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Abstract

Ground beetles (carabids) constitute an important functional component of biodiversity in agroecosystems, mainly because of
their role as predators of pests, but also as consumers of weed seeds and as prey to other organisms. Over the past few decades,
there has been a marked and continuous decline of ground beetles in Europe, and many species of this insect family are threatened
by intensive agricultural practices. The effect of soil tillage, a standard technique in arable farming, on carabids has been
investigated in many experimental studies. However, there is currently no clear and differentiated picture of how ground beetles
are affected by tillage operations in direct and indirect ways. In this review, we narrow this gap of knowledge and show that the
effects of intensive tillage on ground beetles—especially the use of mouldboard ploughing—are extremely variable. Nonetheless,
on balance across multiple studies, greater tillage intensity tends to have a negative effect on abundance, species richness, and
diversity. The observed variability may partly be attributed to a change in species-specific food availability or habitat conditions,
induced by tillage. Tillage effects on dominant species tend to have a strong impact on total carabid abundance. The high
variability of carabid responses to tillage is also a consequence of various modifying factors such as cover cropping, rotations,
and variations in weed control associated with tillage. Because different modes of tillage tend to affect different carabid species,
the diversification of tillage operations within a farm or region may contribute to the overall diversity of carabid communities.
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1 Introduction

The insect family of ground beetles (Coleoptera,
Carabidae) provides a range of important services in
agroecosystems such as weed seed predation (Frei et al.
2019; Honek et al. 2013; Kulkarni et al. 2015; Menalled
et al. 2007), biological control of slugs and snails (Bohan
et al. 2000; El-Danasoury et al. 2017; Oberholzer and Frank
2003), and generalist predation of arthropod pests
(Cividanes 2021; Williams et al. 2010; Zaller et al. 2009).
Carabids also play an important role as bio-indicators, e.g.,
for soil attributes (Luff et al. 1989), changes in
agroecosystems (Rainio and Niemeld 2003), or agricultural
management (Doring and Kromp 2003).

Although not systematically assessed on a larger scale,
many studies suggest a decline of carabid abundance and
species diversity for arable land in Europe over the past few
decades. Brooks et al. (2012) reported a decline in ground
beetle biodiversity or abundance in the UK between 1994
and 2008 for about 75% of the existing ground beetle species.
In Belgium, Denmark, and the Netherlands, about 46, 31, and
42%, respectively, of the carabid species showed some level
of decline over the past 50-100 years, while on average only
20% showed an increase (Kotze and O'Hara 2003). Habitat
specialists and large-bodied carabids have declined more than
habitat generalists and small-sized species. In the Luneburg
Heath, Northern Germany, carabid abundance and species
richness declined significantly between 1994 and 2017.
However, there was no significant change in total biomass
and total number of individuals across all species, indicating
a population increase of some dominant species (Homburg
et al. 2019). Given the important roles of carabids in
agroecosystems, and also from an insect conservation per-
spective, the trends of declining carabid abundance and spe-
cies richness, even if only based on limited data, are cause for
major concern.

Fig. 1 Carabid beetles commonly
found on arable fields in Central
Europe; a Anchomenus dorsalis
(Pontoppidan, 1763; b
Pterostichus melanarius (1lliger,
1798); ¢ Carabus granulatus (L.
1758). Photo: Isabel Kilian.
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As in other insect groups and contexts (Wagner et al.
2021), the decline of ground beetles in agricultural land can
be attributed to various factors. A known major factor is the
use of pesticides in agriculture, in particular direct lethal ef-
fects of insecticides (Alam and Das 2020; van Toor 2006).
Likewise, habitat fragmentation, destruction, or deterioration
may lead to a loss of abundance or diversity of ground beetle
populations (Keller et al. 2004; Keller and Largiadér 2003;
Massaloux et al. 2020) (Fig. 1).

Arable farming is a main type of land use. The large
share and intensive use including regular and diverse till-
age operations make arable land a hotspot for changes in
biodiversity, in particular for organisms with epigean or
partly hypogean lifestyle such as carabids. The specific
effects of soil tillage operations on ground beetles have
been investigated in various studies. Tillage may affect
ground beetles in a number of ways. First, tillage changes
the environmental conditions of carabid habitats, by
influencing the physical properties of the soil including
structure (Nunes et al. 2020), water balance (Brunel-
Saldias et al. 2018), and aeration as well as the distribution
of plant residues in the tilled layer (Seitz et al. 2019).
Second, there is evidence that tillage has an impact on
various organisms living in and on the soil, by altering or
destroying the structure of their habitats or by affecting the
access to food resources (van Capelle et al. 2012). Third,
tillage can also result in physically killing soil organisms
(Fadl et al. 1996) or altering their exposition to predators.
Overall, tillage may not only affect abundance, but also
species composition and relationships between organisms
(Kennedy et al. 2013).

While individual studies have collected experimental evi-
dence for the effects of different modes of tillage on ground
beetles, the available knowledge has so far not been brought
together in a systematic way. The aim of this paper is therefore
(1) to quantify and summarize the effects of different tillage
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systems on ground beetles, with respect to abundance and
species composition of communities and diversity; (2) to elu-
cidate the known and putative direct and indirect mechanisms
underlying these effects; (3) to give recommendations on how
to reconcile agronomic aims of tillage with protection of ca-
rabid beetles; and (4) to outline research gaps and directions of
future research.

We begin by describing the methodology on which this
review is based and then briefly characterize the different till-
age systems under comparison. After summarizing key results
from the literature, we discuss the general effects of tillage on
carabids, focusing on main mechanisms of how tillage affects
carabids. We outline important factors that interact with tillage
effects on carabids and finally draw conclusions from the cur-
rent evidence, suggesting directions of future research.

2 Methodology
2.1 Literature search

A literature search was carried out by means of scientific search
engines (Web of Science, Google Scholar, Scopus) with spe-
cifically selected search terms relating to groups of organisms
and the factor tillage or cultivation system. The search included
the keywords (“‘Carabid*” OR “ground beetle*”) AND (“till-
age” OR “Plough” OR “no-till”). Further articles were found by
searching the reference lists of the papers obtained in previous
search rounds. Only peer-reviewed original articles were in-
cluded in the search (Fig. 2). The latest search was performed

Fig. 2 Flow of literature search
for selection of papers to be
analyzed.

on 25 Feb 2022. Criteria for paper selection included accurate
selection and description of contrasting tillage systems allowing
a reliable distinction. Decisions on including or excluding the
respective studies were made after reading the whole paper or
the methods and results section.

Data with results from the studies were compiled in a da-
tabase including information on site conditions, duration of
the experiment, sampling methods, and statistical significance
of results.

As response parameters, we extracted activity abundance,
number of species, and species diversity. For sampling cara-
bids, trapping devices typically used on agricultural land such
as pitfall traps do not measure carabid abundance as density
(individuals per unit area); instead, numbers of individuals
caught depend on both density and activity, e.g., with larger
more active species usually having a higher propensity of
being caught than smaller species (Spence and Niemeld
1994). Therefore, results from pitfall trapping should be
interpreted with caution.

In total, 22 studies were included in the analyses. Of these,
five papers covered a research period of 5 years and more,
with a median trial duration of 2 years. In 19 papers, the
sampling duration was larger than 2 months. In 15 of the 22
papers, more than a total of 500 carabid individuals was
caught.

2.2 Meta-analysis on carabid activity abundance

To estimate the overall effect of tillage on carabid beetle ac-
tivity abundances, we pooled effect sizes using a meta-

Literature search

Search terms: ("Carabid*" OR "ground beetle*") AND ("tillage" OR "Plough" OR "no-till")

|

68 studies in peer reviewed journals

Experimental studies with
tillage as a factor:
44 studies

no experiments on tillage

/N

Data extractable for
abundance

" N\

no parameter
of dispersion
reported

Data extractable for Data extractable for

Selected for meta-analysis
on abundance
16 studies

species richness diversity
11 studies 9 studies
N J

22 papers in total
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analytic framework. The prerequisites for studies to be includ-
ed was the availability of information on the average beetle
abundances for each treatment group and its standard devia-
tion or standard error. Where this information was presented
in figures, we extracted it using the G3Data Graph Analyzer
version 1.5.2 (by Jonas Frantz). From the available 44 studies,
16 fulfilled the prerequisites to be included into the analysis.
Some of the studies reported on several comparisons of cara-
bid beetle activity abundances, e.g., from different seasons or
field crops leading to a total of 33 comparisons. To account for
the non-independency of those results, we decided for a three-
level meta-analysis (Cheung 2014). The levels refer to (1) the
usual averaging of replicates within one comparison, e.g.,
pooling the differences of several replicate traps, resulting in
one effect size per comparison; (2) the pooling of effect sizes
of comparisons within studies in case there have been done
several comparisons, e.g., for different crops, resulting in one
effect size per study; and (3) the pooling of the effect sizes of
all 16 studies covered by the analysis, resulting in one overall
effect size.. To make effect sizes comparable among studies,
we standardized the data by dividing the differences in means
between treatment groups by the pooled standard deviation.
The resulting value expresses the difference between no-/low-
tillage and control treatments in units of standard deviations
and is known as Cohen’s d (Cohen 1988). We also corrected
for small-sample sizes leading to an effect size called Hedges’
g: g=Cohen’sd x (1 —(3/4n—9)), where n is the total sample
size of the study (Hedges 1981). Weights of effect sizes were
calculated as the inverse of their variance. As we expected
considerable heterogeneity between studies, a random-
effects model was used to pool effect sizes. The restricted
maximum likelihood estimator (Viechtbauer 2005) was used
to calculate the heterogeneity variance and the Knapp-
Hartung adjustment (Knapp and Hartung 2003) to estimate
the confidence interval around the pooled effect. We also
assessed a potential publication bias using Rosenberg’s fail-
safe number (Rosenberg 2005).

The meta-analysis was conducted using the R statistical
software, version 4.1.2 (R Core Team 2021), including the
esc-package (Liidecke et al. 2019) and the metafor-package
(Viechtbauer 2010), following the descriptions by Harrer et al.
(2021).

2.3 Analysis of carabid species richness and diversity

The parameters’ species richness and species diversity were
evaluated with another approach due to insufficient data quan-
tity for meta-analysis. For that, results of individual studies
were compiled in comparison pairs. A comparison pair is a
data set consisting of two contrasting tillage systems (e.g.,
plough vs. no-till) for one measured parameter at one date
(e.g., species richness at one date) from a single study.
When more than two tillage systems were simultaneously
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investigated in a given study, our approach of pairwise com-
parisons meant that data from a specific tillage system entered
the database more than one time, e.g., ploughing was com-
pared to reduced tillage, and separately to a no-till system.

For species richness and species diversity, 11 and 9 studies
with 86 and 64 comparison pairs, respectively, were extracted
and entered into the database. Differences between tillage sys-
tems were classified as significant or non-significant, accord-
ing to the results reported by the studies. Differences classified
by us as non-significant include comparisons from studies
only using descriptive but no inferential statistics.

The number of species found in a given area is a general
indicator for species richness without specification of relative
frequencies. Interpretation of species richness data needs to be
done with caution, since sampling effort may strongly influ-
ence the absolute number of recorded species (Gardarin and
Valantin-Morison 2021), so that the number of species found
in a given area with a given sampling effect is only an indica-
tor for actual species richness Therefore, we restricted the
analysis of data to the direction of the difference in species
richness between tillage systems, in this case ignoring the size
of that difference. Species diversity, often calculated with the
Shannon or the Simpson Index, includes information on the
abundances (Magurran 2013). For the present evaluation, both
parameters for species diversity were pooled by exclusively
extracting the direction of difference between tillage systems
in a given comparison pair. Comparisons focusing on even-
ness were not included since the number of available studies
reporting evenness (#=4) was too low. Based on the number
of cases, the directions of tillage effects on carabid species
richness and carabid diversity were tested with a non-
parametric binomial sign test. Data sets were evaluated using
the statistics software R (version 4.0.3) or RStudio (version
1.2.2019).

3 Characterization of tillage systems

Farmers pursue several objectives with soil tillage. In addition
to seed bed preparation, tillage helps to incorporate crop res-
idues and to control weeds and pests. Tillage, in particular
ploughing, has been a paradigm for arable farming systems
for millenia (Fussell 1966). Over the last few decades, differ-
ent forms of reduced (non-inverting) tillage systems have
gained increasing importance for reasons of erosion control
and cost savings (Gebhardt et al. 1985; Klik and Rosner
2020). Here we only refer to primary tillage, which is the first
rough soil agitation of different intensity prior to seed bed
preparation.

Main physical effects of primary tillage include loosening
of'the soil, distribution of organic particles in the soil layer and
disruption of the continuous pore system. Furthermore, tillage
affects soil aeration and the soil water status (Tebriigge and
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Diiring 1999). Farmers use a wide range of tilling options,
with different agronomic effects, which have been extensively
described (Cannell 1985; Tebriigge and Diiring 1999;
Torabian et al. 2019). In contrast, effects of soil tillage inten-
sity on organisms living in and on the soil have mainly been
analyzed for specific groups such as weeds (Chauhan et al.
2006; Chauhan et al. 2012), earthworms (Lumbricidae) (Chan
2001; Pelosi et al. 2009), and regionally for selected soil biota
(van Capelle et al. 2012). To quantitatively analyze and eval-
uate the impact of different tillage implements on carabids, it
is important to elucidate the direct and indirect physical effects
of soil movement and disturbance. In general, there is a gra-
dient of tillage intensity from ploughing to reduced tillage and
no-till.

3.1 Conventional tillage (mouldboard plough)

Ploughing with common working depths of 15-30 cm, and
occasionally more shallow (10—15 cm) or deeper with >35 cm
(Cannell 1985), primarily causes the soil to be lifted and
turned by about 140° (Kouwenhoven and Terpstra 1972;
Waszkiewicz et al. 2009). Harvest residues and weeds are
inverted in the soil, creating a clean seedbed without crop
residues. Crop residue distribution along the depth profile is
more homogenous compared with other tillage methods. The
largest proportion of crop residues can be found at a depth
from 15 to 25 cm (Tebriigge and Diiring 1999). Loosening,
mixing, and turning results in strong aeration and lower den-
sity of the topsoil. Soil inversion by ploughing is generally
combined with further tillage operations targeted on seed bed
preparation (Grant 2003). Relevant effects of soil inversion on
carabids include removal of both beetles (mainly pupae and
larvae) and plant biomass such as weed seeds from the soil
surface.

