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Vineyards are important perennial, often intensively managed agroecosystems. In most vineyards, ground vegetation is controlled by tillage and/or the application of broadband herbicides with scarcely known eﬀects on
the soil fauna. We studied a total of 16 commercial vineyards in the Târnave wine region, a typical viticultural
region in Transylvania, Central Romania. As a model organism for surface-dwelling arthropods we examined the
response of springtail (Collembola) species richness and activity density to vineyard tillage practices, fertilization, and herbicide application. A total of 24 species in 10 families were found in the studied vineyards. Principal
coordinates analysis (PCoA) identiﬁed three distinct springtail communities linked to tillage and fertilization
practice. Springtail species richness was positively associated with high tillage intensity (frequency: once or
twice a year). Springtail activity density in inter-rows was positively correlated with inter-row tillage and
herbicide application under grapevines. For the ﬁrst time we could show that springtail species assemblages in
vineyards were characterized by high niche overlap regarding soil quality (organic matter, pH, CaCO3, P and K),
indicating similar resource utilization. We conclude that the positive inﬂuence of vineyard management and
disturbance on surface-dwelling springtail communities is possibly due to the exclusion of potential competitors
and predators, the stimulation of microorganisms and/or an increased nutrient input.

1. Introduction
Agricultural management is a major driver of biodiversity in vineyards (Thomson and Hoﬀmann, 2007; Trivellone et al., 2012; Winter
et al., 2018) and knowledge about the eﬀects of tillage intensity on soil
biological properties and soil biodiversity is of great interest (Paoletti
et al., 1998; Sánchez-Moreno et al., 2015). In vineyards, inter-row vegetation competes for water and nutrients with grapevines and is
therefore controlled by tillage, mulching and/or the application of
broadband herbicides (Pardini et al., 2002). Vineyard inter-row soil
management has been shown to aﬀect both aboveground (Kratschmer
et al., 2018, 2019) and belowground (Buchholz et al., 2017; Faber et al.,
2017) biodiversity and associated ecosystem services (Winter et al.,
⁎

2018).
Tillage intensity and frequency are known to inﬂuence soil biota in
arable agroecosystems (e.g. Capowiez et al., 2009; Ivask et al., 2007). In
perennial agroecosystems such as vineyards, tillage has been shown to
decrease plant (Hall et al., 2020; Kazakou et al., 2016) and animal diversity (Paoletti et al., 1998; Sánchez-Moreno et al., 2015). Tillage and
non-chemical weed control (harrowing, mulching), nutrient application, and other interventions aﬀect soil functioning to varying extents
(Favretto et al., 1992; Ivask et al., 2007; Thomson and Hoﬀmann, 2007;
Capowiez et al., 2009). Further, management of inter-row vegetation
through sown cover crops or spontaneous species and fertilizers impact
the abundance and diversity of arthropods in vineyards (Franin et al.,
2016). In addition, the application of pesticides can aﬀect overall
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biodiversity in agroecosystems (Puig-Montserrat et al., 2017; Brühl and
Zaller, 2019). Importantly, the detrimental eﬀects of agrochemicals on
biodiversity may be both directly, by killing of target and non-target
species, and indirectly due to alterations of resource availabilities and/
or competitive and predator-prey relationships (e.g., MacFadyen et al.,
2009; Zaller et al., 2018).
Many soil functions, such as litter decomposition (Hättenschwiler
et al., 2005) or carbon and nutrient cycling (Filser, 2002) are mediated
by interactions between the biological activity of soil organisms and
aboveground processes (Sanginga et al., 1992; Wurst et al., 2018).
Further, soil organisms are often used as indicators of the soil health
status (Briones, 2014; van Capelle et al., 2012). Among the many soil
organisms, springtails or Collembola are characteristic inhabitants of
agroecosystems (Culik et al., 2002; Querner et al., 2013). Springtails
accelerate decomposition by feeding on a variety of food materials
(Fiera, 2014; Hopkin, 1997), thereby inﬂuencing microbial activity and
nutrient cycling in the ecosystem (Linden et al., 1994). Gut contents of
generalized feeders show a random selection of diﬀerent components of
their environment (Fiera, 2014b), while phytophagous species aﬀect
the distribution of mobile elements such as potassium, and detritivorous species inﬂuence mineralization rates of less mobile elements
such as phosphorus or calcium (Anderson and Ineson, 1983; Steastedt
and Crossley, 1984).
Information on the response of springtails to management practices
in vineyards is scarce and inconsistent (Favretto et al., 1992; Renaud
et al., 2004; Buchholz et al., 2017; Pﬁngstmann et al., 2019). A greater
availability of organic substrate and a reduced tillage has led to increased springtail numbers in one study (Favretto et al., 1992), while
others show that tillage can also increase springtail densities (Buchholz
et al., 2017) and activities (Pﬁngstmann et al., 2019) compared to no
tillage. Herbicide application in vineyards has been shown to reduce
springtail abundance (Renaud et al., 2004).
Soil organic matter content is the primary nutrient source for detritivorous arthropods and an additionally deteriorated soil physical
environment through soil cultivation can create less suitable habitats
(Kautz et al., 2006; Parisi et al., 2005). Consequently, the niche space
occupied by single springtail species and also the total niche space
spanned by the whole community should mirror habitat suitability
(Wiens, 2011). Particularly, variability in small-scale soil properties
should trace the respective variability in ecological types and increase
the total niche space covered by local springtail communities (Salmon
et al., 2014). However, few studies investigate niche overlap of Collembola (Sha et al., 2015) or other invertebrates (Jacques et al., 2018;
Romba et al., 2018; Steﬀan-Dewenter and Tscharntke, 2000) in agricultural systems.
The aim of this study was to examine the response of surface-active
springtail communities to vineyard management consisting of tillage,
fertilization and weed control. We used quantitative surveys of 16 vineyards in Romania and investigated: (i) whether and how vineyard
management intensity inﬂuences springtail species richness, community composition and activity densities, and (ii) whether community
composition and niche overlap is triggered by soil characteristics.

Fig. 1. Location of the studied vineyards in Central Romania including respective tillage regime: bare soil as a result of high tillage intensity as opposed
to alternating tillage every second inter-row (after Fiera et al., 2020).

