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In agroecosystems, crop diversification plays a fundamental role in maintaining and
regenerating biodiversity and ecosystem services, such as natural pest control. Temporal
diversification of cropping systems can affect the presence and activity of natural enemies
by providing alternative hosts and prey, food, and refuges for overwintering. However,
we still lack studies on the effects of temporal diversification on generalist predators
and their biocontrol potential conducted at field scale in commercial agricultural settings.
Here, we measured proxies of ecosystem functions related with biological pest control
in 29 commercial agricultural fields characterized by cereal-based cropping system in
Lower-Saxony, northern Germany. The fields differed in the number of crops and cover
crops cultivated during the previous 12 years. Using the Rapid Ecosystem Function
Assessment approach, we measured invertebrate predation, seed predation and activity
density of generalist predators. We aimed at testing whether the differences in the crop
rotations from the previous years would affect activity of predators and their predation
rates in the current growing season. We found that the length of the crop rotation had
neutral effects on the proxies measured. Furthermore, predation rates were generally
lower if the rotation comprised a higher number of cover crops compared to rotation
with less cover crops. The activity density of respective taxa of predatory arthropods
responded differently to the number of cover crops in the crop rotation. Our results
suggest that temporal crop diversity may not benefit the activity and efficiency of
generalist predators when diversification strategies involve crops of very similar functional
traits. Adding different resources and traits to the agroecosystems through a wider range
of cultivated crops and the integration of semi-natural habitats are aspects that need to
be considered when developing more diverse cropping systems aiming to provide a more
efficient natural pest control.

Keywords: biocontrol potential, crop diversification, dummy caterpillars, generalist predators, Rapid Ecosystem
Function Assessment (REFA)
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INTRODUCTION

Biological control of pests by natural enemies represents
an important ecosystem service in agriculture. Natural
enemies can significantly affect population dynamics of many
phytophagous invertebrates, contributing to their regulation
in arable agroecosystems (Kremen and Chaplin-Kramer, 2007;
Bengtsson, 2015). Generalist ground-dwelling predators such as
carabids (Coleoptera: Carabidae), spiders (Arachnida: Araneae),
and staphylinids (Coleoptera: Staphylinidae), can occur in
arable fields in large number and, given their polyphagous
feeding habits, they can play a relevant role in suppressing
pest populations (Ekschmitt et al., 1997). The occurrence
of these generalist predators and hence the provision of the
natural biocontrol service is threatened in many cropping
systems through agricultural intensification resulting in loss
of landscape elements, enlarged farm and field sizes, higher
inputs of fertilizer and altogether a homogenization of land
use and land management (Holland and Luff, 2000; Geiger
et al, 2010; Rusch et al, 2013a). It has been shown, that
more diverse cropping systems may enhance abundance and
diversity of beneficial arthropods (Letourneau et al, 2011;
Kremen and Miles, 2012; Lichtenberg et al., 2017). Diversified
agroecosystems may provide alternative prey and hosts, food
and suitable habitats for predators and parasitoids, allowing
them to overwinter and persist (Altieri and Nicholls, 2004). The
structure and heterogeneity of landscapes and in particular a
large proportion of semi-natural land cover are suggested as key
factors in determining biodiversity and associated ecosystem
services in agricultural landscapes (Fahrig, 2013; Martin
et al, 2019). Pests and natural pest control, however, show
inconsistent responses to landscape composition, landscape
configuration and semi-natural habitats surrounding the
crop fields (Chaplin-Kramer et al, 2011; Birkhofer et al.,
2018; Karp et al., 2018). Also, in many intensively managed
agricultural landscapes, cover of semi-natural habitats is low
as some agri-environmental and greening measures are rarely
implemented by farmers, often because they do not receive
the appropriate economic support and advisory service for
their participation in nature protection measures (Stupak et al.,
2019). Increasing landscape heterogeneity by increasing the
number and diversity of crops in such intensively managed
landscapes may therefore be an option more readily adopted
by farmers (Zinngrebe et al, 2017). There is evidence that
increasing crop heterogeneity can be an effective way to increase
biodiversity in agricultural landscapes without taking land out
of agricultural production (Sunderland and Samu, 2000; Sirami
et al., 2019). Bosem Baillod et al. (2017) reported that cereal
aphid numbers can be reduced by optimizing the composition,
configuration, and temporal heterogeneity of the crop mosaic.
Increasing the diversity of crop types in a landscape can
contribute to the conservation of service-providing arthropod
communities such as carabids, particularly if the diversification
happens in landscapes with a high proportion of semi-natural
habitats (Aguilera et al., 2020). However, an increase in enemy
abundance does not always translate to a concomitant increase
in pest control (Chaplin-Kramer et al., 2011), since both

positive and negative interactions may occur among natural
enemy species (Letourneau et al., 2009). Thus, it is necessary
not only to measure abundance and diversity of generalist
predators, but also to assess their potential contribution to
pest control.

