ-
enced collembolan abundance, species richness, EMI
mT-values, or collembolan species composition at this
experimental station. We found that collembolan abundance
and species composition reacted to intermingled effects of
different crops cultivated with interannual variability. How-
ever, shifts in the relative share of the different collem-
bolan life-forms showed some non-significant reactions to
management differences. The relative share of euedaphic
individuals is of particular interest, as some previous studies
show that their proportion can be used as an indicator for
stable soil habitat conditions. For different crop rotations, we
found some first evidence that soil habitats in organic farm-
ing systems with regular manuring and a high share of green
fodder crops (here clover-grass mixtures) tend to be more
stable than those in systems without high input of manure
and a low share of green-fodder crops.

The results of this study are of interest not just for the
further development of organic arable farming systems. As
techniques such as increasing crop rotation diversity and
reducing tillage intensity are discussed also for non-organic
farming systems, under the keywords agroecology (Tomlin-
son, 2013) or ecological intensification (Kleijn et al., 2019),
their evaluation is of broader interest for any farming system
aiming to implement sustainable management regimes.
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