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Abstract

This study investigated how crop type and crop rotation influences the distribution and
the dynamics of abundance of two dominant carabid beetle species (Poecilus cupreus and
Brachinus sclopeta) at two critical stages of their life cycle: the spring reproductive and
overwintering periods. The study was conducted over nine years in an agricultural landscape
of western France using both pitfall and emergence traps located within the fields and in the
field margins of the five dominant crops. The two species used crop and non-crop habitat
types differently during the reproductive period and while overwintering, suggesting two
different strategies of habitat use. Both species used within-field areas during the spring
reproductive period, but P. cupreus was active in many crops while B. sclopeta was only
active in oilseed rape. Our data suggested a beneficial role of oilseed rape for both species. P.
cupreus overwintering emergences occurred in oilseed rape, suggesting active selection of
this crop during autumn, and to a lesser extent in margins of fields which had been cropped
with oilseed rape the previous year. B. sclopeta emergence from overwintering occurred
predominantly in margins of fields cropped with oilseed rape the previous year. Overall
results suggest that inter-field movements and active selection rather than differences in
survival rates may explain distribution and abundance dynamics of these two carabid species
in agricultural landscapes. This study provides valuable insights on the influence of crop type
heterogeneity and the dynamics of cropped habitats on the population dynamics of species
contributing to biological control. Such knowledge may help to manage their populations and

improve ecosystem services.
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1. Introduction

Agricultural intensification in Europe has affected the dynamics (Benton et al., 2003)
and ecosystem services provided by biodiversity, such as biological control of agricultural
pests (Thies and Tscharntke, 1999). Species contributing to biological control are mainly
polyphagous predators (e.g. Costanza et al., 1997; Losey and Vaughan, 2006; Van Driesche et
al., 2008; Jonason et al., 2013). Among them, carabid beetles play an important role in
agriculture as natural enemies of pests or as elements of trophic chains sustaining biodiversity
(Thiele, 1977). Carabid beetle communities in crops are usually numerically dominated by a
few species, which may drive ecosystem functioning (Holland and Luff, 2000; Luft, 2002).
However, information on the basic ecology of individual species is relatively scant and
contradictory for even the most common species (Thomas et al., 2001). Indeed, most studies
on carabid beetles investigated the diversity and abundance of the whole community. Detailed
understanding of species distribution among habitats at the different life stages can provide
insights into their ecological requirements. It would allow us to better adapt crop protection
strategies and/or help design ecological strategies of management through environmental
engineering (Landis et al., 2000; Vasseur et al., 2013; Raymond et al., 2014).

Agricultural landscapes consist of a mosaic of habitat patches whose suitability may
be good, moderate or hostile to a given species (Fahrig et al., 2011). This functional
representation of patch suitability includes the heterogeneity of the cultivated mosaic which
results from the diversity of crops (Vasseur et al., 2013). Crops provide different
environmental conditions and food availability which are two of the most important factors
influencing carabid beetle distribution (Luff, 1987; Holland, 2002; Thomas et al., 2002). In
addition, crops also differ in the intensity and timing of management practices, such as soil

tillage and harvesting, which are determined by crop successions (Joannon et al., 2008).
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Agricultural practices have been shown to influence carabid beetle abundance either directly,
through mortality and emigration, or indirectly, by affecting local microhabitat conditions
(Kromp, 1999; Cole et al., 2002; Thorbek and Bilde, 2004; Hatten et al., 2007). Accordingly,
studies which investigated the effect of crop management practices on the species
composition of carabid beetle communities concluded that the crop type was one of the most
influential factors (Booij and Noorlander, 1992; Weibull and Ostman, 2003; Eyre et al.,
2013). Altogether, the crops and their succession should be major determinants of habitat
suitability because they integrate both intrinsic characteristics of the cultivated plants and the
associated practices (Vasseur et al., 2013). In addition, many species use non-crop habitats at
critical moments of their annual life cycle. Adults of spring-summer breeding species often
overwinter in boundary structures or grassland habitats and re-colonize crop fields in spring
(Geiger et al., 2009; Lee and Landis, 2002). Hence, over their lifetime, individuals can use
different habitat types including both crop and non-crop habitats (Bommarco, 1998a) and may
therefore be particularly sensitive to the dynamics of cropped habitats within the landscape
(Thomas et al., 2002). While many studies have addressed the role of non-crop habitats as
alternative and overwintering habitats (Lys and Nentwig, 1992; Pfiffner and Luka, 2000;
Frank and Reichhart, 2004; Smith et al., 2008; Hof and Bright, 2010), few have taken into
account the crop type they were bordering (e.g. Eyre and Leifert, 2011; Eyre et al., 2013) to
explain species' spatial dynamics.