Temporal (e.g., crop rotations, catch, or cover crops)
and spatial (e.g., intercropping, strip cropping) diversification
strategies of cropping-systems are available for modifying
the structure and the arrangement of habitats and resources
in time and space, in order to maintain and regenerate
biodiversity (Altieri, 1999). Several studies have investigated
the effects of cropping systems temporal management on
abundance and diversity of generalist aboveground arthropods,
reporting different responses. Brust and King (1994), for
instance, found that these organisms might be positively
affected by crop rotation in comparison to monocultural
systems. A more recent study by Meyer et al. (2019),
however, did not show any consistent effects of temporal
crop diversity on generalist predators in terms of activity
density. Contradictory results have been reported also by studies
assessing the effects of winter cover crops on activity density
of generalist predators (Lundgren and Fergen, 2010; Fox et al,,
2016). All those studies on temporal diversification reported
data from experimental trials. What is largely lacking are
studies on the topic conducted at field scale in commercial
agricultural settings.

We conducted the present study in a water protection
area under commercial agricultural ~management in
Northern Germany, which is under the counsel of the
Landwirtschaftskammer Niedersachsen (LWK). We selected
fields of a cereal-based cropping system within the water
protection area that differed in the length of the crop rotation
and in the number of cover crops cultivated in the previous 12
years. The aim of this study was to measure biocontrol potential
of generalist predators at the moment during the season when
they achieve high densities. We hypothesized that (I) a higher
number of crops in the rotation and (II) a higher number
of winter cover crops during the previous years would result
in increased activity density and predation rates of generalist
predators in the fields in the current growing season. We also
predicted that (III) current crop and phenological growth
stage at the time of sampling would affect activity density of
generalist predators. To test these hypotheses, we applied a
Rapid Ecosystem Function Assessment (REFA, Meyer et al.,
2015) approach measuring a set of ecosystem function proxies
relevant for biological pest and weed control. In addition, we
measured the activity density of the ground-dwelling predatory
arthropods at the time of the REFA-sampling to link the
observed predation patterns to the presence and activity of
different predator taxa.

To explain whether the emerging differences in activity
density and predation rates are determined more by the
recent or by the past crop rotation management, we first
analyzed the effects of crop rotation and cover crop management
for the period 2007-2018, and then for the period 2015-2018 [i.e.,
the current period of the Common Agricultural Policy (CAP) of
the European Union].
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MATERIALS AND METHODS
Study Design

The study was conducted in a water protection area near the
town of Liebenau, Lower Saxony, Germany (Figure 1). In this
area, the mean annual temperature is 9.7°C, yearly precipitation
is 762mm and total summer rainfall (from April through
September) is 374 mm in the long-term average (1981-2010). In
2018, this region experienced particularly dry and hot conditions,
which resulted in a total summer rainfall (Apr-Sep) of 161 mm
and a mean annual temperature of 11.05°C measured by the
meteorological station in Nienburg an der Weser (Deutscher
Wetterdienst, 2020).

The study region is characterized by farms specialized in dairy
production and arable crops. The typical crop rotation is based
on the cultivation of silage maize (Zea mays L.) as main cash
crop in rotation with other cereals, in particular rye (Secale
cereale L.), barley (Hordeum vulgare L.), and wheat (Triticum
aestivum L.). Winter cover crops are mainly cultivated mixtures
of crucifers (e.g., radish [Raphanus L.] and mustard [Sinapis L.]),
sometimes in association with Phacelia (Phacelia tanacetifolia
Benth.) and cereal grasses. While ryegrass (e.g., genus Lolium L.)
is often cultivated as sole cover crop. Under the German rules of
EU’s ecological focus areas (Zinngrebe et al., 2017), cover crops
must be made up of a sown mix of at least two different crop
types. Farmers can use any percentage of a sown mix, as long
as there is a visible mix of at least two different crops. They are
typically sown in the fall after the main crops or are established
through undersowing, and are retained until late winter (mid-
January at least, mid-February under greening rules). The way of
termination of the cover crops depends on the species cultivated,
and in particular, whether they are sensible to frost or not.
All the cover crops have in common that their residues were
incorporated in the soil through tillage after termination and
before the cash crop is planted.

A high level of farming intensification in the region, combined
with large use of external inputs, e.g., nitrogen fertilizers, has
led to increased nitrate concentration in the ground drinking
water. The LWK works together with the conventional farmers
in the area toward more sustainable farming systems aiming
to reduce the negative impacts of intensive farming production
on the quality of drinking water in the basin. Reduced use of
nitrogen fertilizers, reduced tillage, diversification of the crop
rotations as well as addition of cover crops and undersown
crops have been identified as effective measures to challenge
the nitrate leaching issue in the area. Some of the farmers
have subscribed to those measures on a voluntary basis. For
each field included in the voluntary programme, the LWK
has documented the number of crops in the rotation, the
number of winter cover crops and hence the number of
crop changes from 1 year to the next during a period of
12 years (2007-2018). The reform of the European Common
Agricultural Policy (European Commission, 2013) affected
the rotation regimes of the selected fields. During this time
(2015-2018), several farmers in the region implemented the
cultivation of cover crops and green cover, transposing the new
“greening” measures.