2.2. Vineyard management
The study vineyards were diﬀerently managed: (i) bare soil management through frequent tillage of the inter-rows (high intensity,
further called HI); and (ii) alternating tillage of every second inter-row
with vegetation cover in the other inter-row (LO). Interviews with wine
growers provided information about management practices, such as
duration of current management type, type of inter-row vegetation
(spontaneous versus cover crops), and frequency and date of tillage or
mowing.
High management intensity (HI) was characterized by tillage twice
a year, in late autumn and early spring at a depth of 25–30 cm by
ploughing. Foliar fertilization (1–2 times per year) with NPK during the
vegetation period was used; only a few farmers used manure in autumn
of the previous year near the vine row. The vegetation in the vineyards
consisted of spontaneous vegetation. Weeds in the inter-rows were
controlled mechanically by tillage, harrowing and mulching and underneath the vines by the application of herbicides with the active ingredients ﬂazasulfuron, glufosinate, or glyphosate. If inter-rows were
not tilled, the vegetation was mulched. The main management activities performed in each study vineyard are summarized in Table A
(Supplementary Material). Details of pesticide treatments are given in
Table B and Fig. S1 (Supplementary Material).
2.3. Collembola sampling
We used pitfall traps to collect surface dwelling Collembola in the
study vineyards (Thomson et al., 2004; Buchholz et al., 2017). Pitfall
catches reﬂect the movement activity of the captured species and
therefore can be used as an estimation of their activity density
(Melbourne, 1999). We installed four pitfall traps in each sampling site
(17 mm diameter, 60 mm depth) in May 2015 (see Buchholz et al.,
2017 for details of the sampling method). Traps were ﬁlled with
ethylene glycol and a drop of odorless detergent. They were placed
about 10 m from each other along a transect in the middle of the interrow surrounded by an area of approximately 2 × 60 m. In spring, most
Collembola species are active ensuring that the majority of surface
active species can be captured. After an exposure of 12 days, the traps
were removed (20–22 May 2015). All collected invertebrate specimens
were stored in 80% ethanol for further analysis (Fiera el at., 2020). All
samples were expressed in terms of activity densities and determined to

2. Materials and methods
2.1. Study area
The study was carried out in 2015 in the Târnave wine region, a
typical Romanian viticulture region, located near the city of Blaj
(46.15971°N/23.92991°E) in Transylvania (Fig. 1) (Fiera et al., 2020).
We selected a total of 16 commercial vineyards along an elevational
range of 251–502 m (Table 1). Vineyards received natural rainfall
without additional irrigation and were cultivated with a trellis system
consisted of within-row grapevine distances of 1.0 m and inter-row
distances of 2.15–3.00 m. The dominant soil type was deep brown soil
(Marginean et al., 2013).
2
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Table 1
Basic characteristics of the study vineyards in Central Romania, springtail species richness, activity density and grouping of Principal Coordinates Analyses (PCoA)
used in Fig. 2.
Vineyard ID

Municipality

Longitude

Latitude

Elevation (m)

Management intensity*

Species Richness

Activity densities

PCoA community grouping

01-HI
02-LO
03-HI
04-HI
05-HI
06-HI
07-HI
08-HI
09-LO
10-LO
11-LO
12-LO
13-LO
14-LO
15-LO
16-HI

Ciumbrud
Mihalț
Craciunelul de Jos
Craciunelul de Jos
Craciunelul de Jos
Blaj
Blaj
Blaj
Cenade
Cenade
Tăuni
Tăuni
Tăuni
Jidvei
Jidvei
Jidvei

46.32064
46.1795
46.18076
46.17650
46.17469
46.15971
46.15579
46.16575
46.03583
46.03225
46.1577
46.1643
46.1518
46.1135
46.1216
46.1323

23.76167
23.7196
23.85841
23.84996
23.88289
23.92991
23.93625
23.95033
24.00887
24.02165
24.1225
24.1408
24.1524
24.0431
24.0438
24.0433

291
274
295
251
303
327
288
302
455
463
423
417
502
440
430
330

Bare soil
Permanent vegetation
Bare soil
Bare soil
Bare soil
Bare soil
Bare soil
Bare soil
Alternating tillage
Alternating tillage
Alternating tillage
Alternating tillage
Alternating tillage
Alternating tillage
Alternating tillage
Bare soil

13
7
5
7
11
3
3
5
7
10
9
3
11
9
8
10

184
100
329
155
210
9
4
113
188
166
680
422
315
441
430
946

B
A
C
C
C
A
A
C
C
B
B
B
B
C
C
C

* Management intensity refers to intensive tillage resulting in bare soil (HI), and alternating tillage where only every second inter-row is tilled (LO); vineyard 2-LO
was not tilled and with permanent vegetation cover.

unbiased estimates of environmental variances we used only species
with at least three occurrences in subsequent comparisons. We calculated these ellipsoids for average soil conditions, as well as for geographic position (latitude and longitude). Such niche and geographic
ellipsoids characterize environmental and spatial niche width and distance of the compared species. These calculations were done with the
Fortran software application NicheNew (Ulrich et al., 2017a, b) that is
freely available from www.keib.umk.pl/niche.

species level according to Bretfeld (1999); Dunger and Schlitt (2011);
Fjellberg (1998; 2007), Pomorski (1998); Potapov (2001) and Thibaud
et al. (2004).
Soil samples were taken with a soil corer (5.5 cm diameter, 10 cm
depth) on three randomized locations within inter-rows. From these
samples we determined soil carbonates using the Scheibler method (SR
ISO 10693:1995), soil organic matter (OM) using the Walkley-Black
method (SR ISO 14235:2000), pH potentiometry (SR ISO 10390:2005),
phosphorus (P), and potassium (K) using the Egnèr-Riehm-Domingo
method. Element concentrations were estimated with photo- (STAS
7184/18-80) and calorimetry (STAS 7184/19-82) (Marin et al., 2017)
(see Table C – Supplementary Material).

3. Results
In total, we collected 4692 surface-active springtails belonging to 10
families and 24 species. In LO vineyards we collected 2742 individuals
from 21 species, in HI vineyards 1950 individuals from 19 species
(Table 1). Species richness among the vineyards ranged between 3 and
13 species, the mean activity density ( ± SE) of surface-dwelling
springtails was 343 ± 190 individuals per LO site (most abundant: Lepidocyrtus paradoxus Uzel, 1891) and 244 ± 303 individuals per HI site
(most abundant: Hypogastrura vernalis (Carl, 1901)) (Supplementary
material S2). Total species richness and activity densities of HI and LO
vineyards did not diﬀer signiﬁcantly from each other at the 5% error
level (Pt > 0.1).
Principal coordinates analysis (Fig. 2) identiﬁed three statistically
highly supported (Table 2) groups of vineyards with distinct springtail
communities. One-way PERMANOVA indicated that these three groups
were signiﬁcantly linked to local activity density (PF2,13 < 0.01) separating sites of low (A: 3465 ± 1732 individuals; mean ± SE), intermediate (B: 24,929 ± 6086) and higher activity density (C:
27,454 ± 6894). Due to the positive species (S)–activity density (D)
relationship (S = 1.5D0.24, PF2,14 = 0.03) sites diﬀered only marginally
according to species richness (PF2,13 = 0.09) (A: 4.3 ± 1.3, B:
9.2 ± 1.7, C: 7.7 ± 0.7).
Community composition as inferred from the dissimilarity in species
activity densities among sites was signiﬁcantly linked to tillage and
fertilization frequency (Table 2). High tillage intensity and high mineral
fertilization increased average springtail richness (Table 3, Fig. 3a) and
activity densities (Table 3, Fig. 3b). Further, increased herbicide, positively inﬂuenced species activity densities and species richness
(Table 3, Fig. 3b). Tillage, fertilization, mechanical weed control
(harrowing, mowing and mulching) and herbicides signiﬁcantly inﬂuenced species richness, activity densities, and community composition
(Table 2, Fig. 3). Further, springtail activity densities and community
composition were inﬂuenced by soil CaCO3 and species richness by soil
K contents (Table 4).