Here, we aimed to investigate how spring-breeding carabids use the different habitats
in the farmland landscape mosaic to complete their annual life cycle. Using two numerically
dominant carabid species of western France agroecosystems, Poecilus cupreus and Brachinus
sclopeta (Jeannel, 1942), we focused on two crucial life stages, i.e. overwintering and spring
reproductive periods. We postulated that crop types may influence the distribution and

activity-density (AD) of carabid species among habitats. It was hypothesized that the
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influence of crop and succession may vary (i) between species (Thomas et al., 2001; Holland
et al., 2005) and (i1) between stages of the life cycle (Holland and Luff, 2000; Geiger et al.,
2009; Holland et al., 2009). We also hypothesized that (ii1) field margin use may vary
according to the crop in the field concerned, to the species and the life stage (Eyre and Leifert,
2011; Eyre et al., 2013). As carabid beetle abundance fluctuates widely from year to year and
can vary within and between fields (Thomas et al., 2001; Holland et al., 2004, 2005), any
reliable knowledge of crop influence should be based on long-term observations carried out
simultaneously in many fields of each crop. In the present study, data from surveys carried out
over 9 years in 734 fields located in a 430 km? study area (including about five hundred

farms) were analysed. To our knowledge, no study has been carried out on this scale.

2. Materials and methods

2.1. Study area

The study was conducted in the LTER Zone-Atelier “Plaine et Val de Sévre” covering
an area of 430 km? in western France (46.11° N, 0.28° W) and containing ca. 12,500 fields
(mean area = SD: 2.94 ha & 3.15) mostly dedicated to cereal crop production. Since 1995,
land use has been recorded annually for each field and mapped with a Geographical
Information System (ArcGis 9.2 - ESRI Redlands, CA, USA). Perennial crops represented
11.9% + 0.3 of the total area of the study site (mean value + SE from 2005 to 2013) including
grasslands (8.5% + 0.4) and alfalfa (3.4% =+ 0.3). From 2005 to 2013, annual crops were
dominated by winter cereals (36.9% + 0.4 of the total area), sunflower (10.8% =+ 0.5) and
oilseed rape (10.1% =+ 0.7). Other main land uses were urban areas (9.3% + 0.3) and wood

(2.9% =+ 0.1), the other crop types accounting for 18.2% + 3.4 of the land use.
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2.2. Experimental design and sampling technique

First, in order to assess spring activity-density (AD) according to habitat and crop
type, carabid beetles were sampled using pitfall traps, the standard method to estimate AD
during their activity period (Thiele, 1977). The method is simple, cost-efficient, and produces
high capture rates (Luff, 1975; Spence and Niemeld, 1994). The five dominant crops (alfalfa,
grassland, oilseed rape, sunflower and winter cereal), accounting for almost 80% of the arable
land use, were sampled from 2005 to 2013 (Table 1). In ou sample, oilseed rape (WC/OSR)
and sunflower (WC/Sun) were always preceded by winter cereals, and winter cereal by oilseed
rape (OSR/WC), sunflower (Sun/WC) or winter cereal (WC/WC). These 2-year crop
successions were dominant over the study site (Lazrak et al., 2010). Grassland and alfalfa
were classified according to their age deduced from the GIS database (from 1 to +4 years of
age). The number of fields sampled in each year and for each succession ranged from one to
61 (Table 1). Sampling design slightly varied from year to year, as detailed below. The
number of pitfall traps per field ranged from three to four according to the year. From 2005 to
2013, three pitfall traps were placed at less than 30 m from the field edge and at 10 m from
each other. From 2009 to 2013, one additional trap was placed in the grassy field margin.
Traps were filled with a 50% preservative solution of ethylene glycol (2005 to 2010),
monopropylene glycol (2009 and 2010) or ethanol (2011 to 2013). The number of sampling
sessions depended on the year and sampling occurred from late April to mid-July (Table 1).
Pitfall traps were left in place for five (2005-2010) or four (2011-2013) trapping-effective
days and, for a given year, were set up at the same location for all sessions.

Second, to determine overwintering location of carabid beetles, emergence traps were
set up within fields (one in 2012, two in 2013) and in field margins (one trap) to collect post-

overwintering emerging adults. As for the pitfall trap protocol, our aim was to investigate the

6
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influence of habitat type. Thus, emergence traps were set up at the end of March (81 in 2012
and 102 in 2013; see Table 1) in alfalfa, winter cereal (OSR/WC, Sun/WC, WC/WC), and
oilseed rape (WC/OSR) (Table 1). The emergence trap method consisted of hermetically
sealing a soil area to collect all emerging insects, while preventing both emigration and
immigration. Insects were caught in one collection bottle and one pitfall trap per emergence
trap, filled with a 70% preservative solution of ethanol. This sampling method has been
shown to be efficient to estimate absolute density of ground-dwelling arthropods (Sunderland
et al., 1995). The area of each trap was 0.36 m? (Soil Emergence trap 96x26 mesh, Black,
MegaView Science Co., Ltd, Taichung, Taiwan). Traps were emptied every fortnight from
early April to mid-July (Table 1), covering most of the adult emergence period. Carabid
beetles were stored in the lab in a 96° ethanol solution and identified at the species level.