The fields were selected among those under the guidance of
the local LWK office, excluding those for which the information
on crop rotation management was incomplete. Further care was
taken that the fields represented the typical crop rotation and
land management of the region and that they were cultivated
continuously during the investigated period. Therefore, fields
cultivated with specialized crops, managed as grassland or lying
fallow for some period were excluded. This selection resulted
in a final number of 30 available fields, from which one was
excluded due to technical reasons. Detailed information on
crop rotations of the 29 investigated fields can be found in the
Supplementary Tables S1, S2.

The fields were allocated in different categories based on the
length of the rotation, the number of annual changes of crops,
and the number of winter cover crops during a period of 12 years
(2007-2018). In particular, the “short rotation” fields contained
< 2 main crops while the “long rotation” contained at least
three main crops. In addition, in the fields of the category “long
rotation,” the main crop cultivated (among those present in the
rotation) was different from 1 year to the next at least six times
during the 12 years’ period. Concerning the number of cover
crops, the fields were divided into two categories: fields with more
than or equal to five times cover crop cultivation during those
12 years (“WCC”: With Cover Crops), and fields with less than
or equal to two times of cover crop cultivation during the same
period (“NCC”: No Cover Crops).

Following the entry into force of the CAP reform, more cover
crops have been cultivated in some of the investigated fields,
modifying their crop temporal management. Therefore, the same
fields were reallocated in different categories based on the length
of the rotation and the number of cover crops of the last 4
years of crop rotation management (2015-2018, i.e., the current
CAP period). In terms of length of rotation, we identified and
separated in categories fields with three crops (“long”) and fields
with only one or two crops in the rotation (“short”). In terms of
number of cover crops, we had fields with two or three cover
crop cultivation (“wcc”: with cover crops) and fields with one
or zero cover crop cultivation during those 4 years (“ncc™ no
cover crops). The allocation of the investigated fields in the
different categories for both periods 2007-2018 and 2015-2018
is summarized in Table 1. In addition, the cultivation of a cover
crop in winter 2017/2018, preceding the main crop at the time of
sampling, was considered in our analyses.

At the time of our sampling, surveyed fields were sown
mainly with maize, with a smaller number of surveyed fields
sown to barley, rye, field grass and rapeseed (Brassica napus
L.). Furthermore, fields differed in terms of phenological growth
stage of the plants. In particular, maize plants were in early
reproductive stage (BBCH > 51) in nine fields, and in vegetative
stage (BBCH < 39) in ten fields, while the remaining cereals
were in late reproductive growth stage (BBCH > 73). Thus, we
grouped the fields in three categories: maize early growth stage,
maize late growth stage and cereals (Supplementary Table S3).

Information on field management practices were obtained
directly from the farmers through questionnaires. In particular,
data on soil management operations and pesticide applications
in the season 2018 were collected. We received feedback from
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FIGURE 1 | Location of the 29 investigated fields (in light gray) within the water protection area of Liebenau (Copernicus Sentinel-2 data, 2020).
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TABLE 1 | Overview of the different categories based on the crop rotation management for the periods 2007-2018 and 2015-2018 and number of fields investigated for

each category.

Length of crop rotation

Number of cover crops

Period 2007-2018
Short (< 2 main crops)

n=11 n=18
Period 2015-2018

Short (1 or 2 main crops) Long (3 main crops)
n=18 n=11

Long (> 3 main crops, > 6 crop changes)

WCC (> 5 cover crops)
n=15

NCC (< 2 cover crops)
n=14

wcc (2 or 3 cover crops)
n=13

ncc (0 or 1 cover crops)
n=16

the farmers for 16 of the investigated fields. Therefore, we
performed an additional analysis on a smaller dataset in order to
test the effects caused by field operations on predators” activity
density regardless of crop rotation management variables and
current crop cultivated. The number of pesticide (considering
both insecticides and herbicides) applications during the growing
season up to the time of our observations varied between one
and three, while only one field was not treated. Fields were
divided based on the time interval between the last pesticide
application and our observations [<45 days (n = 6) and >45
days (n = 9)]. Regarding soil management, we had 7 fields
managed under conventional tillage and 9 under no-tillage
regimes (Supplementary Table S10).

Landscape composition of the study area was analyzed in
order to calculate the proportion of semi-natural habitats. We
defined semi-natural land cover as grassland, moorland and
small patches of woodland. Considering the spatial proximity

of the investigated fields, we did not calculate the landscape
composition for each field separately. We selected an area of
the landscape which embedded the buffers of 1-km radius
(Aguilera et al., 2020) surrounding all the 29 investigated
fields (Supplementary Figure S2). Proportion of semi-natural
habitats was calculated using a land-use digitalized map
layer (Digitales Landbedeckungsmodell fiir Deutschland DLM-
DE2009, Referenzjahr 2009) in ArcMap software (version 10.5.1,
ESRI). Land cover classes were identified based on the CORINE
Land Cover Nomenclature. The total proportion of semi-natural
habitats in the landscape was 12.7%, with the most common
semi-natural habitats represented by grassland patches.