3.2 Reduced tillage

Reducing the intensity of tillage can be done in various ways
(Cannell 1985), by reducing the depth or frequency of tillage,
but also by non-inversion of the soil. Based on the studies
reviewed here, the term reduced tillage only refers to tillage
systems with missing soil inversion. A wide range of instru-
ments is used targeted on loosening and mixing the soil for
seed bed preparation (Morris et al. 2010). Within non-
inversion tillage systems, the soil volume affected by tilling,
the depth of tillage, and the number of working passes greatly
vary between extensive methods (e.g., strip-till) and intensive
tillage such as rotary harrowing. While the intensity of re-
duced tillage systems varies, they have in common that higher
quantities of plant biomass remain on the soil surface and in
the upper layer (10 cm), when compared with ploughing
(Morris et al. 2010). Instruments with either axial or vertical
counter rotating tines can directly affect ground beetles.

Typical instruments used for reduced tillage are straw har-
rows, rotary or disc harrows, shallow or deep cultivators, deep
looseners, chisel ploughs, and various rollers. Tillage hetero-
geneity results in variable levels of soil loosening and mixing.
Special seeding technology (disc or chisel coulter) is required
to cut through even higher quantities of crop residues and to
place the seed optimally (Baker and Saxton 2007; Tebriigge
and Diiring 1999). Reduced tillage may result in increased
weed pressure (Chauhan et al. 2012; Cooper et al. 2016;
Moonen and Barberi 2004) if this reduction is not
counterbalanced by other weed management methods.
Therefore, in non-organic agriculture, reduced tillage is often
seen to depend on the effective use of broad spectrum herbi-
cides (Awada et al. 2014; Price et al. 2011).

3.3 No-till

No-tillage techniques, sometimes termed zero tillage, or no-
till, include soil management systems in which the soil is not
tilled at all. Sowing is done without prior disturbance of the
soil, using disc or tine coulters with minimal soil disturbance
(Baker and Saxton 2007). Loosening, mixing, and turning of
the soil is completely absent in no-tillage procedures. As a
consequence, long-term no-tillage leads to an accumulation
of organic matter, nutrients, and microbial activity at the soil
surface (Doran 1980). However, no till systems typically rely
on herbicides that help to establish the crop stands without
weed competition (Sarangi and Jhala 2018). No-tillage is con-
sidered an essential component of conservation agriculture
(Rhodes 2012; Sherwood and Uphoff 2000); however, in
non-organic practice, it is usually accompanied by the use of
non-selective herbicides such as glyphosate.

Advantages and disadvantages of reduced tillage systems
also occur in no-tillage, partially to a greater extent. No-tillage
provides a high level of protection against silting and erosion,
but requires special attention in the management of weeds and
pests. A number of management factors are decisive for the
success of no-till systems including cover crops, diversified
crop rotations, and site-adapted fertilization and plant protec-
tion strategies (de Baets et al. 2007; Baker and Saxton 2007;
Clark 2008; Derpsch et al. 1986; Hartwig and Ammon 2002;
Lal 2020).

4 Effects of tillage on ground beetles

The majority of the 23 studies analyzed were carried out in
North America while the remaining ones stem from Europe.
Data extracted from the studies covered a period from 1983 to
2022. Most studies only included data on carabid activity
abundance as affected by tillage.

INRAD 4 springe
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4.1 Activity abundance

In the three-level meta-analytic model, more than half of the
comparisons showed a positive effect size indicating that in-
tensive tilling had a negative effect on the carabid beetle abun-
dance (see Fig. 3). The pooled effect was » = 0.68 (95% CI:
0.05-1.32, p = 0.035), which is considered a moderate to
strong effect according to the conventions by Cohen (1988).
Rosenberg’s fail-safe number was assessed to be 143, mean-
ing that at least 143 studies with an effect size of null would
have to be added to the analysis to reduce the significance
level to p >0.05. This indicates that our results are very likely
not to be influenced by a publication bias.

4.2 Species richness

The total number of comparison pairs (7 = 8§6) reporting num-
ber of carabid species was lower than that for abundance and
was based on only 11 studies, of which five studies were
conducted in the USA; among the comparison pairs, only a
single pair was based on quadrat sampling while the other 85
pairs used Barber pitfall traps. Most comparisons were made
in maize (n = 49), followed by winter cereals (n = 22), while
the remaining comparisons stemmed from spring crops (n =

13). None of the studies came from organic cropping systems.
The dataset was dominated by a single study (Lalonde et al.
2012) contributing more than a third of the comparison pairs
(n = 30). Among the studies, the majority of the comparison
pairs focused on comparisons versus the plough.

When all comparison pairs were analyzed together, a general
trend for higher species numbers after lower than after higher
tillage intensity was found (Fig. 4). While 24 comparison pairs
indicated a higher number of species under no till compared
with plough, the opposite direction was noted in a significantly
lower number of 12 cases (sign test: p = 0.065). However, the
few (n=7) comparisons with significant differences were slight-
ly (though not significantly) in favor of a higher carabid species
number after ploughing. All other tillage comparisons showed a
trend for a higher number of species after reduced versus more
intensive soil tillage. When all 86 comparisons were pooled,
cases in which lower tillage intensity was associated with
higher carabid species richness (n = 63) significantly (p <
0.001) outnumbered the opposite cases (n = 23). To account
for potential bias in the dataset, an additional data analysis was
conducted after removing the study by Lalonde et al. (2012)
from the data; this revealed that also in the remaining subset of
data, lower tillage intensity was associated with higher carabid
species richness (n = 40 out of 56 cases).

Fig. 3 Forest plot on the effect of
the no/reduced-tillage treatment
on carabid abundance in relation
to ploughing. The position of the
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Fig. 4 Tillage effects on carabid Number of data pairs
species richness. Number of data 30
pairs indicating higher values for

a given system comparison; lower 25
darker colors indicate number of tillage
significant comparisons, lighter intensity 20
colors show non-significant greater

comparisons in the original data; richness 15

cases with the less intensive

tillage system showing a higher 10
carabid species richness than the

more intensive system are shown 5
above the horizontal line in green

colors, the opposite direction 0

(higher species richness in the

NT>P

msignificant mn.s. msignificant mn.s.

 RT>P

~NT>RT

[ I

|

more intensive tillage system) is lower tillageD NT<RT
shown below the line, in red and intensity =
orange. *p < 0.05; **p < 0.01, smaller 10 RT<P
binomial sign test. richnes 15 NT<P
NT vs. P NT vs. RT RTvs. P

4.3 Species diversity

The number of comparison pairs reporting carabid species diver-
sity (n = 64) was even lower than those for species richness. Only
nine studies dealt with this parameter of biodiversity; these com-
parison pairs were exclusively based on Barber pitfall traps, and
mainly (n = 60) reported the Shannon-Wiener index, with the
remaining pairs showing the Simpson index. The majority of
comparison pairs (n = 44) came from observations in maize,
and the studies were exclusively conducted in non-organic
cropping systems. Again, a large fraction of the comparison pairs
stemmed from a single study (Lalonde et al. 2012).

Available studies suggest that reduced intensity of soil till-
age favors species diversity (Fig. 5). Although supported by
statistical evidence in only a few cases, more than twice the

Fig. 5 Tillage effect on carabid

Number of data pairs
15

pairwise comparison of tillage systems

number of comparison pairs showed a higher species diversity
under no till versus ploughing, compared with the opposite
case. A comparable trend was noted for the comparison pairs
contrasting no till versus reduced tillage. In 13 cases, two of
them significant, species diversity was higher after no till,
while only six cases were in favor of reduced tillage.
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indicated that lower tillage intensity tended to favor carabid
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was an effect of tillage intensity. There were 48 out of 64 cases
in which carabid diversity was higher in the system with the
lower tillage intensity than in the system with the higher in-
tensity, whereas the opposite was found in only 16 cases;
according to a sign test, this effect of tillage intensity on cara-
bid diversity was highly significant (p < 0.001). This finding
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was robust against removing the dataset of the study by
Lalonde et al. (2012). Out of 34 remaining comparisons, 30
showed higher carabid diversity in the treatment with the low-
er tillage intensity.

5 Mechanisms underlying tillage effects
on ground beetles

5.1 Differential effects of tillage operations on
different ground beetle species

The present evaluation confirms variable results of tillage ef-
fects on ground beetles, in particular with respect to abundance.
Inconsistent effects of ploughing versus non-inversion tillage
on carabids have already been discussed by Holland and Luff
(2000). In a data compilation, they identified from a total of 45
carabid species some 14 species that preferred ploughed soils
compared with 15 species favoring minimum tillage. Six spe-
cies showed no preference for a particular tillage system. One
main reason for these ambiguous results are contrasting effects
of tillage on those carabid species dominating in a specific field.
According to most studies, site-specific carabid assemblages
are numerically dominated by few species (Baguette and
Hance 1997; Lalonde et al. 2012; Menalled et al. 2007). As a
consequence, the overall abundance is mainly affected by the
impact of tillage on the dominant species. If a tillage system
favors or disfavors a dominating carabid species, the abundance
of this species will be positively or negatively affected with
possible effects on total abundance.

In a Canadian study, carabid abundance was strongly af-
fected after 18 years of different soil tillage. About 60% of all
carabid individuals were collected in no-till plots, while only
20% in either chisel or moldboard ploughed plots. From a
total of 19 carabid species, only four accounted for 97% of
the abundance, where Harpalus rufipes dominated with 71%
of activity abundance. The dominance of this omnivorous
species in no-till plots could partly be attributed to predatory
feeding (Lalonde et al. 2012), possibly because slugs
(Kennedy et al. 2013) and earthworms (Pelosi et al. 2009) tend
to be more abundant in no-till compared with ploughed fields.

In contrast, total carabid activity density was two times
higher in ploughed compared with no-till plots in field exper-
iments in the Midwest, USA. Likewise, only three out of 33
species were dominating (82.5%) of overall 1609 trapped ca-
rabids. The authors explained the dominance of the native
spring breeder Poecilus chalcites with the tolerance of this
species to intensive soil disturbance (Menalled et al. 2007).
However, in the same study, the abundance of seed predating
carabids was three times higher in no-till compared with
ploughed plots indicating a change of food availability in-
duced by tillage. Even one dominating species can be decisive
for overall carabid abundance. In another Canadian study, for
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instance, total carabid abundance in ploughed plots (z = 1480)
was clearly higher compared with reduced tillage (n = 835).
When excluding the by far dominating species Agonum
placidum with 608 more individuals in ploughed plots, cara-
bid abundance tended to be equal in both tillage systems
(Carcamo 1995).

Moreover, interactions between tillage and crop type still
complicate a clear view. In a recent study in Pennsylvania,
USA, the abundance of Agonum muelleri was significantly
higher after full versus reduced tillage, but only in rye and
not in timothy/clover. The authors assume that cereals created
a more suitable habitat for the carnivorous medium-sized spe-
cies also providing more prey (Pisani Gareau et al. 2020).

In an Irish study, the aggregate number of carabids cap-
tured did not differ between intensive and minimum tillage
(Kennedy et al. 2013). However, species-specific responses
to tillage were noted. The abundance of the larger species
Pterostichus melanarius was significantly higher after re-
duced tillage, while the smaller Bembidion ssp. were more
abundant after intensive tillage. The abundance of
P. melanarius was correlated with increased slug abundance
in plots with minimum tillage (Kennedy et al. 2013). Higher
P. melanarius and slug abundances after non-inversion tillage
were also noted in an earlier study, where 84% of the beetles
contained slug remains. The authors concluded that
P. melanarius tend to have a preferential feeding upon slugs
in areas with high slug biomass (Symondson et al. 1996).

Further, it is obvious that timing is a major factor
explaining tillage effects on different carabid species
(Holland and Luff 2000; Roger-Estrade et al. 2010; Wardle
1995). Carabid abundance reducing effects of tillage opera-
tions can mainly be expected when carried out at vulnerable
growth stages of tillage-sensitive species. Indirectly, ground
beetle species whose larvae develop in spring benefit from the
higher amount of crop residues on the soil surface in no-tillage
systems, since crop and cover crop residues can serve as hab-
itat during winter (Lalonde et al. 2012; Larochelle and
Lariviere 2003; Thiele 2012). Accordingly, species with au-
tumn oviposition, such as Harpalus rufipes and Pterostichus
melanarius, tend to have a higher abundance in permanent no-
tillage areas. Lalonde et al. (2012) argue that the larvae of
these species hibernate at soil depths that make them vulner-
able in autumn or winter tillage, especially ploughing—which
is why these species prefer no-till over tilled fields (Lalonde
etal. 2012). In a Belgian study by Baguette and Hance (1997),
biological properties of carabid species could be linked to
tillage regimes. Here, in contrast to the study by Lalonde
et al. (2012), autumn breeders were more abundant in
ploughed plots; in addition, small carabid species were more
abundant in plots with a low ploughing intensity (Baguette
and Hance 1997).

A comprehensive assessment of tillage effects on carabid
diversity also requires the inclusion of data on species
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richness. The present evaluation of 40 studies showed that
carabid diversity tends to be favored by lowering tillage inten-
sity (Fig. 2), but not in an entirely conclusive way.

For a deeper understanding of soil tillage impacts on cara-
bid populations, it is necessary to link direct and indirect ef-
fects of tillage to the biological profile of individual carabid
species including data on reproduction biology such as egg
laying depth and vertical distribution of larvae. Tillage influ-
ences soil organisms directly through mechanical intervention
on the one hand, and indirectly through a change in habitat
structures on the other (Wardle 1995). Unfavorable environ-
mental conditions induced by tillage include interruption of
access to food, destruction of habitats, and drying out of the
soil (House and Del Alzugaray 1989). The extent of injury
depends on the specific vulnerability of a carabid species in-
cluding the flexibility to adapt to changing environmental
conditions induced by tillage. Hence, tillage may lead to a
shift in species composition. Most evident are tillage effects
on food access for carabids.