< Table 1>

2.3. Carabid beetle species

During the nine trapping years, two species accounted for more than 50% of the total
AD in pitfall traps (Appendix A): Poecilus cupreus (L.) (33%) and Brachinus sclopeta
(Fabricius) (19%). P. cupreus is a typical and beneficial predator on arable lands (e.g.
Langmaack et al., 2001) associated with many crops (e.g. cereals: Heydemann, 1955; Luik et
al., 2005; clover: Luik et al., 2005 ; oilseed rape: Hossfeld, 1963; Schlein and Biichs, 2004;
Veromann et al., 2005; pea: Holland et al., 2005). B. sclopeta is a Brachinini bombardier
beetle, a genus described as ectoparasitoid of other insects (Erwin, 1979). B. sclopeta is
characterized as an open habitat species (Zetto Brandmayr et al., 2006) but its ecology is
largely unknown. Both species overwinter as adults and reproduce in spring (Matalin, 2007;

Pilon et al., 2013). They are macropterous, with well-developed wing muscles (Bommarco,
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1998b; Hendrickx et al., 2009; Pilon et al., 2013), but P. cupreus is more likely to disperse by

walking (Wallin, 1985).

2.4. Statistical analyses

2.4.1. Spring activity-density (pitfall trap data)

To investigate habitat and crop succession influence on carabid AD, we used
generalized linear mixed models (GLMM) with Poisson distribution and a log-link function.
AD of P. cupreus and B. sclopeta was modelled separately as the response variable using the
number of individuals caught in a pitfall trap. Several models were fitted to test our
hypotheses (Table 2).

< Table 2 >

First, model 1 tested for the effect of pitfall trap location (7L) (within field vs. grassy
field margin) on the spring dynamics of P. cupreus and B. sclopeta AD. TL was set as fixed
effect and we included Julian date (JD) as a quadratic covariate, using a two-degree scaled
polynomial (scaled with mean = 0) (date = JD+JD?). Interaction levels were restricted to two-
way interactions between TL and the date.

Second, model 2 tested for the effect of the crop type on the dynamics of P. cupreus
and B. sclopeta AD in field margins. We compared all crops (alfalfa, grassland, oilseed rape,
sunflower, winter cereal) in the same statistical model because field margins are grassy
margins and have the same vegetation structure whatever the crop in the field they belong to.
In this model, the crop was included as a fixed effect factor and the date as a covariate.

Interaction terms were added.
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Third, models 3 and 4 tested for the effect of the crop on the dynamics of P. cupreus
and B. sclopeta AD within fields. Vegetation structure, e.g. plant density and cover, is known
to affect ground dwelling invertebrate movements and therefore pitfall trap efficiency (Lang,
2000; Thomas et al., 2006). Since grasslands and alfalfa differ from annual crops in their
vegetation structure, we analyzed the effect of the type of perennial and annual crops in two
separate models. Model 3 tested for the effects of the perennial crop (alfalfa and grasslands)
and its age. The crop was included as a fixed effect factor and the date and age as covariates.
Three-way interaction terms were added. Model 4 tested for the effect of the type of annual
crop (oilseed rape, sunflower, winter cereal) on the dynamics of species AD. In this model,
the crop was included as a fixed effect factor and the date as a covariate. Two-way interaction
terms were added.

Finally, models 5 and 6 tested for the influence of the previous crop (oilseed rape,
sunflower or winter cereal) on the dynamics of P. cupreus and B. sclopeta AD in winter
cereal field margins (Model 5) and within fields (Model 6). The previous crop was included
as a fixed effect factor and the date as a covariate. Interaction terms were added.

To account for the sampling design, in all models we included the field identity (N =
660, 572, 299, 373, 290 and 296 levels respectively for models 1 to 6, see above) and a single
factor combining the sampling year and preservative solution used (as it could influence catch
probability, see Luff, 1975; Schmidt et al., 2006) (Model 1: N = 7 levels, Model 2 and 5: N =
5; Model 3, 4 and 6: N = 11) as random intercepts. Furthermore, we allowed the effect of
seasonal variation, modelled as Julian date, to vary between years, by including it as a random
slope. Finally, to account for differences in the number of trapping days between years we
included it as an offset on a log scale in all models.

Analyses were made using the package /me4 (Bates and Maechler, 2013) in R 3.0.2 (R

Development Core team 2013).We used a backward stepwise selection procedure: the full
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model was simplified step-by-step by removing the least non-significant interaction terms and
explanatory variables, using Maximum Likelihood Ratio tests (Type II Wald chi square tests)
in the R package car (function Anova; Fox and Weisberg, 2011). P was set to 0.05 for

variable selection. Results of model selections are summarized in Table 2.