Data Collection

Data were collected the first week of July 2018. We measured
the ecosystem function proxies following the Rapid Ecosystem
Function Assessment (REFA, Meyer et al., 2015) approach. From
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all the proxies proposed by the REFA, we selected those of
particular interest for biological pest control. These proxies were
measured mid-season when predators achieve highest densities
and may provide an important contribution to pest control. In
particular, we assessed insect predation calculating the predation
rates of standardized baits and the attack rates on artificial
caterpillars, and seed predation calculating the removal rates of
weed seeds. Furthermore, we measured the activity density of
epigeal predatory arthropods during the exposure of the baits in
the fields. We expected to observe differences in terms of activity
of predators and predation rates driven by the previous crop
rotation and cover crop management. Proxies were measured on
the ground during 48 h in three sampling stations per field, which
were installed at a distance of 20 meter from the field edge and 15
meter from each other. Each sampling station consisted of three
90 mm-diameter Petri dishes buried flush to the ground with the
bait items (i.e., two artificial caterpillars, ten mealworms, and ten
seeds of three different weed species, respectively) fixed on them
and one pitfall trap to assess activity density. Sampling items were
placed at each corner of a square of 50 cm side length. Vertebrates
were excluded from mealworms and weed seeds using exclosure
cages made of wire net (12.5 x 12.5cm) with 1.2 cm? mesh size
secured to the ground with four steel staples.

Artificial caterpillars made from light green modeling clay
(Staedtler, Niirnberg, Germany) were used to estimate the
predation rates by different predator groups, both invertebrate
and vertebrate (Howe et al., 2009). The dummies were 25 mm
long and 5mm wide (Low et al., 2014), glued on small pads
of wood and fixed on the dishes previously sprayed with an
aerosol glue and covered with fine sand. Dummies were collected
and checked for attack marks using a stereo microscope. Attack
marks were attributed to either arthropod, mammal, or bird
predators based on the collection of images from Low et al.
(2014) (Supplementary Figure S1). Each dummy was scored for
presence or absence of arthropod and vertebrate predation (i.e.,
binary response 0/1). This binary dependent variable was tested
in the statistical models.

Insect predation rates were assessed also using dried
mealworms (larval stage of the flour beetle Tenebrio molitor
L.) as a bait (Hertzog et al, 2017). Mealworms were placed
on dishes previously sprayed with an aerosol glue and
covered with fine sand. The number of removed or attacked
mealworms was recorded, counting as predated also those
partially consumed. The proportion of mealworms predated per
number of mealworms exposed was used as response variable in
the statistical models.

Seed predation was assessed by measuring removal rates of
artificially placed seeds of the three weed species Sinapis arvensis
L., Capsella bursa-pastoris (L.) Medik., and Anthriscus sylvestris
(L.) Hoffm. Seeds were fixed on the dish previously covered with
a layer of sand paper (grain size 80) sprayed with repositionable
glue (3M Spray mount) (Westerman et al,, 2003). The weed
species were selected on the basis of their different size and shape,
allowing the predation by a wide range of granivory arthropods.
The dishes were collected and closed with a parafilm strip to
avoid losses due to handling and transport. Seed predation rates
were assessed by counting removed seeds of each species. The

proportion of predated seeds per number of exposed seeds was
used as response variable in the statistical models.

The activity density of epigeal predatory arthropods at
the time of REFA-sampling was investigated using pitfall
traps. The traps consisted of 120 ml jars (70 mm high with a
diameter at the mouth of 50 mm) flush buried with the soil
surface. The containers were filled (40ml) with a saturated
salt (NaCl) water solution, which allowed for a long and good
preservation of the arthropods (Teichmann, 1994). Some drops
of detergent were added to reduce surface tension. Traps were
collected and stored in a cold room before sorting. Based
on morphological features, the specimen were classified into
different taxa of ground dwelling predators: carabids, spiders,
staphylinids, harvestmen (Arachnida: Opiliones); and others
arthropods (e.g., ants [Hymenoptera: Formicidae]). The number
of specimens in each group were counted and used as response
variable in the models. After sorting, pitfall-trap catches were
stored in 80% ethanol solution, prior to weighing. The weight was
obtained in an alcohol-wet state following the method described
by Schwan et al. (1993). The fluid content was subtracted pouring
the arthropods onto a sieve of 0.8 mm mesh width. The time
between two drops was measured and when it reached 10s for
the first time, the weight was assessed with a laboratory scale.

Statistical Analyses

Statistical analyses were conducted with R (R Core Team,
2018). The effects of crop rotation management 2007-2018, crop
rotation management 2015-2018, crop identity and phenological
growth stage were tested for each proxy separately using
generalized linear mixed models. In a first set of models, the
categories based on the length of the rotation (“long” and “short”)
and on the number of cover crops (“WCC” and “NCC”) during
the period 2007-2018 were used as explanatory variables. In a
second analysis, the categories obtained considering the last 4
years (2015-2018) based on the length of the rotation (“long” and
“short”) and on the number of cover crops (“wcc” and “ncc”) were
used as explanatory variables in the new models. In this last set of
models, the cultivation of a cover crop in winter 2017/2018 was
also included as fixed factor and considered in the final models
only if significant. Finally, a separate set of models was used to
test the effects of current crop and phenological growth stage on
the proxies investigated.