5.2 Ground beetles in the food web

Soil tillage may result in a removal or concentration of bio-
mass, thereby changing access and availability of food
sources. The strength of the tillage effect depends of the site-
specific carabid species composition and their individual feed-
ing behavior. Tillage not only has a direct effect on arthropods
and physical soil parameters, but also indirectly affects the
entire food web in the soil including lower trophic levels.
Ploughing, for example, influences the species composition
of soil organisms within the soil food web in terms of body
size, nutrition, generation time, and dispersal rate (Andrén and
Lagerlof 1983; Hendrix et al. 1986). Therefore, not only phy-
tophagous, saprophagous, and granivorous species are affect-
ed by tillage, but also representatives of higher trophic levels,
i.e., predators (Wardle 1995). In general, larger organisms of
the mega fauna (organisms > 2 mm, earthworms and large
invertebrates) tend to react more strongly to intensive tillage
than smaller organisms of the meso- and microfauna and mi-
croflora (Ball and Robertson 1994; Barnes and Ellis 1979;
Black and Okwakol 1997; Chan 2001; Folgarait 1998). This
may also be a reason for a shift in the ground beetle population
due to a change in the tillage regime, as the prey of some
species of ground beetles appears more or less frequently after
tillage. Physical interference with the soil, in particular by
ploughing, results in larger organisms of higher trophic levels
being disadvantaged, while small organisms of lower trophic
levels are less affected or even benefit to a small extent
(Wardle 1995).

Ploughing also causes fragmented crop residues in the soil
to be broken down mainly by bacteria, while the coarse plant
residues on the soil surface are broken down more by fungi in
no-tillage. Ground beetle species which feed on fungivores

such as Collembola (McNabb et al. 2001) could thus indirect-
ly benefit from zero tillage. Due to the wide range of food
sources for ground beetles, it can therefore be assumed that a
tillage-induced interference in the soil food web has an influ-
ence on the species composition and abundance of ground
beetle populations in a field.

However, the dietary requirements of many ground beetle
species are not yet fully understood (Da Matta et al. 2017,
Kulkarni et al. 2015). Most carabids are polyphagous with
feeding habits ranging from herbivory or carnivory to
omnivory (Hengeveld 1979). Plant-consuming carabids are
either feeding on seeds or feeding on green plants.
Molecular studies have shown that some carabid species con-
sidered to be highly carnivorous were also feeding on weed
seeds (Lundgren et al. 2013). While the large majority of
ground beetles is not noxious to plants, species in some gen-
era, e.g., Zabrus, Harpalus and Pterostichus, may also be
noxious to some crop species (Larochelle 1990; Lovei and
Sunderland 1996).

Direct effects of tillage become evident when looking at
weed seed—consuming ground beetle species. Each type of
tillage, but in particular soil inversion by ploughing, removes
seeds from the soil surface. In addition to the mechanical
intervention in the soil by tillage implements and the intensity
of'tillage (primary effect), the longer-term control of weeds by
tillage (secondary effect) thus also plays an important role,
since weeds and their seeds serve as a food source for some
species of ground beetles (Andersen 1999, 2003). Seed-
feeding ground beetles, e.g., in the genus Harpalus, tend to
occur more frequently with higher weed pressure often in-
duced by reduced tillage (Andersen 2003). Seed-feeding ca-
rabid species generally prefer fields with no mechanical dis-
turbance (Hatten et al. 2007; Trichard et al. 2013), because of
higher food availability in those systems.

In contrast to this, however, a Canadian study found that
weed seed predation was high in both no-till and ploughed,
but lower in non-inversion tillage systems using a chisel
plough (Cromar et al. 1999). Cardina et al. (2002) investigated
the effect of long-term no-tillage compared to conservation
tillage and ploughing on the abundance and biodiversity of
weed seeds in the soil. At both sites, the no-tillage plots in
the soil layer 0 to 5 cm showed the highest number of viable
weed seeds and the highest number of arthropod species. In
particular, granivorous animal species are therefore expected
to benefit from no-tillage procedures. In a field trial in the
Midwest, USA, higher weed seed consumption was found
on long-term no-tillage areas. Seed predators, in particular
Anisodactylus ruficus, made up 32% of the total individuals
captured in no-till, while it constituted only 4% of individuals
in the ploughed plots (Menalled et al. 2007). Ploughing com-
pared with undisturbed plots or chisel ploughing reduced ac-
tivity of weed seed predators H. rufipes, Agonum muelleri,
Anisodactylus merula, and Amara cupreolata on two sites in
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Maine, USA, by about 50%, probably as a result of seed
burial. In contrast, abundance of arthropod predator
Pterostichus melanarius was clearly reduced after all types
of tillage indicating a higher vulnerability of this species
(Shearin et al. 2007).

Tillage effects on activity abundance of carnivorous cara-
bids tend to be less clear and more complex than for seed-
feeding carabids. In general, the abundance of carabid species
feeding on pests is associated with pest incidence. Pests favor-
ing specific tillage systems may therefore lead to a higher
carabid abundance (Andersen 1999). Compared to high-
disturbance tillage systems, a suite of invertebrate pest species
tends to be more problematic in fields managed with reduced-
tillage practices (Douglas and Tooker 2012; Stinner and
House 1990). For example, slugs tend to be more abundant
in no-till systems and can be overwhelming when conditions
are cool and rainy during the planting season, at times causing
damage severe enough to require replanting (Douglas and
Tooker 2012). Thus, larger ground beetle species (e.g., from
the genus Carabus), which feed on earthworms, slugs, and
snails, may benefit from increased prey populations with re-
duced tillage (Kennedy et al. 2013). However, in a Polish
study, no significant differences between ploughing and
non-inversion tillage in terms of numbers of large carnivorous
carabids were noted (Kosewska et al. 2014).

The issue of indirect tillage effects on carabids through the
food web is complicated further by intraguild predation (Heij
and Willenborg 2020), as tillage may shift the balance of
predation among carabids, e.g., by smaller carabid species
falling prey to larger generalist carabids.

Apart from the complex effects of tillage on food webs, and
the role of carabids in them, specific habitat requirements of
individual species are a further factor explaining tillage-
induced changes of carabid species assemblages.

5.3 Tillage-induced habitat changes

Soil tillage leads to a variation in crop habitat. No-tillage, for
instance, a system with minimized mechanical intervention in
the soil leads to a clearly separated stratification due to the
accumulation of organic matter at the soil surface. In addition
to higher soil moisture due to reduced evaporation and buff-
ering of temperature extremes, more food is provided for litter
inhabitants and decomposers (House and All 1981; House and
Parmelee 1985). Larger quantities of plant biomass on the soil
surface, however, serve soil organisms not only as a food
source but also as a habitat. Likewise, weeds and crop residues
typical for reduced-tillage systems can provide refugia, buffer
temperature, and moisture fluctuations and improve habitat
for insect and slug pests. As a result, the arthropod community
on no-tillage areas is less mobile, but more resilient (House
and Stinner 1983). Modifications of the microclimate at soil
surface through different tillage systems also need to be seen
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in relationship with the ecological preferences of carabids with
respect to temperature and moisture; as microclimatic prefer-
ences among carabid species vary (Thiele 1977, 2012), this
mechanism is a likely explanation for shifts in community
composition between tillage systems.

In addition, the residues lead to the soil drying out less
quickly and freezing later in winter, which can benefit arthro-
pods, among others (Sapkota et al. 2012). Higher arthropod
abundance and diversity in no-till versus ploughed plots in
Georgia, USA, was partly explained with the clear buffering
capacity of no-till against drought due to an increased soil
moisture retention (Blumberg and Crossley 1983). Soil mois-
ture, substrate porosity, and altitude were the main factors
determining ground beetle composition in North East
England (Luff et al. 1989). Tillage-induced changes in soil
moisture may hence favor hygrophilic and disfavor xerophylic
species. However, dominating factors on soil humidity are
site-specific precipitation and soil type, while tillage effects
remain comparatively weak. Temperature, in theory, may also
play an indirect role, as thermophilic species may respond to
faster warming of ploughed than of no-till soils in spring.

5.4 Direct lethal effects of tillage on ground beetles
including larvae

Inversive tillage is the most energy intense form of soil culti-
vation in agriculture. It is therefore not surprising that the
related forces do also have a direct impact on ground beetles.
Thorbek and Bilde (2004) found that tillage accounted for a
direct mortality of 27% of ground beetles within the observed
area. However, in most studies, the direct lethal effect of till-
age remained difficult to quantify. Studies showed two main
aspects of direct lethal effects, first, effects related to the phys-
ical effects of tillage and second related to the exposure of
ground beetles and their larvae after tillage.

The physical effects refer to injuring, killing, or burying of
ground beetles (Kladivko 2001). The heavy machinery for
ploughing is associated with strong forces that can physically
kill ground beetles (Fadl et al. 1996). Kladivko (2001) showed
that larger beetles are more affected than smaller ones as they
have a greater surface and are less likely pushed aside. Beetle
larvae as well are physically injured or killed by tillage
(Thorbek and Bilde 2004), most likely due to their soft-
bodied larval instar (Fadl et al. 1996).

The exposure effects relate to predation and climate condi-
tions. The inversion of the soil by tillage moves the soft bod-
ied larval instars of ground beetles to the surface where they
are without any cover an easy prey for birds or other predators
(Fadl et al. 1996). As tillage leaves the soil blank without any
cover of plants or litter, also full-grown ground beetles are
very exposed and thus more likely captured by natural preda-
tors, especially on large arable areas. Reduced ground cover
also makes the soil and the associated ground beetle
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populations more vulnerable to weather and climate condi-
tions. During the cold season, tillage may move larvae from
a soil depth of 15 to 20 cm to the soil surface, where they are
exposed to frost and thus can freeze to death (Larochelle and
Lariviere 2003). In dry periods, desiccation can have lethal
effects on ground beetles as the lack of soil coverage by plants
or litter does not provide any refuges and reduces the humidity
of the microclimate at the soil surface (Shearin et al. 2014).

Studies clearly indicate direct lethal effects on ground bee-
tles, but according to Thorbek and Bilde (2004) these effects
remain relatively partial and accounted for 25-60% of the total
population declines related to tillage. This is mainly because
direct effects depend on the specific point of time, while oth-
erwise indirect effects on ground beetle populations extend
over the time span until the succeeding soil cultivation.
Further, Neave and Fox (1998) argued that under favorable
conditions, a sufficient period without tillage can help to in-
crease or stabilize the population density of soil-dwelling or-
ganisms after tillage during the growing season.

5.5 A critical look at methodology: the effects of
trapping devices

Extensification of tillage and, in extreme cases, no-tillage lead
to an accumulation of organic material at the soil surface
(Dick et al. 1986; Huggins and Reganold 2008). The mobility
of the ground beetles may be restricted by plant material. As
the radius of action and the dispersal speed depend on the
habitat, differences in abundance between conservation till-
age, ploughing, and no-tillage can also be attributed to the
physical habitat structure. According to the concept of spatial
resistance (Heydemann 1957), carabid activity may be record-
ed as low if there are large amounts of (plant) material on the
ground that physically hinder or slow down direct movement.
Following this concept, a higher activity abundance after in-
tensive soil tillage, e.g., determined with pitfall traps, can be
attributed to the lower amount of organic matter. The ground
beetles may reach the pitfall traps more easily than on a no-
tillage area with a significantly higher amount of plant resi-
dues on the soil surface (Crist and Wiens 1995). Thus, insects
are more mobile on ploughed fields than on no-tillage areas.
Furthermore, insects from surrounding habitats, such as
hedges or overgrown or weedy arable land, can migrate more
easily to freshly ploughed and sown fields (House and Stinner
1983). For sampling carabids, trapping devices typically used
on agricultural land such as pitfall traps do not measure cara-
bid abundance as density (individuals per unit area); instead,
numbers of individuals caught depend on both density and
activity, e.g., with larger more active species usually having
a higher propensity of being caught than smaller species
(Spence and Niemeld 1994). Therefore, results from pitfall
trapping should be interpreted with caution.

Furthermore, the type of pitfall trap, depending on the
ground beetle species and size, influences the number of cap-
tured individuals (Greenslade 1964; Spence and Niemeld
1994). The population size and the activity of the individual
species and individuals also affect the abundance determined
by pitfall traps (Greenslade 1964). Lange et al. (2011) found
that a larger diameter of pitfall traps in combination with a
funnel led to a higher abundance of ground beetles, while the
number of species remained almost constant regardless of the
trap size.

Although most of the studies examined used pitfall traps,
there are other methods for catching ground beetles. When
comparing pitfall traps with manual samples from light
towers, neither of the two methods was able to identify all
species present at the site. Pitfall traps were able to detect a
significantly higher carabid species number, while the number
of captured individuals and thus the sample size was larger in
manual sampling at light towers (Liu et al. 2007).

Pitfall traps on the soil surface do not capture larvae in
relevant amounts. Recently, it has been suggested to use sub-
terranean pitfall traps to monitor carabid assemblages. These
traps are delineated by a mesh tube (1.2-cm grid) through
which soil organisms fall (Jowett et al. 2021). In field exper-
iments with contrasting soil tillage and different crops using
both trapping types, significant species-specific differences in
catches between traps were noted. Trap type accounted for the
most variance observed in carabid community composition,
followed by crop. Reduced activity abundance at the species
level after tillage versus no-till was only apparent for three of
eight species (Jowett et al. 2021).

The comparison of tillage systems with regard to possible
effects on abundance, species numbers, and diversity of
ground beetle populations is impaired by methodological dif-
ferences between the studies. Besides the method used to
catch the ground beetles, the distances between the traps, the
position, the sampling date, and the number of sampling dates
may also play a role. Further, the experimental design also
influences the results: apart from the location, there were also
differences between the studies with regard to the plant spe-
cies selected, the management (e.g., fertilization, plant protec-
tion), and the farming history. This, together with interactions
between tillage and crop species, makes it difficult to draw
any clear-cut conclusions on the effects of tillage on carabids
unless the methodological issues mentioned above are
resolved.