2.4.2. Post overwintering emergences (emergence trap data)

Emergences from early April to the beginning of June were pooled (i.e. sessions one to
four), thus excluding data collected thereafter because many traps were destroyed in June
2013 by violent thunderstorms. In the undamaged emergence traps, these four first sessions
included 88.9% and 83.3% of the total P. cupreus and B. sclopeta individuals respectively.
We used generalized linear mixed models to analyze the number of individuals caught in an
emergence trap for each species separately. Two models were fitted to test our hypotheses
(Table 2).

Model 7 tested for the effect of the crop (alfalfa, oilseed rape and winter cereal) and
TL on the emergence density. In this model, the year, crop and TL were included as fixed
effect factors. Two-way interaction between crop and TL was added.

Model 8 tested for the influence of the previous crop (oilseed rape, sunflower or winter
cereal) and TL on emergences in winter cereal fields. In this model, the year, previous crop
and TL were included as fixed effect factors. Two-way interaction between previous crop and
TL was added.

We used a Poisson distribution and log-link function for all of these GLMMs. The
field identity was included as a random effect. We used the same methodology as in 2.4.1 for

model selection and for parameter significance and estimations except that P was set to 0.10

10
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for variable selection due to the low number of replicates in some cells. Results of model

selections are summarized in Table 2.

3. Results

A total of 18536 individuals of P. cupreus and 10765 of B. sclopeta were collected in
pitfall traps between 2005 and 2013. The number of individuals caught per trap (observed
mean = SE; all crop types combined) fluctuated between the years, with a minimum in 2013
for both species (P. cupreus: 1.07 + 0.19; B. sclopeta: 0.73 £+ 0.18) and a maximum in 2008
for P. cupreus (15.10 = 2.15) and 2005 for B. sclopeta (16.12 £ 6.04), respectively. With the
emergence traps, a total of 98 P. cupreus and 390 B. sclopeta were trapped between early

April and early June in 2012 and 2013.

3.1. Effect of pitfall trap location on the dynamics of AD (Model 1)

The activity density (AD) of the two species was significantly (P < 0.001 — Table 2)
higher in traps located within fields (observed mean + SE: P. cupreus 6.08 + 0.27; B. sclopeta
3.37 £ 0.37) than in traps located in field margins (P. cupreus 1.97 + 0.20; B. sclopeta 0.81 +
0.19). In addition, the dynamics of AD for both species differed according to trap location
(see Appendix B). Separate analyzes were hence made to investigate the dynamics of carabid

AD within fields and in field margins.

3.2. Effect of current crop type on the dynamics of AD in field margins (Model 2)

11
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The temporal dynamics of P. cupreus AD had the same pattern in all crop margins
and decreased significantly from the beginning of the trapping period to the end (Fig. 1a; JD
effect: P <0.001 — Table 2). AD was low in all field margins but differed slightly between
crops, being highest in sunflower margins and lowest in grassland margins (Fig. 1a; Crop
effect: P <0.001 — Table 2). B. sclopeta AD in field margins was almost zero and varied
slightly between crops (Fig. 1b; Crop effect: P = 0.03 — Table 2).

< Fig. 1>

3.3. Effect of current crop type on the dynamics of AD within fields (Models 3 and 4)

Among perennial crops, P. cupreus AD was higher in alfalfa than in grassland (Figs.
Ic and le) and the temporal dynamics of AD differed between the two crops (Crop effect: P <
0.001; JD effect: P <0.001; JD? effect: P = 0.39; Crop*JD effect: P <0.001; Crop*JD? effect:
P <0.001 — Table 2). In alfalfa, AD was high at the beginning of the trapping period and then
decreased while in grassland AD was low and decreased after the end of May (Figs. 1c¢ and
le). P. cupreus AD varied with the age of alfalfa and grassland at the beginning of the
trapping period; the younger the habitat, the higher the AD in early spring (Figs. 1c and le;
Age effect: P =0.89; Age*JD effect: P <0.001; Age*JD? effect: P <0.001 — Table 2). B.
sclopeta AD was low in perennial crops but was higher in alfalfa than in grassland and varied
slightly with the date (Figs. 1d and 1f; Crop effect: P <0.001; JD effect: P = 0.95; JD? effect:
P =0.02 — Table 2). In alfalfa, B. sclopeta AD increased with the date until June and then
decreased, while in grassland it was almost zero at every date (Figs. 1d and 1f; Crop*JD
effect: P <0.001; Crop*JD? effect: P <0.001 — Table 2). B. sclopeta AD varied with age only

in alfalfa; the younger the habitat, the higher the peak of AD in June (Figs. 1d and 1f; Age

12
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effect: P =0.76; Age*JD effect: P <0.001; Age*JD? effect: P <0.001; Crop*Age: P = 0.08;
JD*Crop*Age: P =0.03; JD?*Crop*Age: P <0.001 — Table 2).