All the models were fit using the package glmmTMB (Brooks
et al, 2017). Predation rates data (binary and proportional
response) were modeled using a binomial error structure with
logit link function, while a Poisson distribution structure with log
link function was used for activity density models. If necessary, a
negative binomial error structure with log link function was used
in order to account for overdispersion. For the proxies activity
density and weed seeds predation, the terms predator taxa and
seed species were included as explanatory variables in the models,
respectively. Random effect for field was included in the models.
For the period 2007-2018, two-way interactions between each
of the categories based on the crop rotation management and
the terms taxa and species were included. Two-way interactions
were included also between taxa and categories of crop rotation
management 2015-2018 and current crop 2018.
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Regardless of crop rotation management and crop identity,
an additional analysis was carried out to test whether field
management practices (tillage and time of last pesticide
application) had any effects on the activity density of predators’
taxa. Models included the same error structure as those in the
main analysis.

The Wald Chi-Squared Test through the Anova function in
the car package (Fox and Weisberg, 2011) was used to test if
the explanatory variables in the models were significant. Type
III Chi-Square Test was used in the models with significant
interaction terms. After fitting the models, pairwise differences
among variables were tested using Tukey’s post hoc test through
the emmeans function from the emmeans package (Lenth, 2018).

RESULTS

After exposure, 99.4% of dummy caterpillars were recovered and
could be assessed. On average, 24.8% of artificial caterpillars
showed predation marks. In terms of identity of predator groups,
attack marks caused by arthropods were found in 50% of the
dummies attacked, while marks caused by vertebrates were found
in 54,7% of the dummies attacked, with almost the totality of the
latter were caused by rodents and only one case was attributed
to birds.

Predation rates on mealworms were on average 39%; whereas
predation rates on weed seeds were overall extremely low. For all
the three weed species exposed, predation rates were below 1%.

The weight of the biomass of the arthropods collected was
on average 600 mg per pitfall trap, with predators (carabids and
spiders) and ants representing the most collected taxa. In respect
to the different taxa of predators sampled, spiders showed the
highest share (198 individuals collected), followed by carabids
(124 individuals), while staphylinids were collected in a very low
number (20 individuals).

Effects of Crop Rotation Management

2007-2018 on Ecosystem Function Proxies
Total attack rates on dummy caterpillars caused by both
arthropod and vertebrate predators were not affected
by the long-term crop rotation management 2007-2018
(Supplementary Table S8). Arthropod attack rates on dummies
were also not influenced by the length of rotation (6% =+ 4; P =
0.983; Table 2). In contrast, arthropod attack rates were strongly
influenced by the number of cover crops cultivated (Table 2). In
particular, attack rates were higher in the NCC system (14% =+ 6)
compared to the WCC system (3% =+ 2) (P = 0.040).

The length of rotation did not affect predation rates on
mealworms significantly (P = 0.347), with 26% =+ 9 of
mealworms predated in fields of the category long rotation and
42% =+ 15 of predation in those of the category short rotation
(Table 2, Figure 2A). This proxy was also strongly affected by
the number of cover crops cultivated (Table 2, Figure 2B). NCC
fields showed significantly higher predation rates on mealworms
than WCC fields (68% = 12 vs. 11% =+ 5; P < 0.001).

Weed seed predation rate was overall below 1% and was not
affected neither by the length of the rotation nor by the number

of cover crops cultivated (Table 2). Regarding the proportion of
predation of the different seed species, for the smaller seeds of C.
bursa-pastoris we registered higher predation in comparison to
the other species in NCC fields (P = 0.020 vs. A. sylvestris, P =
0.035 vs. S. arvensis). No differences were observed for the length
of the rotation (Table 2).

The biomass of arthropods collected with pitfall traps did not
differ in relation neither to the length of the rotation nor to
the number of cover crops cultivated (Supplementary Table S9).
Activity density of epigeal predatory arthropods was not affected
by the length of the rotation for the period 2007-2018 (P =
0.490) (Table 2, Figure 2C). When considering the cultivation
of cover crops, activity density of spiders was significantly
higher in NCC than WCC (P = 0.018), while the number
of cover crops cultivated did not influence activity density of
carabids (P = 0.558) and staphylinids (P = 0.339) (Table 2,
Figure 2D).

Effects of Crop Rotation Management of
the Last 4 Years (2015-2018) on Ecosystem

Function Proxies

In relation to the crop rotation management of the last 4 years
(2015-2018), total attack rates on artificial caterpillars were not
affected by any of the factors (Supplementary Table S8). In the
same way, attack rates by arthropods did not differ in relation to
the number of crops in the rotation (7% = 5 long rotation, 6%
=+ 3 short rotation, P = 0.799). Arthropods attack rates were on
average lower in wcc fields (4% =+ 3) compared with ncc fields
(10% =+ 5), but no significant differences were registered (P =
0.221) (Table 2).

Marginal significant effects of the length of the rotation on the
predation rates of mealworms were observed (P = 0.085), with a
predation rate of 13% = 8 in the long and 41% = 12 in the short
rotation (Table 2, Figure 3A). The number of cover crops in the
rotation had consistent effects on the observed predation rates
on mealworms (P = 0.004). Specifically, predation rates were 9%
£ 5 in wce system and 51% =+ 13 in the ncc system (Table 2,
Figure 3B).