5.6 Experimental and sampling duration

In many cases, field experiments on tillage are run as static
long-term trials. The duration of field experiment is an impor-
tant factor that may influence the observations made in indi-
vidual studies. In long-term experiments, cumulative effects
over many years may be expected in contrast to shorter term
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experiments where effects may be weaker overall. However,
there are unfortunately currently not enough long-term trials
testing tillage effects on carabids to quantify any cumulative
effect over time. On the other hand, the total duration of sam-
pling carabids within the experiment may have an effect on
the observations of carabid abundance, species richness, and
diversity. In the analyzed literature, the sampling duration was
often much shorter than the total length of the experiment
(e.g., Lalonde et al. 2012); most studies analyzed only present
results of 1 or 2 years of sampling.

6 Factors interacting with soil tillage effects

The effects of the intensity of tillage on soil-dwelling organ-
isms such as ground beetles should not be considered in iso-
lation, since carabids are sensitive to a range of cultivation
practices, and tillage practices are associated with specific
crop management such as cover cropping.

Various factors play an important role by modifying and
partly compensating for the effects of tillage on soil-inhabiting
organisms in general, and ground beetles in particular.
External factors include the climatic conditions and the agri-
cultural landscape context; management factors include the
system (conventional, organic), and especially weed control
and crop rotation. In particular, the negative effects of inten-
sive tillage on soil life can be partially offset by other
biodiversity-promoting measures.

In the factorial studies in which interactions between tillage
and other management measures on soil flora and fauna were
investigated (e.g., Baird and Bernard 1984; Murphy et al.
2006; Zhang et al. 2012), often no statistically significant in-
teractions were found. Nevertheless, the consideration of these
further measures in the context of tillage may offer the oppor-
tunity to identify management systems that have a positive
impact on soil biodiversity.

6.1 Site and climate

Ground beetles, as well as their prey and their predators, are
highly dependent on the location. Soil type is known to affect
ground beetle communities. Already Thiele (1977) observed
that more ground beetle species and higher abundances are
typically found on loamy than on sandy soils. In addition to
soil type and its associated physical properties, in particular
soil water balance, but also pH and soil organic matter content,
has a significant impact on soil biodiversity. An example of
this is the location dependence of the arable weed vegetation.
At the same time, however, the site factors also determine
which system of soil cultivation is chosen in practice at the
respective location. Thus, under comparatively low precipita-
tion conditions, the favorable effects of reduced tillage on the
soil water balance, in particular the reduction of evaporation
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(Mitchell et al. 2012), become more relevant. Furthermore,
van Capelle et al. (2012) noted interactions between tillage
and soil texture on the soil fauna. Earthworm abundances on
sandy and clay soils were not significantly influenced by till-
age, whereas on clayey and silty soils their data analysis
showed strongly increased earthworm abundances after no-
till compared to the conventional tillage.

6.2 Landscape context

Biodiversity on agricultural land is strongly affected by land-
scape structure. Species numbers and abundances often in-
crease with diversity and the proportion of non-agricultural
land such as hedges, field margins, or fallow land (Clough
et al. 2005; Devictor and Jiguet 2007; Thomas and Marshall
1999). The abundance, number of species, and species diver-
sity of arthropods in an agricultural landscape are further in-
fluenced by the size of the area, the geometry of the area, and
the perimeter-to-area ratio. If the perimeter is relatively large
in relation to the area, ground beetles, for example, benefit
from marginal structures that serve as habitat and can provide
food (Zangger et al. 1994). Edge structures can also favor the
overwintering of individual species (Petersen et al. 1996).

The landscape context is of indirect importance for tillage,
in that risk of soil erosion can be increased by a pronounced
relief, large field sizes, or a small proportion of structural
elements in the landscape; thus, the use of the plough can
become more problematic. In this context, it is interesting to
note that the negative effects of landscape homogenization on
the regulation of pests are partly compensated by the use of
reduced tillage (Tamburini et al. 2016a). The negative effects
of urbanization on ground beetle populations could also be
mitigated by reduced tillage (Tamburini et al. 2016b).
Conversely, it can be assumed that negative effects of inten-
sive tillage on soil biodiversity in small-scale landscapes may
be partially compensated.

6.3 Conventional vs. organic management

Due to its integrated approach, organic farming has some sys-
temic advantages in terms of promoting biodiversity in
agroecosystems, which have repeatedly been described
(Bengtsson et al. 2005; Hole et al. 2005; Petersen 2002;
Tuck et al. 2014). Ecological land management can lead to a
higher abundance of plants, insects, and birds, among others
(Tuck et al. 2014). A distinction can be made between direct
effects of the management system, e.g., through the use of
insecticides in conventional agriculture, and indirect effects
such as a more diverse and richer food base on organically
farmed land through the non-use of herbicides. For example,
chemical weed control may result in the absence of preferred
food plants and their seeds on conventional land and certain
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insect species that feed on these seeds may be disadvantaged
compared with organic farming (Ostman et al. 2001).

On the other hand, however, it tends to be agronomically
more difficult in organic than in conventional farming to re-
duce the intensity of tillage (Cooper et al. 2016). This is partly
due to yield losses when ploughing is abandoned, a conse-
quence of reduced nitrogen mineralization and increased weed
pressure (Salonen and Ketoja 2020) under reduced tillage.
However, organic farming has a package of compensatory
measures to promote soil biodiversity. On average, both re-
duced tillage and organic farming tend to have a positive ef-
fect on (soil) biodiversity, but in practice, the combination of
reduced tillage and organic farming faces several obstacles for
the reasons mentioned above.

6.4 Weed control

Weed control measures, especially the use of herbicides, can
have significant direct and indirect effects on soil biodiversity.
The weed flora in particular is directly affected as the target of
the regulatory measures. Since herbicides reduce the abun-
dance and diversity of weeds, the habitat structure also chang-
es. Depending on the weed abundance and biomass, the mi-
croclimate including temperature and humidity in the crop
stand may change. Weeds may also provide protection against
predators and influence the mobility of individual species in
the stand. Herbicide-induced reduction of weed biomass and
weed seed abundance may also decrease food supply for her-
bivorous and granivorous arthropods, respectively (Holland
and Luff 2000).

In addition to chemical tillage, mechanical weed control,
e.g., weeding or hoeing, analogous to tillage, can also nega-
tively influence the diversity of soil organisms. In particular,
hoeing can lead to destruction of the arable weed flora, as a
result of which it is no longer available as a food source.
Especially in the case of wide row spacing in hoeing and
row crops, mechanical tillage may cause a reduction of plant
biomass at the soil surface and thus a change in habitat.

In the context of tillage, a central question is how systems
with reduced or no tillage at all affect soil biodiversity when
non-selective herbicides are applied, especially because cara-
bids may be more affected by herbicide than by the tillage
operation (Svobodova et al. 2018). In conventional agricultur-
al practice, the reduction of tillage intensity is often accompa-
nied by the use of such herbicides, especially glyphosate.
Negative effects of glyphosate on soil micro-organisms
(Druille et al. 2016), on mycorrhizal fungi (Helander et al.
2018), and on earthworms (Lazurick et al. 2017; Stellin
et al. 2018) have been documented. With regard to carabids,
several studies have shown negative impact of glyphosate use
on the abundance of various species (e.g., Svobodova et al.
(2018)), though one study also showed that carabid species
richness was higher under glyphosate than under a

conventional herbicide regime (Garcia-Ruiz et al. 2018). The
decisive factor determining carabid response seems to be suf-
ficient weed cover (Garcia-Ruiz et al. 2018; Svobodova et al.
2018).

6.5 Crop rotation

Crop rotations have a significant impact on soil biodiversity
and are, at the same time, intricately linked with the tillage
system. Rotations affect carabids as the species composition
and abundance of ground beetles depend on the crop cultivat-
ed. In field trials, spring-sown crops showed lower abundance
and species numbers and lower diversity than autumn-sown
crops; the differences between autumn-sown and spring-sown
crops were greater than the differences between crop species
within a group (Booij 1994; Booij and Noorlander 1992). This
can be explained by the time of tillage and the influence of the
microclimate in the stand, since the microclimate in cereal
stands is warmer and drier than that in root crops (Holland
and Luff 2000). Since the activity of ground beetles increases
with temperature, a higher abundance in cereals can be ex-
plained by the microclimate (Baars 1979; Jones 1976). In
addition, ground beetles prefer crops that cover the soil quick-
ly. Especially in root crops with wide row spacing, such as
maize or sugar beet, row or stand closure is achieved much
later than in cereal stands (Booij 1994).

6.6 Cover crops

Cover crops are an important component for maintaining soil
fertility in arable farming systems, especially in those with
reduced tillage intensity. Due to their ability to suppress
weeds, cover crops are used in particular in reduced or no-
tillage farming systems, inter alia to regulate weeds, which
otherwise occur through tillage. In a study conducted in the
Northern Great Plains, cover crops were found to be beneficial
for carabids (DuPre et al. 2021). More indirectly, plant resi-
dues of cover crops serve as food for several soil organisms. In
a field trial, for example, the cultivation of mustard (Brassica
Jjuncea) or hairy vetch (Vicia villosa) as cover crops led to a
higher number of microarthropod species than in a cultivation
system without catch crop, probably by serving as food source
for some carabids. When comparing different cover crop sys-
tems with fallow, a higher activity density of the carabid
Harpalus rufipes in cover crop systems could be observed.
However, the effect varied depending on cover crop mixtures
and tillage date (Shearin et al. 2008).

7 Conclusions

The species composition and abundance of carabid communi-
ties on arable fields is a consequence of heterogeneous
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environments, which is influenced by a variety of tillage prac-
tices. Ground beetles tend to generally benefit from a reduc-
tion of tillage intensity. However, proof of this effect is often
not possible due to the complexity of underlying ecological
mechanisms and other compensatory factors, especially crop
rotation, cover cropping, and crop protection measures. Part of
this complexity is formed by the food webs on arable fields, of
which carabids constitute an important component. Tillage
affects the food of carabids; e.g., weeds and earthworms gen-
erally benefit from a reduction in tillage intensity. Generally,
the advantages of reduced tillage and no-tillage for carabids
and other soil-dwelling organisms may mainly be seen as a
consequence of the accumulation of biomass and organic mat-
ter at the soil surface and the permanent or temporary lack of
disturbance of the soil.

This review has shown that (a) high tillage intensity, on
average, negatively affects ground beetle abundance, richness,
and diversity in agroecosystems, but that (b) these effects of
tillage are highly variable and dependent on a complex set of
environmental and management factors. These insights impli-
cate recommendations for both agricultural practice and
research.

In particular, for agricultural practice to promote and pro-
tect carabids in arable land, the following measures can be
deduced. (1) On average, carabid beetles are likely to benefit
from reduced tillage intensity; replacing the plough with less
intensive tillage systems or even moving to no-till will there-
fore often help to protect this insect group. (2) However, based
on the current evidence, we conclude that no particular tillage
system may be given a general preference with regard to the
support of carabids. The principle “diversity creates diversity”
applies in particular when considering a larger landscape area,
in which a variety of tillage systems will create a higher over-
all diversity (gamma diversity) as different carabid species
benefit from different tillage systems. Nevertheless, specific
effects on the diversity of carabids can also be associated with
certain tillage practices. (3) Further, tillage may be adapted in
time (e.g., through timing of tillage to avoid vulnerable larval
stages), and space (e.g., through strip tillage). (4) Where a
reduction of tillage intensity is agronomically difficult, other
measures may help to compensate the negative effects of till-
age on carabids, thereby helping to reconcile agronomic aims
of tillage with protection of carabid beetles; these include (a)
spatial and temporal diversification on all levels of arable crop
production including diversified crop rotations and the use of
cover crops; (b) reduced use of pesticide, in particular of in-
secticides; (c) less vigorous weed control to help promote
carabids feeding on weed seeds; (d) conversion to organic
farming as a combination of different extensification mea-
sures; (e) provision of perennial refuge habitats such as grass
margins or beetle banks.

In addition, our review has also highlighted the many meth-
odological difficulties in research on the response of ground
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beetles to tillage. Based on these findings, there are several
recommendations for future research:

(1) The assessment of tillage disturbance on assemblages of
ground beetles is complex. Understanding realistic ef-
fects of tillage on ground beetles therefore needs to take
account several other management measures and the en-
vironmental conditions shaping this management. The
present study shows, also due to partly contradictory
statements on the influence of tillage on ground beetles,
aneed for further research, in particular on the interaction
of the major factors that can have a compensatory effect.
While researchers may set up experiments to separate
tillage effects from those of other influences, farming
practice always requires tillage to be part of a package
that is designed to be compatible with this multiplicity of
factors.

(2) With a view to the goal of promoting soil biodiversity,
and carabid beetles in particular, there is a need for re-
search to develop and evaluate practical methods of re-
duced tillage in organic farming (e.g., Krauss et al.
2020), or other alternative systems that combine a reduc-
tion in tillage with a non-use of herbicides.

(3) Many studies could not be integrated in the meta-
analysis because some basic requirements were not
met; in particular, dispersion parameters (such as stan-
dard deviation) were not given in all cases. Future re-
search should always provide this information to facili-
tate meta-research that is likely to make it easier to reveal
any more general patterns in the response of carabids to
tillage. More generally, open data policies are likely to
enable secondary use and cross-regional studies.

(4) To more deeply understand carabid responses to tillage,
it will be necessary to study parameters that have not yet
been sufficiently included in previous research, such as
the resilience of species communities after various tillage
measures. In this context, resilience refers to the ability
of the community to recover after a defined stress event.
The resilience could be measured via the time course of
the abundance, diversity, or richness of the community
following a specific tillage operation.

(5) Inorder to quantify the effects of various factors, includ-
ing tillage, on ground beetles, a profound knowledge of
the habitat requirements of the respective species is re-
quired. In view of the large number of potential species
to be studied, and the faunistic differences in species
communities across geographic areas, we recommend
two complementary approaches. The first approach is
the identification of key species that may serve as reliable
indicators of biodiversity. Suitable for this purpose
would be species whose biology is sufficiently known,
which occupy a specific place in the food web, which
respond sensitively to changing environmental
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conditions and for which a reliable recording method is
available in the field. In the medium term, this would
make it possible to develop the foundations for a system-
atic assessment framework for the carabid diversity in
response to tillage systems. Alternatively, a more trait-
based approach would use data from all carabid species
at a site, but would more strongly rely on species-specific
information about their morphological, phenological,
and ecological properties. This would make it possible
to draw conclusions about the response of functional
groups rather than individual species to tillage practices.
Such a functional approach would not only potentially
help to reveal mechanisms that underlie these responses,
but also to quantitatively bring studies together from dif-
ferent geographic regions, where taxonomic identities
are different but ecological properties are similar.