2.4. Data analysis
We used principal coordinates analysis (PCoA, Bray-Curtis similarity applied to the species × sites matrix of species activity densities)
to group vineyards according to Collembola species composition.. As
species richness and abundances are frequently exponentially distributed we related the respective ln-transforms (metric response variables) as well as compositional group membership (categorical response
variable) to vineyard soil variables as predictors using generalized
linear models (GLM; Poisson error structure, identity link function)
along with corrected Akaike information criterion (AICc) model selection. Diﬀerences in species composition were inferred from dissimilarity matrix-based one-way ANOVA (PERMANOVA Anderson, 2001).
All analyses were performed with Statistica 12.0 and Primer 7.0.
The eigenvector ellipsoid method of Ulrich et al. (2017a) was used
to compare niche spaces and niche overlap of pairs of species by applying Sørensen similarity. This enabled to analyze whether niche
overlap with regard to soil characteristics is determined by the geographic position and species composition.
For each species we calculated four-dimensional soil eigenvector
ellipsoids (axes from soil OM, pH, CaCO3, P, K) and their centroid position in environmental space according to Ulrich et al. (2017a). This
method uses the variance–covariance dissimilarity matrix Σ of environmental characteristics at the k sites where the focal species occurs
to calculate the respective eigenvector ellipsoid E(C) from:

E (C ) = (x − c )T U T Λ−1U (x − c ) ≤ L

(1)

where the vector c denotes ellipsoid center, and U and Λ the eigenvector and eigen values, respectively, of the variable dissimilarity matrix Σ (Ulrich et al., 2017b). We used the 99% quantile of a χ2 distribution with k degrees of freedom to deﬁne L. To obtain suﬃciently
3
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4. Discussion
4.1. Vineyard management eﬀects
The results of this study demonstrate that intense vineyard management inﬂuences the composition of springtail communities: the
number of individuals was signiﬁcantly higher in LO compared to HI
vineyards. Hence, our results corroborated previous ﬁndings that
springtails are inﬂuenced by tillage, fertilization, and herbicide application. Tillage is known to detrimentally aﬀect soil arthropod communities (Moore et al., 1984; Sánchez-Moreno et al., 2015). However,
in the present study high tillage intensity fostered Collembola assemblages. Indeed, springtails appeared to be more sensitive to tillage intensity than to other management intensities or N fertilization
(Coulibaly et al., 2017). Prior work had already shown that Collembola
can show large population sizes despite high management intensity
(Filser and Fromm, 1995; Fiera et al., 2020) and be less aﬀected by
farming practice than other soil organisms, such as earthworms or
epigeic predators (Faber et al., 2017; Holland et al., 1994). High
management intensity is suggested to mainly aﬀect epigeic and hemiedaphic Collembola species (Heimann-Detlefsen, 1991). Thus, our results corroborate prior ﬁndings that springtails might be weak indicators of soil management and disturbance intensity (Sterzyńska
et al., 2018). However, other studies conducted in vineyards show that
mechanical disturbance through frequent tillage is not always detrimental to Collembola, at least when compared with alternate tillage
with rather compacted soils (Buchholz et al., 2017; Pﬁngstmann et al.,
2019).
Pesticides can directly or indirectly inﬂuence populations of edaphic
arthropods (Lins et al., 2008; Zaller et al., 2016). We were therefore
surprised to see that more frequent herbicide applications underneath
the grapevines increased springtail richness and abundance in the
neighboring inter-rows of the study vineyards. This might be due to a
combination of (i) an avoidance of sprayed rows and migration to unsprayed inter-rows (Zaller et al., 2016), (ii) increased springtail activity
after herbicide treatment due to a nutrient input via herbicides (Lins
et al., 2007; Liu et al., 2016) or a stimulation of microorganisms (Mandl
et al., 2018), and (iii) a fast recolonization of disturbed (tilled) areas
(Buchholz et al., 2017; Maderthaner et al., 2020). However, more detailed studies including more sampling dates per season are necessary
to elucidate the underlying processes. It is also important to note that
we only investigated epigeic springtail species and diﬀerent Collembola
life forms might well respond diﬀerently. Indeed, approaches calculating an ecomorphological index reveal that euedaphic species might
actually be more sensitive to a variety of mechanical disturbances than
epigeics springtail species (Joimel et al., 2017).
However, surface-active springtail communities are probably more
exposed to pesticide treatments than soil-dwelling species. Also, species
with low dispersal ability should take longer to recover. Some authors
have claimed that there is no direct eﬀect of herbicides on soil animals
and that the increase or decrease in population sizes were indirect effects, mostly caused by vegetation changes (Curry, 1970; Edwards and
Thompson, 1973). However, others identiﬁed a signiﬁcant negative
eﬀect of bromoxynil and diclofop-methyl herbicides on the activity of
two species of Collembola (Greenslade et al., 2010). These contrasting
results might be explained by diﬀerent reactions of soil springtails to
post- and pre-emergence herbicides (Reinecke et al., 2002; Renaud
et al., 2004; Sturm et al., 2002). Further, the composition of herbicide
formulations might cause diﬀerential reactions of springtails
(Maderthaner et al., 2020). Applications of herbicides can reduce or
avoid the need to disturb the soil, but may kill Collembola directly
(Subagja and Snider, 1981), or indirectly for instance by changing
speciﬁc fungal food sources (Edwards and Thompson, 1973; Frampton
and Wratten, 2000; Lönsjö et al., 1980; Mandl et al., 2018). In a
greenhouse experiment, glyphosate-based herbicides have been shown
to stimulate the surface activity of springtails compared to

Fig. 2. Principal coordinates analysis (Bray-Curtis dissimilarity) based on
springtail species activity densities identiﬁed three distinct groups of vineyards
(site identities as in Table 1). The ﬁrst two axes explain 24% and 19% of variance, respectively.
Table 2
One way PERMANOVA (Bray Curtis dissimilarity) of species activity densities
pointed to tillage mode and type of fertilization as inﬂuencing community
composition. Management intensity refers to HI and LO intensity.
Factor

df

P

Tillage
Fertilization
Mulching
Herbicides
Fungicides
Management intensity
Community composition