In annual crops, P. cupreus AD was high in oilseed rape during the whole sampling
period and was much lower in sunflower and winter cereal (Fig. 1g; Crop effect: P <0.001 —
Table 2). AD in the winter crops (oilseed rape and winter cereal) was at its highest at the
beginning of the trapping period and then decreased after mid-May, while AD in sunflower
was almost zero in late April, increased until June and then decreased (Fig. 1g; JD effect: P =
0.07; JD? effect: P = 0.34; Crop*JD eftect: P <0.001; Crop*JD? effect: P = 0.01 — Table 2). B.
sclopeta was almost exclusively trapped in oilseed rape fields. AD increased importantly with
time until mid-June and then declined (Fig. 1h; Crop effect: P <0.001; JD effect: P = 0.52;

JD? effect: P <0.001; Crop*JD effect: P <0.001; Crop*JD? effect: P <0.001 — Table 2).

3.4. Effect of previous crop type on the dynamics of AD in winter cereal (Models 5 and 6)

P. cupreus AD in margins and within winter cereal fields was not influenced by the
previous crop (Previous Crop effect: P = 0.56 and 0.31 in field margins and within fields
respectively — Table 2). A slight significant effect of the previous crop on the dynamics of AD
was observed in both field margins and within fields, but trends were similar among previous
crops (see Appendix B). Neither B. sclopeta AD nor its dynamics were affected by the

previous crop in winter cereal fields (field margins and within fields) (Table 2).

3.5. Effects of current crop type and trap location on post-overwintering emergence (Model 7)

The distribution of overwintering P. cupreus in field margins vs. within fields varied

with the crop (Crop effect: P = 0.40; TL effect: P = 0.77; Crop*TL effect: P = 0.08 — Table 2).

13
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P. cupreus emergence densities were the highest within oilseed rape fields while they were
almost zero elsewhere (Fig. 2a). B. sclopeta emerged mainly in field margins (TL effect: P <
0.001 — Table 2). These differences depended on the crop (Crop effect: P = 0.20; Crop*TL
effect: P =0.07 — Table 2). In oilseed rape, emergence densities in field margins were only
twice those observed within the fields. In alfalfa and winter cereals there were around five and
15 times more emergences in field margins than within fields respectively (Fig. 2b).

< Fig. 2>

3.6. Effect of previous crop type and trap location on post-overwintering emergence in winter

cereal (Model 8)

P. cupreus overwintering densities were low in winter cereals, both within the fields
and their margins (Fig. 3a) irrespective of the previous crop type. The ratio of the distribution
of overwintering P. cupreus in field margins to that within fields varied with the previous
crop (Previous crop effect: P = 0.24; TL effect: P = 0.76; Previous crop*TL effect: P = 0.006
— Table 2). More P. cupreus individuals overwintered in field margins than within the fields
when winter cereal was preceded by oilseed rape (OSR/WC) (Fig. 3a). The opposite pattern
was observed in Sun/WC fields (Fig. 3a). Similar low emergences were observed in margins
and within WC/WC fields (Fig. 3a). High densities of B. sclopeta emerged in OSR/WC field
margins (Previous crop effect: P <0.001; TL effect: P < 0.001; Previous crop*TL effect: P <
0.001 — Table 2), while almost no emergence occurred elsewhere (Fig. 3b).

< Fig. 3>

4. Discussion
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Crop type strongly influences spring activity density (AD) and overwintering
emergence of both P. cupreus and B. sclopeta, the two dominant spring breeding carabid
species in our study area, which confirms earlier suggestions. Using pitfall traps, some
limitations can appear when comparing AD between crops, due to differences in catch
probability (Lang, 2000; Thomas et al., 2006). Nevertheless, biases linked to variation in
activity alone cannot explain differences between crops, which are confirmed by results
obtained using the unbiased emergence trap method (Holland and Reynolds, 2003). Effect of
crop type on carabid species distribution has only been suggested in previous studies (e.g.
Thomas et al., 2002; Holland et al., 2005; Eyre et al., 2013). Importantly, contrary to these
earlier studies, which involved one or few fields at small spatial and temporal scales, our
results are based on a large dataset of different fields and crop types sampled and can hence
overcome the uncertainties generated by the highly heterogeneous distribution of carabid
beetles within fields, between fields and between years (e.g. Holland and Luft, 2000; Holland
and Reynolds, 2003). Furthermore, we showed that the two species have different habitat use
strategies to complete their life cycle, but that oilseed rape (OSR) has a highly beneficial role

for both species.