For the overall evaluation of tillage effects on carabids, it is
clear that, particularly from a practical farming point of view,
other criteria are of primary importance when farmers choose
a tillage system. First and foremost, these are production-
related and economic criteria, as well as abiotic resource pro-
tection, especially against soil erosion. In order to enhance
biodiversity of carabids—and to manipulate carabid
assemblages—a reduction in the intensity of tillage alone is
not sufficient. Permanent or at least temporary no-tillage in
combination with an adapted, diverse crop rotation, cultiva-
tion of cover crops, reduction of insecticide and fungicide use,
and increase of diversity within the cultural landscape, e.g.,
through field margins or hedges may be suitable for promot-
ing carabids.

Author contribution All authors contributed to the review conception
and design. Literature collection and analysis were performed by PM,
DN, and TFD. Meta-analysis was carried out by KS. The first draft of
the manuscript was written by PM, DN, MN, and TFD and all authors
commented on previous versions of the manuscript. All authors read and
approved the final manuscript.

Funding Open Access funding enabled and organized by Projekt DEAL.
This study was funded by the German Federal Agency for Nature
Conservation (BfN) through funds from the German Ministry for
Environment (BMUV).

Data availability All data used for the analyses in this study are extracted
from scientific publications and available and can be found following the
respective literature references.

Code availability All used R-packages are clearly referenced in the
“Materials and methods” section.

Declarations

Ethics declarations Not applicable

Consent to participate Not applicable
Consent for publication Not applicable

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/ .

References

Alam MJ, Das G (2020) Toxicity of insecticides to predators of rice
brown planthopper: Wolf spider and carabid beetle. J Sci Food
Agric 3. https://doi.org/10.21839/jtha.2020.v3.310

Andersen A (1999) Plant protection in spring cereal production with
reduced tillage. II. Pests and beneficial insects. Crop Pro 18:651—
657. https://doi.org/10.1016/S0261-2194(99)00071-X

Andersen A (2003) Long-term experiments with reduced tillage in spring
cereals. II. Effects on pests and beneficial insects. Crop Pro 22:147—
152. https://doi.org/10.1016/S0261-2194(02)00133-3

Andrén O, Lagerlof J (1983) Soil Fauna (Microarthropods, Enchytraeids,
Nematodes) in Swedish Agricultural Cropping Systems. Acta Agri
Scan 33:33-52. https://doi.org/10.1080/00015128309435350

Awada L, Lindwall CW, Sonntag B (2014) The development and adop-
tion of conservation tillage systems on the Canadian Prairies. Int Soil
Water Cons Res 2:47-65. https://doi.org/10.1016/S2095-6339(15)
30013-7

Baars MA (1979) Patterns of movement of radioactive carabid beetles.
Oecologia 44:125-140. https://doi.org/10.1007/BF00346411

Baguette M, Hance T (1997) Carabid Beetles and Agricultural Practices:
Influence of Soil Ploughing. Biol Agric Hortic 15:185-190. https://
doi.org/10.1080/01448765.1997.9755193

Baird SM, Bernard EC (1984) Nematode population and community
dynamics in soybean-wheat cropping and tillage regimes. J Nem
16:379-386

Baker CJ, Saxton KE (2007) No-tillage seeding in conservation agricul-
ture. Cabi

Ball BC, Robertson EA (1994) Effects of uniaxial compaction on aeration
and structure of ploughed or direct drilled soils. Soil Til Res 31:135—
148. https://doi.org/10.1016/0167-1987(94)90076-0

Barnes BT, Ellis FB (1979) Effects of different methods of cultivation
and direct drilling, and disposal of straw residues, on populations of
earthworms. J Soil Sci 30:669—-679. https://doi.org/10.1111/5.1365-
2389.1979.tb01016.x

Bengtsson J, Ahnstrom J, Weibull AC (2005) The effects of organic agri-
culture on biodiversity and abundance: a meta-analysis. Appl Eco 42:
261-269. https:/doi.org/10.1111/.1365-2664.2005.01005.x

Black H, Okwakol M (1997) Agricultural intensification, soil biodiversity
and agroecosystem function in the tropics: the role of termites. J
Appl Soil Eco 6:37-53. https://doi.org/10.1016/S0929-1393(96)
00153-9

INRAD 4 springe


https://doi.org/10.21839/jfna.2020.v3.310
https://doi.org/10.1016/S0261-2194(99)00071-X
https://doi.org/10.1016/S0261-2194(02)00133-3
https://doi.org/10.1080/00015128309435350
https://doi.org/10.1016/S2095-6339(15)30013-7
https://doi.org/10.1016/S2095-6339(15)30013-7
https://doi.org/10.1007/BF00346411
https://doi.org/10.1080/01448765.1997.9755193
https://doi.org/10.1080/01448765.1997.9755193
https://doi.org/10.1016/0167-1987(94)90076-0
https://doi.org/10.1111/j.1365-2389.1979.tb01016.x
https://doi.org/10.1111/j.1365-2389.1979.tb01016.x
https://doi.org/10.1111/j.1365-2664.2005.01005.x
https://doi.org/10.1016/S0929-1393(96)00153-9
https://doi.org/10.1016/S0929-1393(96)00153-9

65 Page 16 of 20

Agronomy for Sustainable Development (2022) 42: 65

Blumberg AY, Crossley DA (1983) Comparison of soil surface arthropod
populations in conventional tillage, no-tillage and old field systems.
Agro Ecosys 8:247-253. https://doi.org/10.1016/0304-3746(83)
90007-0

Bohan DA, Bohan AC, Glen DM, Symondson WOC, Wiltshire CW,
Hughes L (2000) Spatial dynamics of predation by carabid beetles
on slugs. J An Eco:367-379

Booij C, Noorlander J (1992) Farming systems and insect predators. Agri
Ecosys Envi 40:125-135. https://doi.org/10.1016/0167-8809(92)
90088-S

Booij K (1994) Diversity patterns in carabid assemblages in relation to
crops and farming systems. In: Desender K, Dufréne M, Loreau M,
Luff ML, Maelfait J-P (eds) Carabid Beetles: Ecology and
Evolution. Springer, Netherlands, Dordrecht, pp 425-431

Brooks DR, Bater JE, Clark SJ, Monteith DT, Andrews C, Corbett SJ,
Beaumont DA, Chapman JW (2012) Large carabid beetle declines
in a United Kingdom monitoring network increases evidence for a
widespread loss in insect biodiversity. J Appl Ecol 49:1009—-1019.
https://doi.org/10.1111/j.1365-2664.2012.02194.x

Brunel-Saldias N, Seguel O, Ovalle C, Acevedo E, Martinez 1 (2018)
Tillage effects on the soil water balance and the use of water by oats
and wheat in a Mediterranean climate. Soil Tillage Res 184:68—77.
https://doi.org/10.1016/j.still.2018.07.005

Cannell RQ (1985) Reduced tillage in north-west Europe—A review.
Soil Tillage Res 5:129-177. https://doi.org/10.1016/0167-
1987(85)90028-5

Carcamo HA (1995) Effect of Tillage on Ground Beetles (Coleoptera:
Carabidae): A Farm-Scale Study in Central Alberta. Can Entomol
127:631-639. https://doi.org/10.4039/Ent127631-5

Cardina J, Herms CP, Doohan DJ (2002) Crop rotation and tillage system
effects on weed seedbanks. Weed Sci 50:448-460. https://doi.org/
10.1614/0043-1745(2002)050[0448:CRATSE]2.0.CO;2

Chan K (2001) An overview of some tillage impacts on earthworm pop-
ulation abundance and diversity — implications for functioning in
soils. Soil Tillage Res 57:179-191. https://doi.org/10.1016/S0167-
1987(00)00173-2

Chauhan BS, Gill GS, Preston C (2006) Tillage system effects on weed
ecology, herbicide activity and persistence: a review. Austr J Exp
Agri 46:1557. https://doi.org/10.1071/EA05291

Chauhan BS, Singh RG, Mahajan G (2012) Ecology and management of
weeds under conservation agriculture: A review. Crop prot 38:57—
65. https://doi.org/10.1016/j.cropro.2012.03.010

Cheung MW-L (2014) Modeling dependent effect sizes with three-level
meta-analyses: a structural equation modeling approach. Psychol
Methods 19:211-229. https://doi.org/10.1037/a0032968

Cividanes FJ (2021) Carabid beetles (Coleoptera: Carabidae) and biolog-
ical control of agricultural pests in Latin America. Ann Entomol Soc
Am 114:175-191. https://doi.org/10.1093/aesa/saaa051

Clark A (2008) Managing cover crops profitably. Diane Publishing

Clough Y, Kruess A, Kleijn D, Tscharntke T (2005) Spider diversity in
cereal fields: comparing factors at local, landscape and regional
scales. J Biogeogr 32:2007-2014. https://doi.org/10.1111/j.1365-
2699.2005.01367.x

Cohen J (1988) Statistical Power Analysis for the Behavioral Sciences,
2nd edn. Routledge, New York

Cooper J, Baranski M, Stewart G, Nobel-de Lange M, Barberi P,
FlieBbach A, Peigné J, Berner A, Brock C, Casagrande M,
Crowley O, David C, de Vliegher A, Déring TF, Dupont A, Entz
M, Grosse M, Haase T, Halde C et al (2016) Shallow non-inversion
tillage in organic farming maintains crop yields and increases soil C
stocks: a meta-analysis. Agron Sustain Dev 36. https://doi.org/10.
1007/s13593-016-0354-1

Crist TO, Wiens JA (1995) Individual movements and estimation of
population size in darkling beetles (Coleoptera: Tenebrionidae). J
Anim Ecol:733-746

INRAZ

@ Springer

Cromar HE, Murphy SD, Swanton CJ (1999) Influence of tillage and
crop residue on postdispersal predation of weed seeds. Weed Sci
47:184-194. https://doi.org/10.1017/S0043 174500091608

Da Matta DH, Cividanes FJ, Da Silva RJ, Batista MN, Otuka AK, Correia
ET, de Matos STS (2017) Feeding habits of Carabidae (Coleoptera)
associated with herbaceous plants and the phenology of coloured
cotton. Acta Sci Agr 39:135. https://doi.org/10.4025/actasciagron.
v39i2.32593

de Baets S, Poesen J, Knapen A, Galindo P (2007) Impact of root archi-
tecture on the erosion-reducing potential of roots during concentrat-
ed flow. Earth Surf Process Landf32:1323—1345. https://doi.org/10.
1002/esp.1470

de Heij SE, Willenborg CJ (2020) Connected Carabids: Network
Interactions and Their Impact on Biocontrol by Carabid Beetles.
Bioscience 70:490-500. https://doi.org/10.1093/biosci/biaa039

Derpsch R, Sidiras N, Roth CH (1986) Results of studies made from 1977
to 1984 to control erosion by cover crops and no-tillage techniques
in Parana, Brazil. Soil Tillage Res 8:253-263. https://doi.org/10.
1016/0167-1987(86)90338-7

Devictor V, Jiguet F (2007) Community richness and stability in agricul-
tural landscapes: The importance of surrounding habitats. Agric
Ecosyst Environ 120:179-184. https://doi.org/10.1016/j.agee.2006.
08.013

Dick WA, van Doren Jr DM, Triplett Jr GB, Henry JE (1986) Influence of
long-term tillage and rotation combinations on crop yields and se-
lected soil parameters: II. Results obtained for a Typic Fragiudalf
soil

Doran JW (1980) Soil Microbial and Biochemical Changes Associated
with Reduced Tillage. Soil Sci Soc Am J 44:765-771. https:/doi.
0rg/10.2136/sssaj1980.03615995004400040022x

Doring TF, Kromp B (2003) Which carabid species benefit from organic
agriculture?—a review of comparative studies in winter cereals from
Germany and Switzerland. Agric Ecosyst Environ 98:153-161.
https://doi.org/10.1016/S0167-8809(03)00077-X

Douglas MR, Tooker JF (2012) Slug (Mollusca: Agriolimacidae,
Arionidae) Ecology and Management in No-Till Field Crops, With
an Emphasis on the mid-Atlantic Region. J Integr Pest Manag 3:C1—
C9. https://doi.org/10.1603/IPM11023

Druille M, Garcia-Parisi PA, Golluscio RA, Cavagnaro FP, Omacini M
(2016) Repeated annual glyphosate applications may impair bene-
ficial soil microorganisms in temperate grassland. Agric Ecosyst
Environ 230:184-190. https://doi.org/10.1016/j.agee.2016.06.011

DuPre ME, Weaver DK, Seipel TF, Menalled FD (2021) Impacts of
Dryland Cropping Systems on Ground Beetle Communities
(Coleoptera: Carabidae) in the Northern Great Plains. J Insect Sci
21. https://doi.org/10.1093/jisesa/ieab008

El-Danasoury H, Cerecedo C, Cordoba M, Iglesias-Pifieiro J (2017)
Predation by the carabid beetle Harpalus rufipes on the pest slug
Deroceras reticulatum in the laboratory. Ann Appl Biol 170:251—
262. https://doi.org/10.1111/aab.12337

Fadl A, Purvis G, Towey K (1996) The effect of time of soil cultivation
on the incidence of Pterostichus melanarius (Illig.)(Coleoptera:
Carabidae) in arable land in Ireland. m:207-214

Folgarait PJ (1998) Ant biodiversity and its relationship to ecosystem
functioning: a review. Biodivers Conserv 7:1221-1244. https://doi.
org/10.1023/A:1008891901953

Frei B, Guenay Y, Bohan DA, Traugott M, Wallinger C (2019)
Molecular analysis indicates high levels of carabid weed seed con-
sumption in cereal fields across Central Europe. J Pest Sci 92:935—
942. https://doi.org/10.1007/s10340-019-01109-5