2
2
3
2
1
1
2

< 0.001
< 0.01
0.03
0.12
0.06
0.02
< 0.001

Table 3
GLM of eﬀects of management factors on species richness and ln-transformed
activity densities as metric and PCoA groups as categorical response variables.
Given are χ2 estimates and associated parametric signiﬁcances. The respective
most informative model (AICc selected) is given in bold. df refers to the degrees
of freedom, P to the parametric signiﬁcance level.
Management factor

High tillage
Fertilization
Mechanical weed control
Herbicides
Fungicides
Management intensity

df eﬀect

2
2
3
2
1
1

Species richness

ln activity density

χ

P

χ2

P

0.02
0.76
0.26
0.41
0.59
0.52

15.95
2.26
4.91
12.53
1.78
0.19

< 0.001
0.32
0.18
< 0.01
0.18
0.66

2

8.02
0.56
4.02
1.79
0.29
0.41

Geographic overlap in species occurrences was not correlated with
soil niche overlap (Fig. 4a). However, we observed a distinct pattern
with regard to geographic and niche distances (Fig. 3b). Co-occurring
species (small average geographic distance) were divided into those
that had similar niche distances or markedly separated niches spaces
(Fig. 4b). Pairwise overlap in soil niche was signiﬁcantly positively
correlated with the similarity in occurrence (Fig. 4c). Soil niche distances among species pairs decreased signiﬁcantly with increasing occurrence similarity (Fig. 4d).
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Fig. 3. Springtail species richness (a) and ln-transformed activity densities (b) with respect to community membership, management intensity, herbicide usage,
mineral fertilization and tillage intensity. Means ± SE.

abundances (Haddad et al., 2009; Pﬁngstmann et al., 2019). A topdown control in these food webs in association with reduced herbivore
abundance would then be linked to increased omnivore, fungivore, and
detritivore densities as reported here and in comparative studies (e.g.
Thakur and Eisenhauer, 2015). Therefore, our ﬁnding of increased
springtail densities in tilled vineyards apparently comes to the cost of
the prior destruction of the natural soil community structure and disrupted predator control mechanisms.

Table 4
GLM of soil factors on species richness and ln-transformed activity densities as
metric and principal coordinates analyses (PCoA) groups as deﬁned in Fig. 2 as
categorical response variables. Given are χ2 estimates and associated parametric signiﬁcances. The respective most informative model (AICc selected) is
given in bold.
Soil factor

Species richness
χ

Organic matter
pH
CaCO3
P
K

2

0.17
0.07
1.27
0.31
2.76

ln activity density

P

χ

0.68
0.79
0.26
0.58
0.10

0.50
0.40
4.35
0.31
0.14

2

PCoA groups
P

χ2

P

0.48
0.53
0.04
0.58
0.71

1.07
0.01
4.45
0.57
0.61

0.30
0.93
0.03
0.45
0.44

4.2. Niche overlap
The current study is the ﬁrst to describe niche overlap of Collembola
in vineyards. We found that springtail assemblages were characterized
by a high niche overlap with regard to soil organic matter content, pH,
CaCO3, P and K concentrations indicating similar resource utilization.
Trophic resource availability and quality are known to represent major
ecological constraints for soil animals (Fiera, 2014, 2014b; Lavelle and
Spain, 2001). Respective niche requirements (local environmental ﬁlters) determine the presence of species (Chase and Leibold, 2003).
In this respect, low ellipsoid overlaps (niche and geography) points
to niche or geographic segregation (Ulrich et al., 2017a,b). We found an
equiprobable random distribution of niche overlap among the springtail
species (Fig. 4). This fact does not point to ﬁlter or competitive eﬀects
structuring springtail communities towards niche segregation (competition driven low overlap) or ﬁlter eﬀects (high overlap). Rather, the
equiprobable distribution of overlap and niche distances (Fig. 4b) is in
line with a neutral species community assembly based on ecological
drift, random colonization and local extinction.

mechanically weeding; however, this was also inﬂuenced by the soil
organic matter content (Maderthaner et al., 2020).
Site conditions may inﬂuence the reactions of soil organisms to land
use change. Soil biota living in the upper 0–10 cm of the soil reﬂect
current management practice better than those at greater soil depth
which better reﬂect management history and soil properties (Querner
et al., 2013). The most important factors determining arthropod
abundance and diversity in agroecosystems (particularly carabids, staphylinids and spiders) are the availability of food, shelter, and a suitable microclimate (Booij and Noorlander, 1992). These factors are
closely related to the quantity and duration of vegetation cover.
Therefore, vegetation is another key factor for surface-dwelling arthropods (Booij and Noorlander, 1992; House and Stinner, 1983) besides soil properties such as soil organic matter or aggregate stability
(Guzmán et al., 2019).
Vegetation cover seems also to be the clue to understand why intensively tilled vineyards reach comparatively high springtail richness
and abundances (Fig. 3 and Buchholz et al., 2017, but Coulibaly et al.,
2017 for a contrary ﬁnding). The loss of vegetation cover disrupts the
compartmentalization of the natural soil food web structure dominated
by omnivory and many trophic levels (Moore, 1994; Haddad et al.,
2011; Digel et al., 2014), and particularly decreases arthropod predator
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ﬁrst draft; all authors were involved in signiﬁcant parts of the study,
wrote and/or reviewed the manuscript.
5

Agriculture, Ecosystems and Environment 300 (2020) 107006

C. Fiera, et al.

4

(a)

0.8

Niche distance

Niche overlap

1

0.6
0.4
0.2

3

2

Fig. 4. Relationships between geographic and soil niche
overlap (a) and centroid distances (b). c, d: niche overlap respective centroid distances in relation to the Sørensen similarity of pairwise species co-occurrences. Data for all springtail
species pairs where each species was found in at least three
vineyards. The linear (c) exponential (d) regressions are
parametrically signiﬁcant at ***P < 0.001.