4.1. Spatial and temporal distribution shifts among habitat types

During the spring reproductive period, P. cupreus was abundant in all the crops except
grassland and margins. This is consistent with previous studies that have shown its preference
for arable lands (Langmaack et al., 2001; Holland et al., 2005). In addition, we found
differences in AD and its dynamics among crops. First, AD was highest in OSR and alfalfa
during the early spring. This suggests that these crops are major overwintering habitats for

this species. Consistently, P. cupreus post-overwintering emergences were highest within
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fields of OSR. Post-overwintering emergences in alfalfa were lower than expected according
to pitfall trap data. This raises the difficulty of interpreting pitfall trap data which measure
both activity and abundance (Thiele, 1977). By using emergence traps, more robust data are
obtained because the influence of activity and redistribution is excluded (Holland and
Reynolds, 2003). Here, the high and rapidly declining early spring AD in alfalfa may be
explained by P. cupreus redistribution from alfalfa to annual crops. Then, AD peaked in late
May, especially in OSR, suggesting that it may be the main reproductive habitat for P.
cupreus. Since abundance and reproductive success in one crop may have an impact on the
following crop type in a crop rotation (Holland and Reynolds, 2003), we could expect that
adults of the new generation should overwinter within OSR/WC fields. However, in our study
there was no positive influence of OSR in the previous year on overwintering emergences and
spring AD in WC. This result suggests a complete distribution shift between spring and
winter.

Unlike the relative ubiquity of P. cupreus, B. sclopeta life cycle was strongly
associated to a single crop (OSR). AD dynamics peaked in June within OSR fields while it
remained almost zero elsewhere. Following the same rationale as for P. cupreus, a positive
influence of OSR as previous crop was expected in WC. Our results partially support this
hypothesis since post-overwintering emergences occurred mainly in the margins of OSR/WC.
This suggests that B. sclopeta moves before winter from fields to their margins to overwinter,
as reported for many carabid species (Holland and Luff, 2000). The combination of
emergence and pitfall trap results also supports a complete changeover in spring of B.
sclopeta from OSR/WC margins to WC/OSR fields, highlighting the complementarity of the
two trapping methods.

Changes in habitat suitability, due to crop rotation and associated agricultural

practices, are likely to induce the observed distribution shifts (Holland and Luff, 2000). Such

16



O 1oy Ul WN

OO UIUTUIUTUIUTUTOT U BB BB DR DDA DWWWWWWWWWWWNNNNMNONNMNONNNNER R PR PR PR R
O™ WN RO WO I WNROWVWOJAANUBRWNROW®O®JdOAUBRWNROW®-JAUBRWNRE OWO®D--UIoU & WN R O W

distribution shifts have been reported in P. cupreus (Thomas et al., 2001) and other carabid
species (Holland, 2002; Thorbek and Bilde, 2004; Holland et al., 2005), suggesting either
inter-field movements or differences in survival rates. In the present study, inter-field
movements were not directly addressed but might well explain the patterns found. Indeed, our
results strongly suggest that fields sown with OSR in August may be rapidly colonized by P.
cupreus adults of the new generation. Conversely, in B. sclopeta, inter-field movements to
reach new OSR fields are likely to occur in spring since the carabid beetles were found to
overwinter in OSR/WC margins. Although carabid beetles have been intensively studied, little
is known about their dispersal (e.g. Jopp, 2003). Most studies on insect movement and
dispersal are characterized by relatively low recapture rates, limited observation frequencies
and short time scales (e.g. Samietz and Berger, 1997).

Patterns found using emergence and pitfall traps were mostly consistent for P.
cupreus, but not for B. sclopeta. Surprisingly, early spring pitfall trap data did not show that
B. sclopeta overwintered in OSR/WC field margins. Differences in species’ dispersal ability
may explain this paradox. Since P. cupreus disperse mainly by walking (Wallin 1985),
moving individuals were caught in pitfall traps. On the other hand, colonization of new OSR
fields in spring is likely to occur through long distance flight in B. sclopeta. Accordingly,
most of B. sclopeta individuals were caught in the collection bottle at the top of the

emergence traps while P. cupreus individuals were caught in the pitfall trap (data not shown).

4.2. Oilseed rape: a highly beneficial crop for carabid beetles

Association with a particular crop has been previously suggested for carabid beetles,

and for P. cupreus in particular (Heydemann, 1955; Thomas et al., 2001; Holland et al.,
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2005). Carabid beetle preference for OSR, despite the large quantity of chemical insecticides
used on this crop, has been previously reported (Williams, 2010; Eyre et al., 2013).

First, species may select OSR according to the coincidence of their periods of
emergence, activity and breeding with OSR phenology and timing of crop management
practices (Thiele, 1977; Holland and Luff, 2000). In our study area, OSR is available all year
round since new OSR fields are sown in August and OSR stubbles are ploughed in October
while WC fields are sown in October and stubbles are ploughed in August-September. Hence,
new OSR fields remain undisturbed in autumn and provide a larger vegetation cover in
autumn and winter. Overwintering site selection is known to be linked to the absence of
disturbance during autumn-winter and to vegetation density providing shelter (Sotherton,
1984; Pfiffner and Luka, 2000; Frank and Reichhart, 2004; Thorbek and Bilde, 2004). This
might explain why P. cupreus has been found overwintering within new OSR fields.