Fussell GE (1966) Ploughs and Ploughing before 1800. Agric Hist Rev
40:177-186

Garcia-Ruiz E, Loureiro I, Farinés GP, Gémez P, Gutiérrez E, Sanchez
FJ, Escorial MC, Ortego F, Chueca MC, Castafiera P (2018) Weeds
and ground-dwelling predators' response to two different weed man-
agement systems in glyphosate-tolerant cotton: A farm-scale study.


https://doi.org/10.1016/0304-3746(83)90007-0
https://doi.org/10.1016/0304-3746(83)90007-0
https://doi.org/10.1016/0167-8809(92)90088-S
https://doi.org/10.1016/0167-8809(92)90088-S
https://doi.org/10.1111/j.1365-2664.2012.02194.x
https://doi.org/10.1016/j.still.2018.07.005
https://doi.org/10.1016/0167-1987(85)90028-5
https://doi.org/10.1016/0167-1987(85)90028-5
https://doi.org/10.4039/Ent127631-5
https://doi.org/10.1614/0043-1745(2002)050<0448:CRATSE>2.0.CO;2
https://doi.org/10.1614/0043-1745(2002)050<0448:CRATSE>2.0.CO;2
https://doi.org/10.1016/S0167-1987(00)00173-2
https://doi.org/10.1016/S0167-1987(00)00173-2
https://doi.org/10.1071/EA05291
https://doi.org/10.1016/j.cropro.2012.03.010
https://doi.org/10.1037/a0032968
https://doi.org/10.1093/aesa/saaa051
https://doi.org/10.1111/j.1365-2699.2005.01367.x
https://doi.org/10.1111/j.1365-2699.2005.01367.x
https://doi.org/10.1007/s13593-016-0354-1
https://doi.org/10.1007/s13593-016-0354-1
https://doi.org/10.1017/S0043174500091608
https://doi.org/10.4025/actasciagron.v39i2.32593
https://doi.org/10.4025/actasciagron.v39i2.32593
https://doi.org/10.1002/esp.1470
https://doi.org/10.1002/esp.1470
https://doi.org/10.1093/biosci/biaa039
https://doi.org/10.1016/0167-1987(86)90338-7
https://doi.org/10.1016/0167-1987(86)90338-7
https://doi.org/10.1016/j.agee.2006.08.013
https://doi.org/10.1016/j.agee.2006.08.013
https://doi.org/10.2136/sssaj1980.03615995004400040022x
https://doi.org/10.2136/sssaj1980.03615995004400040022x
https://doi.org/10.1016/S0167-8809(03)00077-X
https://doi.org/10.1603/IPM11023
https://doi.org/10.1016/j.agee.2016.06.011
https://doi.org/10.1093/jisesa/ieab008
https://doi.org/10.1111/aab.12337
https://doi.org/10.1023/A:1008891901953
https://doi.org/10.1023/A:1008891901953
https://doi.org/10.1007/s10340-019-01109-5

Agronomy for Sustainable Development (2022) 42: 65

Page 17 of 20 65

PLoS One 13:¢0191408. https://doi.org/10.1371/journal.pone.
0191408

Gardarin A, Valantin-Morison M (2021) Which Pitfall Traps and
Sampling Effort to Choose to Evaluate Cropping System Effects
on Spider and Carabid Assemblages? Environ Entomol 50:256—
266. https://doi.org/10.1093/ee/nvaal4s

Gebhardt MR, Daniel TC, Schweizer EE, Allmaras RR (1985)
Conservation tillage. Science 230:625-630. https://doi.org/10.
1126/science.230.4726.625

Grant CD (2003) The Nature and Properties of Soils, -NC Brady, RR
Weil, Prentice Hall, Upper Saddle River, NJ, 960 pp., ISBN 0-13-
016763-0. Agric Ecosyst Environ 1:393-394

Greenslade PJ (1964) Pitfall trapping as a method for studying popula-
tions of Carabidae (Coleoptera). J] Anim Ecol:301-310

Harrer M, Cuijpers P, Furukawa TA, Ebert DD (2021) Doing Meta-
Analysis with R. Chapman and Hall/CRC, Boca Raton

Hartwig NL, Ammon HU (2002) Cover crops and living mulches. Weed
Sci 50:688-699. https://doi.org/10.1614/0043-1745(2002)
050[0688:AIACCA]2.0.CO;2

Hatten TD, Bosque-Pérez NA, Labonte JR, Guy SO, Eigenbrode SD
(2007) Effects of Tillage on the Activity Density and Biological
Diversity of Carabid Beetles in Spring and Winter Crops. Environ
Entomol 36:356-368. https://doi.org/10.1093/ee/36.2.356

Hedges LV (1981) Distribution Theory for Glass's Estimator of Effect
size and Related Estimators. J Stat Educ 6:107—128. https://doi.org/
10.3102/10769986006002107

Helander M, Saloniemi I, Omacini M, Druille M, Salminen J-P,
Saikkonen K (2018) Glyphosate decreases mycorrhizal colonization
and affects plant-soil feedback. Sci Total Environ 642:285-291.
https://doi.org/10.1016/j.scitotenv.2018.05.377

Hendrix PF, Parmelee RW, Crossley D, Coleman DC, Odum EP,
Groffman PM (1986) Detritus food webs in conventional and no-
tillage agroecosystems. Bioscience 36:374-380. https://doi.org/10.
2307/1310259

Hengeveld R (1979) Polyphagy, Oligophagy and Food Specialization in
Ground Beetles (Coleoptera, Carabidae). Neth J Zool 30:564-584.
https://doi.org/10.1163/002829679X00197

Heydemann B (1957) Die Biotopstruktur als Raumwiderstand und
Raumfiille fiir die Tierwelt. Verh De Zool Ges 50:332-347

Hole DG, Perkins AJ, Wilson JD, Alexander IH, Grice PV, Evans AD
(2005) Does organic farming benefit biodiversity? Biol Conserv
122:113-130. https://doi.org/10.1016/j.biocon.2004.07.018

Holland JM, Luff ML (2000) The Effects of Agricultural Practices in
Carabidae in Temperate Agroecosystems. J Integr Pest Manag 5:
109-129. https://doi.org/10.1023/A:1009619309424

Homburg K, Drees C, Boutaud E, Nolte D, Schuett W, Zumstein P,
Ruschkowski E, Assmann T (2019) Where have all the beetles
gone? Long-term study reveals carabid species decline in a nature
reserve in Northern Germany. Insect Conserv Divers. https://doi.
org/10.1111/icad.12348

Honek A, Marinkova Z, Jarosik V (2013) Ground beetles (Carabidae) as
seed predators. Eur. J Entomol 100:531-544. https://doi.org/10.
14411/eje.2003.081

House GJ, All JN (1981) Carabid Beetles in Soybean Agroecosystems.
Environ Entomol 10:194-196. https://doi.org/10.1093/ee/10.2.194

House GJ, Del Alzugaray MR (1989) Influence of Cover Cropping and
No-Tillage Practices on Community Composition of Soil
Arthropods in a North Carolina Agroecosystem. Environ Entomol
18:302-307. https://doi.org/10.1093/ee/18.2.302

House GJ, Parmelee RW (1985) Comparison of soil arthropods and earth-
worms from conventional and no-tillage agroecosystems. Soil
Tillage Res 5:351-360. https://doi.org/10.1016/S0167-1987(85)
80003-9

House GJ, Stinner BR (1983) Arthropods in no-tillage soybean
agroecosystems: Community composition and ecosystem

interactions. Environ Manage 7:23-28. https://doi.org/10.1007/
BF01867037

Huggins DR, Reganold JP (2008) No-till: the quiet revolution. Sci Am
299:70-77

Jones MG (1976) The Arthropod Fauna of a Winter Wheat Field. J Appl
Ecol 13:61. https://doi.org/10.2307/2401930

Jowett K, Milne AE, Garrett D, Potts SG, Senapathi D, Storkey J (2021)
Above- and below-ground assessment of carabid community re-
sponses to crop type and tillage. Agr Forest Entomol 23:1-12.
https://doi.org/10.1111/afe. 12397

Keller I, Largiadér CR (2003) Recent habitat fragmentation caused by
major roads leads to reduction of gene flow and loss of genetic
variability in ground beetles. Proc Royal Soc B 270:417-423.
https://doi.org/10.1098/rspb.2002.2247

Keller I, Nentwig W, Largiader CR (2004) Recent habitat fragmentation
due to roads can lead to significant genetic differentiation in an
abundant flightless ground beetle. Mol Ecol 13:2983-2994.
https://doi.org/10.1111/.1365-294X.2004.02310.x

Kennedy T, Connery I, Fortune T, Forristal D, Grant C (2013) A com-
parison of the effects of minimum-till and conventional-till methods,
with and without straw incorporation, on slugs, slug damage, earth-
worms and carabid beetles in autumn-sown cereals. J Agric Sci 151:
605-629. https://doi.org/10.1017/S0021859612000706

Kladivko EJ (2001) Tillage systems and soil ecology. Soil Tillage Res 61:
61-76. https://doi.org/10.1016/S0167-1987(01)00179-9

Klik A, Rosner J (2020) Long-term experience with conservation tillage
practices in Austria: Impacts on soil erosion processes. Soil Tillage
Res 203:104669. https://doi.org/10.1016/j.5ti11.2020.104669

Knapp G, Hartung J (2003) Improved tests for a random effects meta-
regression with a single covariate. Stat Med 22:2693-2710. https:/
doi.org/10.1002/sim.1482

Kosewska A, Skalski T, Nietupski M (2014) Effect of conventional and
non-inversion tillage systems on the abundance and some life histo-
ry traits of carabid beetles (Coleoptera: Carabidae) in winter triticale
fields. Eur. J Entomol:111

Kotze DJ, O'Hara RB (2003) Species decline—but why? Explanations of
carabid beetle (Coleoptera, Carabidae) declines in Europe.
Oecologia 135:138-148. https://doi.org/10.1007/s00442-002-
1174-3

Kouwenhoven JK, Terpstra R (1972) Characterization of soil handling
with mould-board ploughs. Netherlands Journal of Agricultural
Science 20(180-192):10.18174/njas.v20i3.17281

Krauss M, Bemer A, Perrochet F, Frei R, Niggli U, Méader P (2020)
Enhanced soil quality with reduced tillage and solid manures in
organic farming - a synthesis of 15 years. Sci Rep 10:4403. https://
doi.org/10.1038/s41598-020-61320-8

Kulkarni SS, Dosdall LM, Willenborg CJ (2015) The Role of Ground
Beetles (Coleoptera: Carabidae) in Weed Seed Consumption: A
Review. Weed Sci 63:355-376. https://doi.org/10.1614/WS-D-14-
00067.1

Lal R (2020) Regenerative agriculture for food and climate. J Soil Water
Conserv 75:123A—124A. https://doi.org/10.2489/jswc.2020.0620A

Lalonde O, Légere A, Stevenson FC, Roy M, Vanasse A (2012) Carabid
beetle communities after 18 years of conservation tillage and crop
rotation in a cool humid climate. Can Entomol 144:645-657. https://
doi.org/10.4039/tce.2012.55

Lange M, Gossner MM, Weisser WW (2011) Effect of pitfall trap type
and diameter on vertebrate by-catches and ground beetle
(Coleoptera: Carabidae) and spider (Araneae) sampling. Methods
Ecol Evol 2:185-190. https://doi.org/10.1111/.2041-210X.2010.
00062.x

Larochelle A (1990) The food of carabid beetles (Coleoptera: Carabidae,
including Cicindelinae). Fabreries Supplement 5

Larochelle A, Lariviére M-C (2003) Natural history of the ground-beetles
(Coleoptera: Carabidae) of America north of Mexico. Pensoft

INRAD 4 springe


https://doi.org/10.1371/journal.pone.0191408
https://doi.org/10.1371/journal.pone.0191408
https://doi.org/10.1093/ee/nvaa145
https://doi.org/10.1126/science.230.4726.625
https://doi.org/10.1126/science.230.4726.625
https://doi.org/10.1614/0043-1745(2002)050<0688:AIACCA>2.0.CO;2
https://doi.org/10.1614/0043-1745(2002)050<0688:AIACCA>2.0.CO;2
https://doi.org/10.1093/ee/36.2.356
https://doi.org/10.3102/10769986006002107
https://doi.org/10.3102/10769986006002107
https://doi.org/10.1016/j.scitotenv.2018.05.377
https://doi.org/10.2307/1310259
https://doi.org/10.2307/1310259
https://doi.org/10.1163/002829679X00197
https://doi.org/10.1016/j.biocon.2004.07.018
https://doi.org/10.1023/A:1009619309424
https://doi.org/10.1111/icad.12348
https://doi.org/10.1111/icad.12348
https://doi.org/10.14411/eje.2003.081
https://doi.org/10.14411/eje.2003.081
https://doi.org/10.1093/ee/10.2.194
https://doi.org/10.1093/ee/18.2.302
https://doi.org/10.1016/S0167-1987(85)80003-9
https://doi.org/10.1016/S0167-1987(85)80003-9
https://doi.org/10.1007/BF01867037
https://doi.org/10.1007/BF01867037
https://doi.org/10.2307/2401930
https://doi.org/10.1111/afe.12397
https://doi.org/10.1098/rspb.2002.2247
https://doi.org/10.1111/j.1365-294X.2004.02310.x
https://doi.org/10.1017/S0021859612000706
https://doi.org/10.1016/S0167-1987(01)00179-9
https://doi.org/10.1016/j.still.2020.104669
https://doi.org/10.1002/sim.1482
https://doi.org/10.1002/sim.1482
https://doi.org/10.1007/s00442-002-1174-3
https://doi.org/10.1007/s00442-002-1174-3
https://doi.org/10.1038/s41598-020-61320-8
https://doi.org/10.1038/s41598-020-61320-8
https://doi.org/10.1614/WS-D-14-00067.1
https://doi.org/10.1614/WS-D-14-00067.1
https://doi.org/10.2489/jswc.2020.0620A
https://doi.org/10.4039/tce.2012.55
https://doi.org/10.4039/tce.2012.55
https://doi.org/10.1111/j.2041-210X.2010.00062.x
https://doi.org/10.1111/j.2041-210X.2010.00062.x