Seed predation was not affected by any of the parameters
considered, showing no differences between different length of
rotation and cover crop management (Table 2). For the smaller
seed species C. bursa-pastoris we observed higher predation rates
in comparison to A. sylvestris (P = 0.009), but not compared to S.
arvensis (P = 0.376).

Total biomass of the arthropods collected by pitfall traps
was not affected by the crop rotation management 2015-2018
(Supplementary Table S9). The number of crops in the rotation
did not affect significantly the activity density of any of the
predators’ taxa investigated (P = 0.546) (Table 2, Figure 3C).
With regards to the cover crops, activity density of carabids (P
< 0,001) and spiders (P = 0.041) were significantly higher in ncc
fields (carabids: 5.3 & 1.6, spiders: 6.8 &£ 1.3) in comparison to
wec (carabids: 1.6 £ 0.4, spiders: 3.9 £ 0.8), while activity density
of staphylinids did not differ between the two systems (P = 0.243)
(Figure 3D).
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TABLE 2 | Results of the generalized linear mixed models on the effects of all explanatory variables on ecosystem function proxies measured for predatory arthropods.

Proxies
Explanatory variables Df Activity density Attack rates on Predation rates Predation rates
dummies of mealworms of weed seeds
2007-2018 Rotation 07_18 1 0.490 0.983 0.345 0.632
Cover crops 07_18 1 0.015* 0.038* <0.001*** 0.847
Predator taxa 2 <0.001*** - - -
Cover crops 07_18:Predator taxa 2 0.061 - - -
Rotation 07_18:Predator taxa 2 0.383 - - -
Seed species 2 - - - 0.040*
Cover crops 07_18:Seed species 2 - - - 0.018*
Rotation 07_18:Seed species 2 - - - 0.520
2015-2018 Rotation 15_18 1 0.546 0.769 0.081 0.177
Cover crops 15_18 1 0.038* 0.212 0.005** 0.406
Cover crop 18 1 0.539 0.845 0.897 0.211
Predator taxa 2 <0.001*** - - -
Rotation 15_18:Predator taxa 2 0.083 - - -
Cover crops 15_18:Predator taxa 2 0.001** - - -
Cover crop 18:Predator taxa 2 0.033* - - -
Seed species 2 - - - 0.010*
Current crop 2018 Current crop 18 2 0.297 0.193 0.628 0.632
Predator taxa 2 <0.001*** - - -
Current crop 18:Predator taxa 4 0.007* - - -
Seed species 2 - - - 0.010*

Asterisks represent the significance level of the terms (‘P <0.05, **P < 0.01, and ***P < 0.001). P-values are based on a chi-squared test [P (x2)]. The explanatory variables predator
taxa and seed species were included only in the models for activity density and predation rates of weed seeds, respectively.

Finally, the cultivation of a cover crop in winter 2017-2018
before the main crop did not affect any of the ecosystem function
proxies investigated (Table 2).

Effects of Current Crop and Phenological
Growth Stage of the Crops on Ecosystem

Function Proxies

The crop grown in 2018 did not have significant effects on the
predation rates by epigeal predators on dummy caterpillars (P
= 0.193), mealworms (P = 0.628), and weed seeds (P = 0.632).
Also, no significant effects were observed between different
phenological growth stages of the plants (BBCH Scale) in the
maize fields when considering only arthropod attack rates on
artificial caterpillars (P = 0.177). Activity density of single taxa
was not affected by crop identity and phenological growth stage
(P =0.297). In maize fields at advanced stage (BBCH > 51), the
number of spiders was significantly higher than the number of
carabids collected (P < 0.001). This difference between taxa was
not observed in the maize fields at earlier growth stage (BBCH <
39) (P = 0.218) and in cereal fields (P = 0.972).

The impact of vertebrate predation (mostly caused by rodents)
on the dummy caterpillars was considerable in relation to the
crops present in the fields and their growth stage. Total attack
rates by arthropods and vertebrates on dummy caterpillars
were lower in maize fields (17% on average) in comparison
to fields cultivated with other cereals (36% =+ 7) (Figure 4).

Differences were observed also between maize fields at advanced
stage of development (BBCH > 51) and those at earlier stage
of development (BBCH < 39), showing significantly lower
percentage of attacked dummies in the latter (29% vs. 6%) (P =
0.013) (Figure 4).

Effects of Field Management Practices on

Activity Density of Generalist Predators
Pesticides were applied in almost all of the fields considered for
the analysis, with the time of the last pesticide application before
our measurements not affecting the activity density of any of the
investigated taxa. On the contrary, soil management affected the
activity density of carabids, which was lower in fields that were
plowed during the cropping season compared to fields under no
tillage regime (Table 3). Finally, activity density of all predators
and spiders was not influenced by soil management practices
(Supplementary Table S11).