1
0

0

0.8

0

0.9
1
Geographic overlap

1
0.8
0.6
0.4
0.2
r2

0

= 0.37***

0 0.2 0.4 0.6 0.8 1
Soerensen similarity

1
2
Geographic distance

4

(c)

Niche distance

Niche overlap

(b)

r2

3

(d)
= 0.42***

2
1
0

0 0.2 0.4 0.6 0.8 1
Soerensen similarity

Declaration of Competing Interest

Booij, C.J.H., Noorlander, J., 1992. Farming systems and insect predators. Agric. Ecosyst.
Environ. 40, 125–135. https://doi.org/10.1016/0167-8809(92)90088-S.
Bretfeld, G., 1999. Synopsis on Palearctic Collembola. In: In: Dunger, W. (Ed.),
Symphypleona. Abh. Ber. Naturkundemus. Görlitz 2. pp. 1–318 71.
Briones, M.J., 2014. Soil fauna and soil functions: a jigsaw puzzle. Front. Environ. Sci. 2,
1–22. https://doi.org/10.3389/fenvs.2014.00007.
Brühl, C.A., Zaller, J.G., 2019. Biodiversity decline as a consequence of an inappropriate
environmental risk assessment of pesticides. Front. Environ. Sci. 7. https://doi.org/
10.3389/fenvs.2019.00177.
Buchholz, J., Querner, P., Paredes, D., Bauer, T., Strauss, P., Guernion, M., Scimia, J.,
Cluzeau, D., Burel, F., Kratschmer, S., Winter, S., Potthoﬀ, M., Zaller, J.G., 2017. Soil
biota in vineyards are more inﬂuenced by plants and soil quality than by tillage
intensity or the surrounding landscape. Sci. Rep. 7 (17445), 1–12. https://doi.org/10.
1038/s41598-017-17601-w.
Capowiez, Y., Cadoux, S., Bouchant, P., Ruy, S., Roger-Estrade, J., Richard, G., Boizard,
H., 2009. The eﬀect of tillage type and cropping system on earthworm communities,
macroporosity and water inﬁltration. Soil Till. Res. 105, 209–216. https://doi.org/
10.1016/j.still.2009.09.002.
Chase, J.M., Leibold, M.A., 2003. Ecological Niches: Linking Classic and Contemporary
Approaches. University of Chicago Press, Chicago.
Coulibaly, S.F.M., Coudrain, V., Hedde, M., Brunet, N., Mary, B., Chauvat, M., 2017.
Eﬀect of diﬀerent crop management practices on soil Collembola assemblages: a 4year follow-up. Appl. Soil Ecol. 119, 354–366. https://doi.org/10.1016/j.apsoil.
2017.06.013.
Culik, M.P., De Souza, J.L., Ventura, J.A., 2002. Biodiversity of Collembola in tropical
agricultural environments of Espírito Santo. Brazil. Appl. Soil Ecol. 21, 49–58.
https://doi.org/10.1016/S0929-1393(02)00048-3.
Curry, J.P., 1970. The eﬀects of diﬀerent methods of new sward establishment and the
eﬀects of the herbicides paraquat and dalapon on the soil fauna. Pedobiol. 10,
329–361.
Digel, C., Curtsdotter, A., Riede, J., Klarner, B., Brose, U., 2014. Unravelling the complex
structure of forest soil food webs: higher omnivory and more trophic levels. Oikos
123, 1157–1172. https://doi.org/10.1111/oik.00865.
Dunger, W., Schlitt, B., 2011. Synopses on palaearctic Collembola: tullbergiidae. Soil Org.
83, 1–168.
Edwards, C.A., Thompson, A.R., 1973. Pesticides and the soil fauna. Residue Rev. 44,
1–79.
Faber, F., Wachter, E., Zaller, J.G., 2017. Earthworms are little aﬀected by reduced soil
tillage methods in vineyards. Plant Soil Environ. 63, 257–263. https://doi.org/10.
17221/160/2017-PSE.
Favretto, M.R., Paoletti, M.G., Caporali, F., Nannipieri, P., Onnis, A., Tomei, P.E., 1992.
Invertebrates and nutrients in a Mediterranean vineyard mulched with subterranean
clover (Trifolium subterraneum L.). Biol. Fertil. Soils 14, 151–158. https://doi.org/10.
1007/BF00346055.
Fiera, C., 2014. Application of stable isotopes and lipid analysis to understand trophic
interactions in springtails. North-Western J. Zool. 10, 227–235.
Fiera, C., 2014b. Detection of food in the gut content of Heteromurus nitidus (Hexapoda:

The authors declare no competing ﬁnancial interests.
Acknowledgments
This research is part of the BiodivERsA project VineDivers (https://
short.boku.ac.at/vinedivers) and was funded through the BiodivERsA/
FACCE JPI (2013–2014 joint call) for research proposals, with the national funders: Austrian Science Fund (grant number I 2044-B25),
French National Research Agency (ANR), Spanish Ministry of Economy
and Competitiveness (MINECO), Romanian Executive Agency for
Higher Education, Research, Development and Innovation Funding
(UEFISCDI) and Federal Ministry of Education and Research (BMBF/
Germany). W.U. acknowledges funding by an institutional grant of the
Nicolaus Copernicus University. We kindly acknowledge that wine
growers provided their vineyards as study sites and information on
vineyard management. Thanks to Claudiu Avramescu (IBB) for help
with sorting the invertebrate groups. We are very grateful to Prof.
Ernest C. Bernard (University of Tennessee, Entomology and Plant
Pathology, USA) for having edited the English of a draft manuscript, but
not least we thank the reviewers and the editor for their help to improve
this manuscript.
Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.agee.2020.107006.
References
Anderson, M.J., 2001. A new method for non-parametric multivariate analysis of variance. Austral Ecol. 26, 32–46. https://doi.org/10.1046/j.1442-9993.2001.01070.x.
Anderson, J.M., Ineson, P., et al., 1983. Interactions between soil arthropods and microorganisms in carbon, nitrogen and mineral nutrient ﬂuxes from decomposing leaf
litter. In: Lee, J.A. (Ed.), Nitrogen as an Ecological Factor. Blackwell Scientiﬁc,
Oxford, pp. 413–431.