Second, species distribution depends on availability of resources (Lovei and
Sunderland, 1996). Because predatory carabids may be limited by prey availability
(Bommarco, 1998b), P. cupreus preference for OSR can be related to the larger amount of
preys found in OSR (Haschek et al., 2012), especially agricultural pests such as the pollen
beetle Meligethes aeneus (Piper and Williams, 2004; Veromann et al., 2005, 2008),
Ceutorhynchus weevils (Piper and Williams, 2004), the brassica pod midge Dasineura
brassicae (Schlein and Biichs, 2004) or slug eggs (Oberholzer and Frank, 2003). Similarly, as
an ectoparasitoid, B. sclopeta is limited by the presence of its hosts. Host species of European
Brachinus remain unknown but are likely coleopterans (Erwin, 1979; Saska and Honek,
2004), like most OSR pests (Alford et al., 2003; Williams, 2010). Some of them, like the
pollen beetles Meligethes sp. and the weevils Ceuthorhynchus sp., pupate in the soil and are
accessible to Brachinus larvae for parasitism. Moreover, Saska and Honek (2004)

demonstrated that larvae of two closely-related species (B. crepitans and B. explodens) were
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able to feed on pupae of Amara carabid beetles which are particularly abundant in OSR
throughout Europe (Williams et al., 2010) and in our study site in particular (unpublished
result). Association with OSR for reproduction may explain why B. sclopeta appears to
colonize OSR only in spring, the period of reproduction (Saska and Honek, 2008).

Finally, abiotic characteristics such as soil structure and microclimatic conditions
affect carabid beetles and could influence the pattern of distribution observed (Thiele, 1977;
Forsythe, 2000; Giglio et al., 2003). Habitat selection based on soil softness (Giglio et al.,
2003) can partly explain the higher overwintering in OSR and winter cereal fields in annual
crops that are ploughed in every year. The slight decreasing tendency of observed activity
with age in alfalfa is consistent with an adverse effect of compacted soil. Moreover, the two
studied species show preferences for moist environmental conditions (Forsythe, 2000; Pilon et
al., 2013); OSR, providing a wet environment, supports the assumption that carabid beetle
species select particular temperature and moisture conditions (Thiele, 1977; Forsythe, 2000;

Williams et al., 2010).

4.3. Conclusions

The present study provides evidence that the heterogeneity of crops and the dynamics
of cropped habitats influence carabid beetles' population dynamics in space and time. Long-
term persistence of populations might not necessarily require permanent habitats, but
complementary habitats that are spatially and/or temporally connected (Vasseur et al., 2013).
We show that both of the dominant spring breeding species undergo major changes in their
distribution, suggesting inter-field movements at the landscape scale to overwinter and
reproduce. Due to their high abundance in OSR, the two species may have the potential to

regulate OSR pests. Biological control from P. cupreus at the landscape scale may benefit
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from the presence of OSR in the crop matrix. Detailed knowledge of B. sclopeta trophic
ecology and its host(s) is required to assess its potential for pest control. Increased ecosystem
services, mainly biological control of insect pests, are required from carabid beetles, either
due to conversion to organic systems or because of the stresses imposed on agriculture by
environmental, economic and legislative pressures (Power, 2010; Eyre et al., 2013). Although
large scale management within agro-ecosystems must focus on whole assemblages (Stoner
and Joern, 2004; Woodcock et al., 2010), understanding carabid beetle dynamics in relation

with habitat appears essential to manage their populations and improve ecosystem services.

Acknowledgments

We are especially grateful to Steve Augiron and the numerous field workers who helped
collect the data. We thank Gaél Caro and Nicolas Gross for their useful comments. We also
thank all involved farmers for letting us work on their land. An English-proof reader, Alan
Scaife, has read the paper. R.M. was funded by a Région Poitou-Charentes and Département
des Deux-Sevres Ph.D. grant. This work is part of the Landscaphid project and was supported
by the ANR Systerra program (French National Research agency, ANR-09-STRA-05) and by

the French national DIVA2 program.

References

Alford, D.V., Nilsson, C., Ulber, B., 2003. Insect pests of oilseed rape crops, in: Alford, D.V. (Ed.),
Biocontrol of Oilseed Rape Pests. Blackwell Publishing Ltd.

Bates, D., Maechler, M., 2013. Ime4: Linear mixed-effects models using S4 classes. R package version
0.999999-0. http://CRAN.R-project.org/package=Ime4.