DISCUSSION

The main objective of this study was to determine whether a
wider crop rotation and the addition of winter cover crops in the
cropping system during the previous years influenced predation
rates and activity density of predatory epigeal arthropods. We
expected to observe these effects driven by the previous crop
rotation management on the ecosystem functions measured
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FIGURE 2 | Effects of crop rotation management 2007-2018. Arthropod predation rates on mealworms in relation to length of rotation (A), number of cover crops
(B), activity density of the main taxa of epigeal predatory arthropods collected through pitfall traps in relation to length of the rotation (C), and number of cover crops
(D). Boxplots show the raw data while red points and bars show the estimated marginal mean with standard error (SE).

in the field during the current growing season. To test these
hypotheses, we measured a set of standardized proxies at
a specific moment following the Rapid Ecosystem Function
Assessment (REFA) approach. The use of insect and artificial prey
is a common method used to measure predation rates (Lovei
and Ferrante, 2017), and in our study dummy caterpillars and
mealworms were effective in measuring predation pressure and
detecting differences between systems tested. Differences in the
predation rates between types of bait could be explained by the
higher attraction of predators to the mealworms compared to the
artificial caterpillars. Weed seed predation rates were overall low
and were not affected by any of the crop rotation management
variables. Finally, the pitfall traps used in this study allowed us to
assess the presence and activity of the main arthropod predator
taxa during the REFA-sampling.

In contrast to our first hypothesis (I), we found that the
predation rates and the activity density of generalist predators
were not affected by crop rotation. Neither long (2007-2018) nor
short (2015-2018) term effects of crop rotation were detected.
Winter cover crops in the crop rotations did show effects on
predators’ activity density and on predation rates but not in
the way we had expected (second hypothesis, II). In fact, we
found that the winter cover crop cultivation did not increase
either predation by epigeal generalist predators nor their activity

density in the field. Finally, the current crop cultivated on
the fields had no effects on the parameters investigated (third
hypothesis, IIT). Only the total attack rates on artificial caterpillars
were affected by the current crop and the growth stage of the
plants when we considered also the vertebrate attack rates, which
was mainly caused by small mammals.

We observed that a wider crop rotation did not enhance
any of the ecosystem function proxies investigated, showing
neutral effects on the levels of predation and activity density
of predators. None of the parameters investigated was affected
by the number of crops present in rotation, when considering
both long (2007-2018) and short (2015-2018) term management
periods. Other studies have reported similar results. Meyer et al.
(2019), for instance, found inconsistent effects of temporal crop
diversity on activity density of arthropods, reporting that species
groups had different responses to the number of crops in the
rotation. Similarly, Dunbar et al. (2016) showed that activity
density of individual predator taxa was not affected by rotation
scheme, with no positive effects for the ground-dwelling predator
community. Cropping systems in our study are dominated by
maize, with few other crops (mainly annual cereals) added
in the rotations. This leads to a temporal variation among
cereal crops having similar vegetation structure, microhabitat
and resources. It is therefore possible that the addition of these
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crops with similar functional traits in the rotation did not
benefit natural enemies. In this context, it is relevant to specify
that the study region is located within a water protection area,
which is subjected to strict rules concerning the crops allowed
for the cultivation, narrowing the range of species available to
the farmers.

Landscape-scale habitat composition and configuration can
also influence pest pressure and biological pest control. Although
previous studies often failed to find a clear landscape-biocontrol
relationship, showing inconsistent effects of these variables on
the performance of natural enemies (Tscharntke et al., 2016;
Karp et al., 2018), landscape complexity remains one of the key
factors driving the conservation of service-providing arthropod
communities in agricultural environments (Aguilera et al., 2020).
Rusch etal. (2013b) demonstrated that combined management of
semi-natural habitat and crop rotation can stabilize and enhance
natural pest control in agricultural landscapes, independent of
crop rotation intensity alone. Aguilera et al. (2020) showed that
the diversity of arthropod communities benefits from a higher
crop diversity in landscapes that are also rich in semi-natural
habitats, compared to landscapes with low proportions (10%) of
semi-natural habitats, and Tscharntke et al. (2016) suggested a
threshold level of 20% natural habitat at the landscape scale as
the minimum amount of natural habitat necessary to support

75

50

.
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, =t
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Current crop
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FIGURE 4 | Total attack rates by vertebrates and arthropods on dummy
caterpillars in relation to current crop (2018) and phenological growth stage.
Bars show the estimated marginal mean with standard error (SE).

biocontrol services. Hence, it is plausible that the amount of
semi-natural habitats in our study area (i.e., 12.7%) may have
been too low to support the benefits on ecosystem functions
expected from the temporal crop diversification.
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TABLE 3 | Effects of soil management and time of last pesticide application on the activity density of generalist predators.

Soil management

Time of last pesticide application

Conventional No tillage <45 days >45 days
All predators 2.8+ 0.6 48+0.8 40+0.7 3.1+0.7
Carabids 0.7 +0.2 1.8+ 0.4 1.3+03 09+0.3
Spiders 1.7+04 2.7+05 25+0.5 19+05

Values show the estimated marginal means with standard errors. Results in bold are significantly different.