6

Agriculture, Ecosystems and Environment 300 (2020) 107006

C. Fiera, et al.

Environment, pp. 91–106 Soil Sci. Soc. Am., Spec. Pub. 35, Madison, Wisconsin.
Lins, V.S., Santos, H.R., Gonçalves, M.C., 2007. The eﬀect of the glyphosate, 2,4-D,
atrazine e nicosulfuron herbicides upon the edaphic Collembola (Arthropoda:
Ellipura) in a no tillage system. Neotrop. Entomol. 36, 261–267. https://doi.org/10.
1590/S1519-566X2007000200013.
Liu, W., Zhang, J., Norris, S.L., Murray, P.J., 2016. Impact of grassland reseeding, herbicide spraying and ploughing on diversity and abundance of soil arthropods. Front.
Plant Sci. 7, 1200. https://doi.org/10.3389/fpls.2016.01200.
Lönsjö, H., Stark, J., Torstensson, L., Wessen, B., 1980. Glyphosate: decomposition and
eﬀects on biological processes in soil. Weed and weed control. 21st swed. Weed Conf.
7, 140–146.
MacFadyen, S., Gibson, R., Polaszek, A., Morris, R.J., Craze, P.G., Planqué, R.,
Symondson, W.O.C., Memmott, J., 2009. Do diﬀerences in food web structure between organic and conventional farms aﬀect the ecosystem service of pest control?
Ecol. Lett. 12, 229–238. https://doi.org/10.1111/j.1461-0248.2008.01279.x.
Maderthaner, M., Weber, M., Takács, E., Mörtl, M., Leisch, F., Römbke, J., Querner, P.,
Walcher, R., Gruber, E., Székács, A., Zaller, J.G., 2020. Commercial glyphosate-based
herbicides eﬀects on springtails (Collembola) diﬀer from those of their respective
active ingredients and vary with soil organic matter content. Environ. Sci. Poll. Res.
https://doi.org/10.1007/s11356-020-08213-5.
Mandl, K., Cantelmo, C., Gruber, E., Faber, F., Friedrich, B., Zaller, J.G., 2018. Eﬀects of
glyphosate-, glufosinate- and ﬂazasulfuron-based herbicides on soil microorganisms
in a vineyard. Bull. Environ. Contam. Toxicol. 101, 562–569. https://doi.org/10.
1007/s00128-018-2438-x.
Marginean, M.C., Tana, C.M., Tița, O., 2013. Soil characteristics from târnave vineyard.
SGEM2013 Conference Proceedings 663–668. https://doi.org/10.5593/SGEM2013/
BC3/S13.025.
Marin, N., Dumitru, M., Cioroianu, T., Sȋrbu, C., 2017. Evolution of soil attributes in
conservative agriculture. Ann. Univ. Craiova – Agric. Montanol. Cadastre Ser. 47,
330–336.
Melbourne, B.A., 1999. Bias in the eﬀect of habitat structure on pitfall traps: an experimental evaluation. Austral. J. Ecol. 24, 228–239. https://doi.org/10.1046/j.14429993.1999.00967.x.
Moore, J.C., 1994. Impact of agricultural practices on soil food web structure: theory and
application. Agric. Ecosyst. Environ. 51, 239–247. https://doi.org/10.1016/01678809(94)90047-7.
Moore, J.C., Snider, R.J., Robertson, L.S., 1984. Eﬀects of diﬀerent management practices
on Collembola and Acarina in corn production systems. I. The eﬀects of no tillage and
atrazine. Pedobiol. 26, 143–152.
Paoletti, M.G., Sommaggio, D., Favretto, M.R., Petruzzelli, G., Pezzarossa, B., Barbaﬁeri,
M., 1998. Earthworms as useful bioindicators of agroecosystem sustainability in
orchards and vineyards with diﬀerent inputs. Appl. Soil Ecol. 10, 137–150. https://
doi.org/10.1016/S0929-1393(98)00036-5.
Pardini, A., Faiello, C., Longhi, F., Mancuso, S., Snowball, R., 2002. Cover crop species
and their management in vineyards and olive groves. Adv. Hortic. Sci. 16, 225–234.
Parisi, V., Menta, C., Gardi, C., Jacomini, C., Mozzanica, E., 2005. Microarthropod
communities as a tool to assess soil quality and biodiversity: a new approach in Italy.
Agric. Ecosyst. Environ. 105, 323–333. https://doi.org/10.1016/j.agee.2004.02.002.
Pﬁngstmann, A., Paredes, D., Buchholz, J., Querner, P., Bauer, T., Strauss, P., Kratschmer,
S., Winter, S., Zaller, J.G., 2019. Contrasting eﬀects of tillage and landscape structure
on spiders and springtails in vineyards. Sustainabil. 11, 2095. https://doi.org/10.
3390/su11072095.
Pomorski, R.J., 1998. Onychiurinae of Poland (Collembola: Onychiuridae). genus,
Supplement. Wroclaw. .
Potapov, M., 2001. Synopses on Palaearctic Collembola. Isotomidae. Abh. Ber.
Naturkundemus. Goerlitz 73, 1–603.
Puig-Montserrat, X., Stefanescu, C., Torre, I., Palet, J., Fàbregas, E., Dantart, J.,
Arrizabalaga, A., Flaquer, C., 2017. Eﬀects of organic farming and conventional crop
management on vineyard biodiversity. Agric. Ecosyst. Environ. 243, 19–26. https://
doi.org/10.1016/j.agee.2017.04.005.
Querner, P., Bruckner, A., Drapela, T., Moser, D., Zaller, J.G., Frank, T., 2013. Landscape
and site eﬀects on Collembola diversity and abundance in winter oilseed rape ﬁelds in
Eastern Austria. Agric. Ecosyst. Environ. 164, 145–154. https://doi.org/10.1016/j.
agee.2012.09.016.
Reinecke, A.J., Helling, B., Louw, K., Fourie, J., Reinecke, S.A., 2002. The impact of
diﬀerent herbicides and cover crops on soil biological activity in vineyards in the
Western Cape, South Africa. Pedobiol. 46, 475–484. https://doi.org/10.1078/00314056-00153.
Renaud, A., Poinsot-Balaguer, N., Cortet, J., Le Petit, J., 2004. Inﬂuence of four soil
maintenance practices on Collembola communities in a Mediterranean vineyard.
Pedobiol. 48, 623–630. https://doi.org/10.1016/j.pedobi.2004.07.002.
Romba, R., Gnankine, O., Drabo, S.F., Tiendrebeogo, F., Henri, H., Mouton, L., Vavre, F.,
2018. Abundance of Bemisia tabaci Gennadius (Hemiptera: aleyrodidae) and its
parasitoids on vegetables and cassava plants in Burkina Faso (West Africa). Ecol.
Evol. 8, 6091–6103. https://doi.org/10.1002/ece3.4078.
Salmon, S., Ponge, J.F., Gachet, S., Deharveng, L., Lefebvre, N., Delabrosse, F., 2014.
Linking species, traits and habitat characteristics of Collembola at European scale.
Soil Biol. Biochem. 75, 73–85. https://doi.org/10.1016/j.soilbio.2014.04.002.
Sánchez-Moreno, S., Castro, J., Alonso-Prados, E., Alonso-Prados, J.L., García-Baudín,
J.M., Talavera, M., Durán-Zuazo, V.H., 2015. Tillage and herbicide decrease soil
biodiversity in olive orchards. Agron. Sustain. Dev. 35, 691–700. https://doi.org/10.
1007/s13593-014-0266-x.
Sanginga, N., Mulongoy, K., Swift, M.L., 1992. Contribution of soil organisms to the
sustainability and productivity cropping systems in the tropics. Agric. Ecosyst.
Environ. 41, 135–152. https://doi.org/10.1016/0167-8809(92)90106-L.
Sha, D., Gao, M., Sun, X., Wu, D., Zhang, X., 2015. Relative contributions of spatial and