65 Page 18 of 20

Agronomy for Sustainable Development (2022) 42: 65

Lazurick C, Lidzbarski N, Owings R, Brotherton J, Steele E (2017)
Investigating the toxicity and accumulation of 2, 4-
dichlorophenoxyacetic acid (2, 4-D) and glyphosate in Eisenia
fetida. J S C Acad Sci 15:6

Liu Y, Axmacher JC, Li L, Wang C, Yu Z (2007) Ground beetle
(Coleoptera: Carabidae) inventories: a comparison of light and pit-
fall trapping. Bull Entomol Res 97:577-583. https://doi.org/10.
1017/S0007485307005299

Lovei GL, Sunderland KD (1996) Ecology and behavior of ground bee-
tles (Coleoptera: Carabidae). Annu Rev Entomol 41:231-256.
https://doi.org/10.1146/annurev.en.41.010196.001311

Liidecke D, Waggoner P, Makowski D (2019) insight: A Unified
Interface to Access Information from Model Objects in R. J Open
Source Softw 4(1412):10.21105/joss.01412

Luff ML, Eyre MD, Rushton SP (1989) Classification and Ordination of
Habitats of Ground Beetles (Coleoptera, Carabidae) in North-East
England. J Biogeogr 16:121. https://doi.org/10.2307/2845086

Lundgren JG, Saska P, Hon¢k A (2013) Molecular approach to describ-
ing a seed-based food web: the post-dispersal granivore community
of an invasive plant. Ecol Evol 3:1642—1652. https://doi.org/10.
1002/ece3.580

Magurran AE (2013) Measuring biological diversity. John Wiley & Sons

Massaloux D, Sarrazin B, Roume A, Tolon V, Wezel A (2020)
Landscape diversity and field border density enhance carabid diver-
sity in adjacent grasslands and cereal fields. Landsc Ecol 35:1857—
1873. https://doi.org/10.1007/s10980-020-01063-z

McNabb DM, Halaj J, Wise DH (2001) Inferring trophic positions of
generalist predators and their linkage to the detrital food web in
agroecosystems: a stable isotope analysis. Pedobiologia 45:289—
297. https://doi.org/10.1078/0031-4056-00087

Menalled FD, Smith RG, Dauer JT, Fox TB (2007) Impact of agricultural
management on carabid communities and weed seed predation.
Agric Ecosyst Environ 118:49—54. https://doi.org/10.1016/j.agee.
2006.04.011

Mitchell JP, Singh PN, Wallender WW, Munk DS, Wroble JF, Horwath
WR, Hogan P, Roy R, Hanson BR (2012) No-tillage and high-
residue practices reduce soil water evaporation. Calif Agric 66:55—
61. https://doi.org/10.3733/ca.v066n02p55

Moonen AC, Barberi P (2004) Size and composition of the weed
seedbank after 7 years of different cover-crop-maize management
systems. Weed Res 44:163—177. https://doi.org/10.1111/j.1365-
3180.2004.00388.x

Morris NL, Miller P, Orson JH, Froud-Williams RJ (2010) The adoption
of non-inversion tillage systems in the United Kingdom and the
agronomic impact on soil, crops and the environment—A review.
Soil Tillage Res 108:1-15. https://doi.org/10.1016/j.stil1.2010.03.
004

Murphy SD, Clements DR, Belaoussoff S, Kevan PG, Swanton CJ
(2006) Promotion of weed species diversity and reduction of weed
seedbanks with conservation tillage and crop rotation. Weed Sci 54:
69-77. https://doi.org/10.1614/WS-04-125R 1.1

Neave P, Fox C (1998) Response of soil invertebrates to reduced tillage
systems established on a clay loam soil. Appl Soil Ecol 9:423-428.
https://doi.org/10.1016/S0929-1393(98)00100-0

Nunes MR, Karlen DL, Moorman TB (2020) Tillage Intensity Effects on
Soil Structure Indicators—A US Meta-Analysis. Sustainability 12:
2071. https://doi.org/10.3390/su12052071

Oberholzer F, Frank T (2003) Predation by the Carabid Beetles
Pterostichus melanarius and Poecilus cupreus on Slugs and Slug
Eggs. Biocontrol Sci Technol 13:99-110. https://doi.org/10.1080/
0958315021000054421

Ostman O, Ekbom B, Bentsson J, an Weibull (2001) Landscape com-
plexity and farming practice influence the condition of polyphagous
carabid beetles. Ecol Appl 11:480-488. https://doi.org/10.1890/
1051-0761(2001)011[0480:LCAFPI]2.0.CO;2

INRAZ

@ Springer

Pelosi C, Bertrand M, Roger-Estrade J (2009) Earthworm community in
conventional, organic and direct seeding with living mulch cropping
systems. Agron Sustain Dev 29:287-295. https://doi.org/10.1051/
agro/2008069

Petersen H (2002) Effects of non-inverting deep tillage vs. conventional
ploughing on collembolan populations in an organic wheat field.
Eur J Soil Biol 38:177-180. https://doi.org/10.1016/S1164-
5563(02)01145-7

Petersen MK, Ekbom B, Ravn HP (1996) Temperature dependent winter
survival of Bembidion lampros and Tachyporus hypnorum. J Insect
Physiol 42:997-1005. https://doi.org/10.1016/S0022-1910(96)
00072-8

Pisani Gareau T, Voortman C, Barbercheck M (2020) Carabid beetles
(Coleoptera: Carabidae) differentially respond to soil management
practices in feed and forage systems in transition to organic man-
agement. Renew Agric Food Syst 35:608—625. https://doi.org/10.
1017/S1742170519000255

Price AJ, Balkcom KS, Culpepper SA, Kelton JA, Nichols RL,
Schomberg H (2011) Glyphosate-resistant Palmer amaranth: A
threat to conservation tillage. J Soil Water Conserv 66:265-275.
https://doi.org/10.2489/jswc.66.4.265

R Core Team (2021) R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria

Rainio J, Niemeld J (2003) Ground beetles (Coleoptera: Carabidae) as
bioindicators. Biodivers Conserv 12:487-506. https://doi.org/10.
1023/A:1022412617568

Rhodes CJ (2012) Feeding and healing the world: through regenerative
agriculture and permaculture. Sci Prog 95:345-446. https://doi.org/
10.3184/003685012X13504990668392

Roger-Estrade J, Anger C, Bertrand M, Richard G (2010) Tillage and soil
ecology: Partners for sustainable agriculture. Soil Tillage Res 111:
33-40. https://doi.org/10.1016/j.5ti11.2010.08.010

Rosenberg MS (2005) The file-drawer problem revisited; A general
weighted Method for Calculating fail-safe numbers in Meta-
Analysis. Evolution 59:464-468. https://doi.org/10.1111/.0014-
3820.2005.tb01004.x

Salonen J, Ketoja E (2020) Undersown cover crops have limited weed
suppression potential when reducing tillage intensity in organically
grown cereals. Org Agric 10:107-121. https://doi.org/10.1007/
$13165-019-00262-6

Sapkota TB, Mazzoncini M, Barberi P, Antichi D, Silvestri N (2012)
Fifteen years of no till increase soil organic matter, microbial bio-
mass and arthropod diversity in cover crop-based arable cropping
systems. Agron Sustain Dev 32:853-863. https://doi.org/10.1007/
$13593-011-0079-0

Sarangi D, Jhala AJ (2018) Comparison of a premix of atrazine,
bicyclopyrone, mesotrione, and S-metolachlor with other preemer-
gence herbicides for weed control and corn yield in no-tillage and
reduced-tillage production systems in Nebraska, USA. Soil Tillage
Res 178:82-91. https://doi.org/10.1016/j.sti11.2017.12.018

Seitz S, Goebes P, Puerta VL, Pereira EIP, Wittwer R, Six J, van der
Heijden MGA, Scholten T (2019) Conservation tillage and organic
farming reduce soil erosion. Agron Sustain Dev 39. https://doi.org/
10.1007/s13593-018-0545-z

Shearin AF, Reberg-Horton SC, Gallandt ER (2007) Direct Effects of
Tillage on the Activity Density of Ground Beetle (Coleoptera:
Carabidae) Weed Seed Predators. Environ Entomol 36:1140—
1146. https://doi.org/10.1603/0046-225X(2007)36[1140:
DEOTOT]2.0.CO;2

Shearin AF, Chris Reberg-Horton S, Gallandt ER (2008) Cover Crop
Effects on the Activity-Density of the Weed Seed Predator
Harpalus rufipes (Coleoptera: Carabidae). Weed Sci 56:442—450.
https://doi.org/10.1614/WS-07-137.1

Shearin AF, Reberg-Horton SC, Gallandt ER (2014) Direct effects of
tillage on the activity density of ground beetle (Coleoptera:
Carabidae) weed seed predators. Environ Entomol 36:1140-1146.


https://doi.org/10.1017/S0007485307005299
https://doi.org/10.1017/S0007485307005299
https://doi.org/10.1146/annurev.en.41.010196.001311
https://doi.org/10.2307/2845086
https://doi.org/10.1002/ece3.580
https://doi.org/10.1002/ece3.580
https://doi.org/10.1007/s10980-020-01063-z
https://doi.org/10.1078/0031-4056-00087
https://doi.org/10.1016/j.agee.2006.04.011
https://doi.org/10.1016/j.agee.2006.04.011
https://doi.org/10.3733/ca.v066n02p55
https://doi.org/10.1111/j.1365-3180.2004.00388.x
https://doi.org/10.1111/j.1365-3180.2004.00388.x
https://doi.org/10.1016/j.still.2010.03.004
https://doi.org/10.1016/j.still.2010.03.004
https://doi.org/10.1614/WS-04-125R1.1
https://doi.org/10.1016/S0929-1393(98)00100-0
https://doi.org/10.3390/su12052071
https://doi.org/10.1080/0958315021000054421
https://doi.org/10.1080/0958315021000054421
https://doi.org/10.1890/1051-0761(2001)011<0480:LCAFPI>2.0.CO;2
https://doi.org/10.1890/1051-0761(2001)011<0480:LCAFPI>2.0.CO;2
https://doi.org/10.1051/agro/2008069
https://doi.org/10.1051/agro/2008069
https://doi.org/10.1016/S1164-5563(02)01145-7
https://doi.org/10.1016/S1164-5563(02)01145-7
https://doi.org/10.1016/S0022-1910(96)00072-8
https://doi.org/10.1016/S0022-1910(96)00072-8
https://doi.org/10.1017/S1742170519000255
https://doi.org/10.1017/S1742170519000255
https://doi.org/10.2489/jswc.66.4.265
https://doi.org/10.1023/A:1022412617568
https://doi.org/10.1023/A:1022412617568
https://doi.org/10.3184/003685012X13504990668392
https://doi.org/10.3184/003685012X13504990668392
https://doi.org/10.1016/j.still.2010.08.010
https://doi.org/10.1111/j.0014-3820.2005.tb01004.x
https://doi.org/10.1111/j.0014-3820.2005.tb01004.x
https://doi.org/10.1007/s13165-019-00262-6
https://doi.org/10.1007/s13165-019-00262-6
https://doi.org/10.1007/s13593-011-0079-0
https://doi.org/10.1007/s13593-011-0079-0
https://doi.org/10.1016/j.still.2017.12.018
https://doi.org/10.1007/s13593-018-0545-z
https://doi.org/10.1007/s13593-018-0545-z
https://doi.org/10.1603/0046-225X(2007)36<1140:DEOTOT>2.0.CO;2
https://doi.org/10.1603/0046-225X(2007)36<1140:DEOTOT>2.0.CO;2
https://doi.org/10.1614/WS-07-137.1

Agronomy for Sustainable Development (2022) 42: 65

Page 19 of 20 65

https://doi.org/10.1603/0046-225X(2007)36[1140:DEOTOT]2.0.
CO;2

Sherwood S, Uphoff N (2000) Soil health: research, practice and policy
for a more regenerative agriculture. Appl Soil Ecol 15:85-97.
https://doi.org/10.1016/S0929-1393(00)00074-3

Spence JR, Niemeld JK (1994) Sampling Carabid assemblages with pit-
fall traps: the madness and the method. Can Entomol 126:881-894.
https://doi.org/10.4039/Ent126881-3

Stellin F, Gavinelli F, Stevanato P, Concheri G, Squartini A, Paoletti MG
(2018) Effects of different concentrations of glyphosate (Roundup
360®) on earthworms (Octodrilus complanatus, Lumbricus
terrestris and Aporrectodea caliginosa) in vineyards in the North-
East of Italy. Appl Soil Ecol 123:802-808. https://doi.org/10.1016/
j-apsoil.2017.07.028

Stinner BR, House GJ (1990) Arthropods and other invertebrates in
conservation-tillage agriculture. Annu Rev Entomol 35:299-318

Svobodova Z, Skokova Habustova O, Holec J, Holec M, Bohac J, Jursik
M, Soukup J, Sehnal F (2018) Split application of glyphosate in
herbicide-tolerant maize provides efficient weed control and favors
beneficial epigeic arthropods. Agric Ecosyst Environ 251:171-179.
https://doi.org/10.1016/j.agee.2017.09.018

Symondson WOC, Glen DM, Wiltshire CW, Langdon CJ, Liddell JE
(1996) Effects of Cultivation Techniques and Methods of Straw
Disposal on Predation by Pterostichus melanarius (Coleoptera:
Carabidae) Upon Slugs (Gastropoda: Pulmonata) in an Arable
Field. J Appl Ecol 3:741-753

Tamburini G, de Simone S, Sigura M, Boscutti F, Marini L (2016a)
Conservation tillage mitigates the negative effect of landscape sim-
plification on biological control. J Appl Ecol 53:233-241. https://
doi.org/10.1111/1365-2664.12544

Tamburini G, Pevere I, Fornasini N, de Simone S, Sigura M, Boscutti F,
Marini L (2016b) Conservation tillage reduces the negative impact
of urbanisation on carabid communities. Insect Conserv Divers 9:
438-445. https://doi.org/10.1111/icad.12181

Tebriigge F, Diiring R-A (1999) Reducing tillage intensity — a review of
results from a long-term study in Germany. Soil Tillage Res 53:15—
28. https://doi.org/10.1016/S0167-1987(99)00073-2