In terms of predation rates of weed seeds, we observed overall
very low predation rates. No effects of the length of rotation and
cultivation of cover crops were found for this ecosystem function
proxy. The generally low activity density of ground-dwelling
predators observed in our fields may be the explanation for such
low predation of weed seeds, with particular regards to carabids,
which are one of the most important seed predators in crop fields
(Honek et al., 2003). Higher predation of the species C. bursa-
pastoris can be explained with the fact that smaller seeds are
preferred by arthropods (Saska et al., 2014), while small mammals
and birds prefer larger seeds, with the vertebrates playing a
very important role as weed seeds predators in agroecosystems
(Westerman et al.,, 2003; Navntoft et al., 2009). Vertebrates
were excluded from our assessment using an exclosure cage,
therefore their contribution to weed seeds predation was not
investigated here.

We found that predation rates were generally lower in fields
that comprised a higher number of cover crops compared to
fields with less cover crops in the rotation. In particular, for
predation on mealworms this difference was remarkable in both
management periods investigated, while attack rates on artificial
caterpillars were significantly different only in the long-term
period. Predation rates were in line with the activity density,
which was generally higher in fields with lower number of cover
crops, but with different results between taxonomic groups.
We found more spiders in fields with low number of cover
crops when considering both long and short-term management
periods, and more carabids when considering the short-term
period only. Staphylinids, on the contrary, were not influenced
by cover crop management at all. Cover crops cultivation is
expected to increase many supporting and regulating ecosystem
services in agroecosystems, including beneficial insect activity,
as result of legacy effects of the cover crops on the following
cash crop (Schipanski et al., 2014). However, contrasting results
on cover crop effects on predators are often reported in
literature, highlighting the difficulty in understanding the real
contribution of winter cover crops to natural enemies and
their pest control potential (Lundgren and Fergen, 2010; Fox
et al, 2016). We were not able to detect any legacy effect
in our study, with the cash crops not showing advantages
from the previous cultivation of a winter cover crop in terms
of activity density of predators and biocontrol potential at
mid-season. The activity of natural enemies in the following
crop can be influenced by how cover crops are terminated.
It has been demonstrated that the termination strategy of
cover crops may impact the activity of predators (Magagnoli

et al., 2018), and less disruptive practices (e.g., by a roller-
crimper) are preferable in order to retain arthropod predators
to the field (Rivers et al., 2018). In our fields, cover crops
were incorporated into the soil in late winter after termination.
This practice is likely disturbing those species of predatory
arthropods overwintering within the fields (Pfiffner and Luka,
2000). In addition, it is not creating the most favorable spring
habitat, in respect of microclimate, shelter, and food, for an
early colonization of the fields by beneficial arthropods from
the surrounding environment (Wissinger, 1997; Wamser et al.,
2011). Mechanical operations in arable crops can cause mortality
and emigration of epigeal predators (Thorbek and Bilde, 2004),
and in particular carabids can be both directly and indirectly
negatively affected by tillage across all life stages (Blubaugh and
Kaplan, 2015). Furthermore, the use of pesticides is known to
have consistent negative effects on natural enemies reducing the
potential of pest control (Geiger et al., 2010). Additional analyses
of the field management practices in our study highlighted
that tillage had an influence on carabids regardless of crop
rotation schemes, decreasing their activity density in fields
that were plowed during the growing season. Thus, a high
level of anthropogenic disturbance through conventional soil
management and widespread application of pesticides in the
investigated fields may have had more prominent effects on
generalist predators compared to crop rotation management,
precluding the detection of any effect caused by the implemented
diversification strategies. Investigating the effects of field
management practices in interaction with crop rotation was not
possible in this study, due to the limited feedback by farmers on
their respective field management. Therefore, further research is
needed in order to evaluate the combined effects caused by field
and crop rotation management.

Surprisingly, we did not find any differences in the
proxies of biocontrol investigated between maize and grain
cereal fields. Also, arthropods predation and attack rates and
activity density were not affected by the plants’ growth stage
either. On the contrary, we found that total attack rates
by both arthropods and vertebrates on dummy caterpillars
were influenced by current crop and growth stage. This
difference was due to the contribution to predation by
mammals, showing that these organisms may also provide
pest control service in agricultural landscapes, as shown
by Tschumi et al. (2018).

To conclude, we observed in our study less positive effects of
temporal diversification than we expected. Our results suggest
that crop temporal diversification alone may have not been
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enough to enhance the potential of natural pest control under
the conditions studied here at a specific period during the
growing season. In fact, it is important to consider that our
study did not account for temporal dynamics and the results
have been obtained once at mid-season, in a year characterized
by particularly dry and hot climate conditions, which may
have influenced the presence and activity of the organisms
investigated. As climate change and extreme weather events such
as drought affect trophic interactions in food webs (Diehl et al.,
2013), this aspect should not be omitted when interpreting the
results. Nevertheless, adding different resources and traits to
the agroecosystems through a wider range of cultivated crops
and the integration of semi-natural habitats and perennial crops
are aspects that should be considered when developing more
resilient and diverse cropping systems. Finally, we were not able
to demonstrate benefits of winter cover crops for biocontrol,
however, this does not necessarily imply that their introduction
in the rotation does not provide several beneficial services
to agroecosystems. Therefore, in order to better exploit the
potential benefits of winter cover crop for predators and their
biocontrol services it is necessary to consider and investigate
the effects of all the specific management practices related with
their cultivation.
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