collembola) by DNA/PCR-based molecular analysis. North-Western J. Zool. 10,
67–73.
Fiera, C., Ulrich, W., Popescu, D., Bunea, C.I., Manu, M., Nae, I., Stan, M., Bálint, M.,
Urák, I., Giurginca, A., Penke, N., Winter, S., Kratschmer, S., Querner, P., Zaller, J.G.,
2020. Eﬀects of vineyard inter-row management on the diversity and abundance of
plants and surface-dwelling invertebrates in Central Romania. J. Insect Conserv. 24,
175–185. https://doi.org/10.1007/s10841-019-00215-0.
Filser, J., 2002. The role of Collembola in carbon and nitrogen cycling in soil: proceedings
of the Xth international Colloquium on Apterygota, české Budějovice 2000: apterygota at the Beginning of the Third Millennium. Pedobiol 46, 234–245. https://doi.
org/10.1078/0031-4056-00130.
Filser, J., Fromm, H., 1995. The vertical distribution of collembola in an agricultural
landscape. Pol. Pismo Entomol. 64, 99–112.
Fjellberg, A., 1998. The Collembola of Fennoscandia and Denmark. Part I: Poduromorpha.
Fauna Entomol. Scand. 35, 1–183.
Fjellberg, A., 2007. The Collembola of Fennoscandia and Denmark. Part II:
Entomobryomorpha and Symphypleona. Fauna Entomol. Scand. 42, 1–264.
Frampton, G.K., Wratten, S.D., 2000. Eﬀects of benzimidazole and triazole fungicide use
on epigeic species of Collembola in wheat. Ecotox. Environ. Saf. 46, 64–72. https://
doi.org/10.1006/eesa.1999.1874.
Franin, K., Kuštera, G., Šišeta, F., 2016. Fauna of ground-dwelling arthropods in vineyards
of Zadar County (Croatia). Poljoprivreda 22, 50–56. https://doi.org/10.18047/poljo.
22.2.8.
Greenslade, P.J.M., Reid, I.A., Packer, I.J., 2010. Herbicides have negligible eﬀects on
ants and springtails in an Australian wheat ﬁeld. Soil Biol. Biochem. 42, 1172–1175.
https://doi.org/10.1016/j.soilbio.2010.03.009.
Guzmán, G., Cabezas, J.M., Sánchez-Cuesta, R., Lora, Á., Bauer, T., Strauss, P., Winter, S.,
Zaller, J.G., Gómez, J.A., 2019. A ﬁeld evaluation of the impact of temporary cover
crops on soil properties and vegetation communities in southern Spain vineyards.
Agric. Ecosyst. Environ. 272, 135–145. https://doi.org/10.1016/j.agee.2018.11.010.
Haddad, N.M., Crutsinger, G.M., Gross, K., Haarstad, J., Knops, J.M.H., Tilman, D., 2009.
Plant species loss decreases arthropod diversity and shifts trophic structure. Ecol.
Lett. 12, 1029–1039. https://doi.org/10.1111/j.1461-0248.2009.01356.x.
Haddad, N.M., Crutsinger, G.M., Gross, K., Haarstad, J., Tilman, D., 2011. Plant diversity
and the stability of foodwebs. Ecol. Lett. 14, 42–46. https://doi.org/10.1111/j.14610248.2010.01548.x.
Hall, R.M., Penke, N., Kriechbaum, M., Kratschmer, S., Jung, V., Chollet, S., Guernion, M.,
Nicolai, A., Burel, F., Fertil, A., Lora, A., Sánchez-Cuesta, R., Guzmán, G., Gómez, J.,
Popescu, D., Hoble, A., Bunea, C.-I., Zaller, J.G., Winter, S., 2020. Vegetation management intensity and landscape diversity alter plant species richness, functional
traits and community composition across European vineyards. Agric. Syst. 177,
102706. https://doi.org/10.1016/j.agsy.2019.102706.
Hättenschwiler, S., Tiunov, A., Scheu, S., 2005. Biodiversity and litter deomposition in
terrestrial ecosystems. Annu. Rev. Ecol. Evol. Syst. 36, 191–218. https://doi.org/10.
1146/annurev.ecolsys.36.112904.151932.
Heimann-Detlefsen, D., 1991. Eﬀects of Diﬀerent Intensive Use of Pesticides and
Fertilizers on Collembola in Arable Soils. Technische Univ. Braunschweig (Germany).
Naturwissenschaftliche Fakultaet.
Holland, J.M., Frampton, G.K., Çilgi, T., Wratten, S.D., 1994. Arable acronyms analyzed—a review of integrated arable farming systems research in Western Europe. Ann.
Appl. Biol. 125, 399–438. https://doi.org/10.1111/j.1744-7348.1994.tb04980.x.
Hopkin, S.P., 1997. Biology of the Springtails (Insecta: Collembola). Oxford University
Press, Oxford.
House, G.J., Stinner, B.R., 1983. Arthropods in no-tillage soybean agroecosystems community composition and ecosystem interactions. Environ. Manage. 7, 23–28. https://
doi.org/10.1007/BF01867037.
Ivask, M., Kuu, A., Sizov, E., 2007. Abundance of earthworm species in Estonian arable
soils. Eur. J. Soil Biol. 43, S39–S42. https://doi.org/10.1016/j.ejsobi.2007.08.006.
Jacques, G.C., Pikart, T.G., Santos, V.S., Vicente, L.O., Silveira, L.C.P., 2018. Niche
overlap and daily activity pattern of social wasps (Vespidae: polistinae) in kale crops.
Sociobiol. 65, 312–319. https://doi.org/10.13102/sociobiology.v65i2.2670.
Joimel, S., Schwartz, C., Hedde, M., Kiyota, S., Krogh, P.H., Nahmani, J., Pérès, G.,
Vergnes, A., Cortet, J., 2017. Urban and industrial land uses have a higher soil biological quality than expected from physicochemical quality. Sci. Tot. Environ. 584585, 614–621. https://doi.org/10.1016/j.scitotenv.2017.01.086.
Kautz, T., López-Fando, C., Ellmer, F., 2006. Abundance and biodiversity of soil microarthropods as inﬂuenced by diﬀerent types of organic manure in a long-term ﬁeld
experiment in Central Spain. Appl. Soil Ecol. 33, 278–285. https://doi.org/10.1016/
j.apsoil.2005.10.003.
Kazakou, E., Fried, G., Richarte, J., Gimenez, O., Violle, C., Metay, A., 2016. A plant traitbased response-and-eﬀect framework to assess vineyard inter-row soil management.
Bot. Lett. 163, 373–388. https://doi.org/10.1080/23818107.2016.1232205.
Kratschmer, S., Pachinger, B., Schwantzer, M., Paredes, D., Guernion, M., Burel, F.,
Nicolai, A., Strauss, P., Bauer, T., Kriechbaum, M., Zaller, J.G., Winter, S., 2018.
Tillage intensity or landscape features: what matters most for wild bee diversity in
vineyards? Agric. Ecosyst. Environ. 266, 142–152. https://doi.org/10.1016/j.agee.
2018.07.018.
Kratschmer, S., Pachinger, B., Schwantzer, M., Paredes, D., Guzmán, G., Goméz, J.A.,
Entrenas, J.A., Guernion, M., Burel, F., Nicolai, A., Fertil, A., Popescu, D., Macavei, L.,
Hoble, A., Bunea, C.-I., Kriechbaum, M., Zaller, J.G., Winter, S., 2019. Response of
wild bee diversity, abundance, and functional traits to vineyard inter-row management intensity and landscape diversity across Europe. Ecol. Evol. 2019, 1–13. https://
doi.org/10.1002/ece3.5039.
Lavelle, P., Spain, A.V., 2001. Soil Ecology. Kluwer Academic Publishers, Dordrecht.
Linden, D.R., Hendrix, P.F., Coleman, D.C., van Vleet, P.C.J., et al., 1994. Faunal indicators of soil quality. In: Doran, J.W. (Ed.), Deﬁning Soil Quality for a Sustainable