Thiele H (2012) Carabid beetles in their environments: a study on habitat
selection by adaptations in physiology and behaviour, vol 10.
Springer Science & Business Media

Thiele H (1977) Carabid beetles in their environments: a study on habit
selection by adaptations in physiology and behaviour. translated by
Joy Wieser. Springer-Verlag

Thomas C, Marshall E (1999) Arthropod abundance and diversity in
differently vegetated margins of arable fields. Agric Ecosyst
Environ 72:131-144. https://doi.org/10.1016/S0167-8809(98)
00169-8

Thorbek P, Bilde T (2004) Reduced numbers of generalist arthropod
predators after crop management. J Appl Ecol 41:526-538. https://
doi.org/10.1111/5.0021-8901.2004.00913 .x

Torabian S, Farhangi-Abriz S, Denton MD (2019) Do tillage systems
influence nitrogen fixation in legumes? A review. Soil Tillage Res
185:113—121. https://doi.org/10.1016/j.5til1.2018.09.006

Trichard A, Alignier A, Biju-Duval L, Petit S (2013) The relative effects
of local management and landscape context on weed seed predation
and carabid functional groups. Basic Appl Ecol 14:235-245. https://
doi.org/10.1016/j.baae.2013.02.002

Tuck SL, Winqvist C, Mota F, Ahnstrom J, Turnbull LA, Bengtsson J
(2014) Land-use intensity and the effects of organic farming on
biodiversity: a hierarchical meta-analysis. J Appl Ecol 51:746—
755. https://doi.org/10.1111/1365-2664.12219

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-€js0bi.2012.02.005

van Toor RF (2006) The effects of pesticides on Carabidae (Insecta
Coleoptera) predators of slugs (Mollusca Gastropoda) literature re-
view. N Z Plant Prot 59(208-216):10.30843/nzpp.2006.59.4543

Viechtbauer W (2005) Bias and Efficiency of Meta-Analytic Variance
Estimators in the Random-Effects Model. J Educ Behav Stat 30:
261-293. https://doi.org/10.3102/10769986030003261

Viechtbauer W (2010) Conducting Meta-Analyses in R with the metafor
Package. J Stat Soft 36:10.18637/jss.v036.103

Wagner DL, Grames EM, Forister ML, Berenbaum MR, Stopak D (2021)
Insect decline in the Anthropocene: Death by a thousand cuts. Proc
Natl Acad Sci USA 118. https://doi.org/10.1073/pnas.2023989118

Wardle DA (1995) Impacts of Disturbance on Detritus Food Webs in
Agro-Ecosystems of Contrasting Tillage and Weed Management
Practices. In: Advances in Ecological Research Volume 26, vol
26. Elsevier, pp 105-185

Waszkiewicz C, Klonowski J, Klimkowski J (2009) Effect of auxiliary
plough elements on ploughing quality. Annals of Warsaw
University of Life Science, Agriculture 53:11-16

Williams IH, Ferguson AW, Kruus M, Veromann E, Warner DJ (2010)
Ground beetles as predators of oilseed rape pests: incidence, spatio-
temporal distributions and feeding. In: Biocontrol-based integrated
management of oilseed rape pests. Springer, pp 115-149

Zaller JG, Moser D, Drapela T, Frank T (2009) Ground-dwelling preda-
tors can affect within-field pest insect emergence in winter oilseed
rape fields. BioControl 54:247-253. https://doi.org/10.1007/
$10526-008-9167-8

Zangger A, Lys J-A, Nentwig W (1994) Increasing the availability of
food and the reproduction of Poecilus cupreus in a cereal field by
strip-management. Entomol Exp Appl 71:111-120. https://doi.org/
10.1111/5.1570-7458.1994.tb01777.x

Zhang X, Li Q, Zhu A, Liang W, Zhang J, Steinberger Y (2012) Effects
of'tillage and residue management on soil nematode communities in
North China. Ecol Indic 13:75-81. https://doi.org/10.1016/j.ecolind.
2011.05.009

List of research papers that were included into the analysis

Baguette M, Hance T (1997) Carabid Beetles and Agricultural Practices:
Influence of Soil Ploughing. Biol Agric Hortic 15:185—190. https://
doi.org/10.1080/01448765.1997.9755193

Blubaugh CK, Kaplan I (2015) Tillage compromises weed seed predator
activity across developmental stages. Biol Control 81:76—82. https://
doi.org/10.1016/j.biocontrol.2014.11.007

Carcamo HA (1995) Effect of Tillage on Ground Beetles (Coleoptera:
Carabidae): A Farm-Scale Study in Central Alberta. Can Entomol
127:631-639. https://doi.org/10.4039/Ent127631-5

Clark S, Szlavecz K, Cavigelli MA, Purrington F (2006) Ground Beetle
(Coleoptera: Carabidae) Assemblages in Organic, No-Till, and
Chisel-Till Cropping Systems in Maryland. Environ Entomol 35:
1304-1312. https://doi.org/10.1093/ec/35.5.1304

Clark MS, Luna JM, Stone ND, Youngman RR (1993) Habitat
Preferences of Generalist Predators in Reduced-Tillage Corn. J
Entomol Sci 28(404-416):10.18474/0749-8004-28.4.404

Clark MS, Gage SH, Spence JR (1997) Habitats and Management
Associated with Common Ground Beetles (Coleoptera: Carabidae)
in a Michigan Agricultural Landscape. Environ Entomol 26:519-
527. https://doi.org/10.1093/e¢/26.3.519

Fan Y, Liebman M, Groden E, Randall Alford A (1993) Abundance of
carabid beetles and other ground-dwelling arthropods in convention-
al versus low-input bean cropping systems. Agric Ecosyst Environ
43:127-139. https://doi.org/10.1016/0167-8809(93)90115-6

Gailis J, Turka I (2014) The diversity and structure of ground beetles
(Coleoptera: Carabidae) assemblages in differently managed winter
wheat fields. Balt. J Coleopterol:33—46

INRAD 4 springe


https://doi.org/10.1603/0046-225X(2007)36<1140:DEOTOT>2.0.CO;2
https://doi.org/10.1603/0046-225X(2007)36<1140:DEOTOT>2.0.CO;2
https://doi.org/10.1016/S0929-1393(00)00074-3
https://doi.org/10.4039/Ent126881-3
https://doi.org/10.1016/j.apsoil.2017.07.028
https://doi.org/10.1016/j.apsoil.2017.07.028
https://doi.org/10.1016/j.agee.2017.09.018
https://doi.org/10.1111/1365-2664.12544
https://doi.org/10.1111/1365-2664.12544
https://doi.org/10.1111/icad.12181
https://doi.org/10.1016/S0167-1987(99)00073-2
https://doi.org/10.1016/S0167-8809(98)00169-8
https://doi.org/10.1016/S0167-8809(98)00169-8
https://doi.org/10.1111/j.0021-8901.2004.00913.x
https://doi.org/10.1111/j.0021-8901.2004.00913.x
https://doi.org/10.1016/j.still.2018.09.006
https://doi.org/10.1016/j.baae.2013.02.002
https://doi.org/10.1016/j.baae.2013.02.002
https://doi.org/10.1111/1365-2664.12219
https://doi.org/10.1016/j.ejsobi.2012.02.005
https://doi.org/10.1016/j.ejsobi.2012.02.005
https://doi.org/10.3102/10769986030003261
https://doi.org/10.1073/pnas.2023989118
https://doi.org/10.1007/s10526-008-9167-8
https://doi.org/10.1007/s10526-008-9167-8
https://doi.org/10.1111/j.1570-7458.1994.tb01777.x
https://doi.org/10.1111/j.1570-7458.1994.tb01777.x
https://doi.org/10.1016/j.ecolind.2011.05.009
https://doi.org/10.1016/j.ecolind.2011.05.009
https://doi.org/10.1080/01448765.1997.9755193
https://doi.org/10.1080/01448765.1997.9755193
https://doi.org/10.1016/j.biocontrol.2014.11.007
https://doi.org/10.1016/j.biocontrol.2014.11.007
https://doi.org/10.4039/Ent127631-5
https://doi.org/10.1093/ee/35.5.1304
https://doi.org/10.1093/ee/26.3.519
https://doi.org/10.1016/0167-8809(93)90115-6

65 Page 20 of 20

Agronomy for Sustainable Development (2022) 42: 65

Hatten TD, Bosque-Pérez NA, Labonte JR, Guy SO, Eigenbrode SD
(2007a) Effects of Tillage on the Activity Density and Biological
Diversity of Carabid Beetles in Spring and Winter Crops. Environ
Entomol 36:356-368. https://doi.org/10.1093/ee/36.2.356

Hatten TD, Bosque-Pérez NA, Johnson-Maynard J, Eigenbrode SD
(2007b) Tillage differentially affects the capture rate of pitfall traps
for three species of carabid beetles. Entomol Exp Appl 124:177—
187. https://doi.org/10.1111/5.1570-7458.2007.00566.x

House GJ, Parmelee RW (1985) Comparison of soil arthropods and earth-
worms from conventional and no-tillage agroecosystems. Soil
Tillage Res 5:351-360. https://doi.org/10.1016/S0167-1987(85)
80003-9

House GJ, Stinner BR (1983) Arthropods in no-tillage soybean
agroecosystems: Community composition and ecosystem interac-
tions. Environ Manage 7:23-28. https://doi.org/10.1007/
BF01867037

Jowett K, Milne AE, Garrett D, Potts SG, Senapathi D, Storkey J (2021)
Above- and below-ground assessment of carabid community re-
sponses to crop type and tillage. Agr Forest Entomol 23:1-12.
https://doi.org/10.1111/afe. 12397

Kosewska A, Skalski T, Nietupski M (2014) Effect of conventional and
non-inversion tillage systems on the abundance and some life histo-
ry traits of carabid beetles (Coleoptera: Carabidae) in winter triticale
fields. Eur. J Entomol:111

Lalonde O, Légere A, Stevenson FC, Roy M, Vanasse A (2012) Carabid
beetle communities after 18 years of conservation tillage and crop
rotation in a cool humid climate. Can Entomol 144:645-657. https://
doi.org/10.4039/tce.2012.55

Mashavakure N, Mashingaidze AB, Musundire R, Nhamo N, Gandiwa
E, Thierfelder C, Muposhi VK (2019) Soil dwelling beetle commu-
nity response to tillage, fertilizer and weeding intensity in a sub-

INRAZ

@ Springer

humid environment in Zimbabwe. Appl Soil Ecol 135:120-128.
https://doi.org/10.1016/j.aps0il.2018.12.001

Menalled FD, Smith RG, Dauer JT, Fox TB (2007) Impact of agricultural
management on carabid communities and weed seed predation.
Agric Ecosyst Environ 118:49—54. https://doi.org/10.1016/j.agee.
2006.04.011

Pisani Gareau T, Voortman C, Barbercheck M (2020) Carabid beetles
(Coleoptera: Carabidae) differentially respond to soil management
practices in feed and forage systems in transition to organic man-
agement. Renew Agric Food Syst 35:608—625. https://doi.org/10.
1017/S1742170519000255

Quinn NF, Brainard DC, Szendrei Z (2016) The Effect of Conservation
Tillage and Cover Crop Residue on Beneficial Arthropods and
Weed Seed Predation in Acorn Squash. Environ Entomol 45:
1543—1551. https://doi.org/10.1093/ee/nvw139

Shearin AF, Reberg-Horton SC, Gallandt ER (2007) Direct Effects of
Tillage on the Activity Density of Ground Beetle (Coleoptera:
Carabidae) Weed Seed Predators. Environ Entomol 36:1140—
1146. https://doi.org/10.1603/0046-225X(2007)36[1140:
DEOTOT]2.0.CO;2

Thorbek P, Bilde T (2004) Reduced numbers of generalist arthropod
predators after crop management. J Appl Ecol 41:526-538. https://
doi.org/10.1111/5.0021-8901.2004.00913 .x

Twardowski JP (2006) The effects of non-inversion tillage systems in
winter oilseed rape on ground beetles (Coleoptera: Carabidae).
Symp Integr Pest Manag 2006

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.


https://doi.org/10.1093/ee/36.2.356
https://doi.org/10.1111/j.1570-7458.2007.00566.x
https://doi.org/10.1016/S0167-1987(85)80003-9
https://doi.org/10.1016/S0167-1987(85)80003-9
https://doi.org/10.1007/BF01867037
https://doi.org/10.1007/BF01867037
https://doi.org/10.1111/afe.12397
https://doi.org/10.4039/tce.2012.55
https://doi.org/10.4039/tce.2012.55
https://doi.org/10.1016/j.apsoil.2018.12.001
https://doi.org/10.1016/j.agee.2006.04.011
https://doi.org/10.1016/j.agee.2006.04.011
https://doi.org/10.1017/S1742170519000255
https://doi.org/10.1017/S1742170519000255
https://doi.org/10.1093/ee/nvw139
https://doi.org/10.1603/0046-225X(2007)36<1140:DEOTOT>2.0.CO;2
https://doi.org/10.1603/0046-225X(2007)36<1140:DEOTOT>2.0.CO;2
https://doi.org/10.1111/j.0021-8901.2004.00913.x
https://doi.org/10.1111/j.0021-8901.2004.00913.x

	Tillage effects on ground beetles in temperate climates: a review
	Abstract
	Introduction
	Methodology
	Literature search
	Meta-analysis on carabid activity abundance
	Analysis of carabid species richness and diversity

	Characterization of tillage systems
	Conventional tillage (mouldboard plough)
	Reduced tillage
	No-till

	Effects of tillage on ground beetles
	Activity abundance
	Species richness
	Species diversity

	Mechanisms underlying tillage effects on ground beetles
	Differential effects of tillage operations on different ground beetle species
	Ground beetles in the food web
	Tillage-induced habitat changes
	Direct lethal effects of tillage on ground beetles including larvae
	A critical look at methodology: the effects of trapping devices
	Experimental and sampling duration

	Factors interacting with soil tillage effects
	Site and climate
	Landscape context
	Conventional vs. organic management
	Weed control
	Crop rotation
	Cover crops

	Conclusions
	References
	List of research papers that were included into the analysis