7

Agriculture, Ecosystems and Environment 300 (2020) 107006

C. Fiera, et al.

Ulrich, W., Kryszewski, W., Sewerniak, P., Puchałka, R., Strona, G., Gotelli, N.G., 2017a.
A comprehensive framework for the study of species co-occurrences, nestedness, and
turnover. Oikos 126, 1607–1616. https://doi.org/10.1111/oik.04166.
Ulrich, W., Zaplata, M.K., Winter, S., Fischer, A., 2017b. Spatial distribution of functional
traits indicates small scale habitat ﬁltering during early plant succession. Perspect.
Plant Ecol. Evol. Syst. 28, 58–66. https://doi.org/10.1016/j.ppees.2017.08.002.
van Capelle, C., Schrader, S., Brunotte, J., 2012. Tillage-induced changes in the functional
diversity of soil biota – a review with a focus on German data. Eur. J. Soil Biol. 50,
165–181. https://doi.org/10.1016/j.ejsobi.2012.02.005.
Wiens, J.J., 2011. The niche, biogeography and species interactions. Philos. Trans. Biol.
Sci. 366, 2336–2350. https://doi.org/10.1098/rstb.2011.0059.
Winter, S., Bauer, T., Strauss, P., Kratschmer, S., Paredes, D., Popescu, D., Landa, B.,
Guzmán, G., Gómez, J.A., Guernion, M., Zaller, J.G., Batáry, P., 2018. Eﬀects of
vegetation management intensity on biodiversity and ecosystem services in vineyards: a meta- analysis. J. Appl. Ecol. 55, 2484–2495. https://doi.org/10.1111/13652664.13124.
Wurst, S., Sonnemann, I., Zaller, J.G., 2018. Soil macro-invertebrates- their impact on
plants and associated aboveground communities in temperate regions. In: Ohgushi,
T., Wurst, S., Johnson, S.N. (Eds.), Aboveground-Belowground Community Ecology.
Springer, Tokyo, Japan, pp. 175–200.
Zaller, J.G., König, N., Tiefenbacher, A., Muraoka, Y., Querner, P., Ratzenböck, A.,
Bonkowski, M., Koller, R., 2016. Pesticide seed dressings can aﬀect the activity of
various soil organisms and reduce decomposition of plant material. BMC Ecol. 16, 37.
https://doi.org/10.1186/s12898-12016-10092-x.
Zaller, J.G., Cantelmo, C., Dos Santos, G., Muther, S., Gruber, E., Pallua, P., Mandl, K.,
Friedrich, B., Hofstetter, I., Schmuckenschlager, B., Faber, F., 2018. Herbicides in
vineyards reduce grapevine root mycorrhization and alter soil microorganisms and
the nutrient composition in grapevine roots, leaves, xylem sap and grape juice. Env.
Sci. Poll. Res. 25, 23215–23226. https://doi.org/10.1007/s11356-018-2422-3.

environmental processes and biotic interactions in a soil collembolan community.
Chinese Geogr. Sci. 25, 582–590. https://doi.org/10.1007/s11769-015-0788-6.
Steastedt, T.R., Crossley Jr., D.A., 1984. The inﬂuence of arthropods on ecosystems.
BioSci. 34, 157–161. https://doi.org/10.2307/1309750.
Steﬀan-Dewenter, I., Tscharntke, T., 2000. Resource overlap and possible competition
between honey bees and wild bees in central Europe. Oecologia 122, 288–296.
https://doi.org/10.1007/s004420050034.
Sterzyńska, M., Nicia, P., Zadrożny, P., Fiera, C., Shrubovych, J., Ulrich, W., 2018. Urban
springtail species richness decreases with increasing air pollution. Ecol. Indic. 94,
328–335. https://doi.org/10.1016/j.ecolind.2018.06.063.
Sturm Jr., M., Sturm, M., Eisenbeis, G., 2002. Recovery of the biological activity in a
vineyard soil after land- scape redesign: a three-year study using the bait-lamina
method. Vitis 41, 43–45.
Subagja, J., Snider, R.J., 1981. The side eﬀects of the herbicides atrazine and paraquat
upon Folsomia candida and Tullbergia granulata (Insecta: collembola). Pedobiol. 22,
141–152. https://doi.org/10.1016/S0045-6535(98)00337-3.
Thakur, M.P., Eisenhauer, N., 2015. Plant community composition determines the
strength of top-down control in a soil food web motif. Sci. Rep. 5, 9134. https://doi.
org/10.1038/srep09134.
Thibaud, J.M., Schulz, H.J., da Gama Assalino, M.M., 2004. Synopses on palaearctic
Collembola Hypogastruridae. Abh. Ber. Naturkundemus. Goerlitz 75, 1–287.
Thomson, L.J., Hoﬀmann, A.A., 2007. Eﬀects of ground cover (straw and compost) on the
abundance of natural enemies and soil macro invertebrates in vineyards. Agric.
Forest Entomol. 9, 173–179. https://doi.org/10.1111/j.1461-9563.2007.00322.x.
Thomson, L.J., Neville, P.J., Hoﬀmann, A.A., 2004. Eﬀective trapping methods for assessing invertebrates in vineyards. Austral. J. Exp. Agric. 44, 947–953. https://doi.
org/10.1071/EA03219.
Trivellone, V., Paltrinieri, L.P., Jermini, M., Moretti, M., 2012. Management pressure
drives leafhopper communities in vineyards in Southern Switzerland. Insect Conserv.
Divers. 5, 75–85. https://doi.org/10.1111/j.1752-4598.2011.00151.x.

8