Benton, T.G., Vickery, J.A., Wilson, J.D., 2003. Farmland biodiversity: is habitat heterogeneity the
key? Trends Ecol. Evol. 18, 182—-188.

20



O 1oy Ul WN

OO UIUTUIUTUIUTUTOT U BB BB DR DDA DWWWWWWWWWWWNNNNMNONNMNONNNNER R PR PR PR R
O™ WN RO WO I WNROWVWOJAANUBRWNROW®O®JdOAUBRWNROW®-JAUBRWNRE OWO®D--UIoU & WN R O W

Bommarco, R., 1998a. Reproduction and energy reserves of a predatory carabid beetle relative to
agroecosystem complexity. Ecol. Appl. 8, 846—853.

Bommarco, R., 1998b. Stage sensitivity to food limitation for a generalist arthropod predator,
Pterostichus cupreus (Coleopteral@ : Carabidae). Environ. Entomol. 27, 863869.

Booij, C.J.H., Noorlander, J., 1992. Farming systems and insect predators. Agric. Ecosyst. Environ. 40,
125-135.

Cole, L.J., McCracken, D.l., Dennis, P., Downie, I.S., Griffin, A.L., Foster, G.N., Murphy, K.J.,
Waterhouse, T., 2002. Relationships between agricultural management and ecological groups of
ground beetles (Coleopterall : Carabidae) on Scottishdrmland. Agric. Ecosyst. Environ. 93, 323-336.

Costanza, R., d’ Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K., Naeem, S.,
O’Neill, R.V., Paruelo, J., Raskin, R.G., Sutton, P., van den Belt, M., 1997. The value of the world’s
ecosystem services and natural capital. Nature 387, 253-260.

Erwin, T.L., 1979. A review of the natural history and evolution of ectoparasitoid relationships in
carabid beetles, in: Erwin, T.L., Ball, G.E., Whitehead, G.E., Halpern, A.L. (Eds.), Carabid Beetles: Their
Evolution, Natural History, and Classification. Dr. W. Junk BV Publishers, The Hague, The Netherlands.

Eyre, M.D., Leifert, C., 2011. Crop and field boundary influences on the activity of a wide range of
beneficial invertebrate groups on a split conventional/organic farm in northern England. Bull.
Entomol. Res. 101, 135-144.

Eyre, M.D., Luff, M.L., Leifert, C., 2013. Crop, field boundary, productivity and disturbance influences
on ground beetles (Coleoptera, Carabidae) in the agroecosystem. Agric. Ecosyst. Environ. 165, 60—67.

Fahrig, L., Baudry, J., Brotons, L., Burel, F.G., Crist, T.O., Fuller, R.J., Sirami, C., Siriwardena, G.M.,
Martin, J.-L., 2011. Functional landscape heterogeneity and animal biodiversity in agricultural
landscapes. Ecol. Lett. 14, 101-112.

Forsythe, T.G., 2000. Ground beetles. Naturalists’ handbooks 8. The Richmond Publishing, Slough.
Fox, J., Weisberg, S., 2011. An R companion to applied regression, Second Edition. ed. Sage.

Frank, T., Reichhart, B., 2004. Staphylinidae and Carabidae overwintering in wheat and sown
wildflower areas of different age. Bull. Entomol. Res. 94, 209-217.

Geiger, F., Waeckers, F.L., Bianchi, F.J.J.A., 2009. Hibernation of predatory arthropods in semi-natural
habitats. Biocontrol 54, 529-535.

Giglio, A., Ferrero, E.A., Perrotta, E., Tripepi, S., Brandmayr, T.Z., 2003. Ultrastructure and
comparative morphology of mouth-part sensilla in ground beetle larvae (Insecta, Coleoptera,
Carabidae). Zool. Anz. 242, 277-292.

Haschek, C., Drapela, T., Schuller, N., Fiedler, K., Frank, T., 2012. Carabid beetle condition,
reproduction and density in winter oilseed rape affected by field and landscape parameters. J. Appl.
Entomol. 136, 665—-674.

21



O 1oy Ul WN

OO UIUTUIUTUIUTUTOT U BB BB DR DDA DWWWWWWWWWWWNNNNMNONNMNONNNNER R PR PR PR R
O™ WN RO WO I WNROWVWOJAANUBRWNROW®O®JdOAUBRWNROW®-JAUBRWNRE OWO®D--UIoU & WN R O W

Hatten, T.D., Bosque-Perez, N.A., Labonte, J.R., Guy, S.0., Eigenbrode, S.D., 2007. Effects of tillage on
the activity density and biological diversity of carabid beetles in spring and winter crops. Environ.
Entomol. 36, 356-368.

Hendrickx, F., Maelfait, J.-P., Desender, K., Aviron, S., Bailey, D., Diekotter, T., Lens, L., Liira, J.,
Schweiger, O., Speelmans, M., 2009. Pervasive effects of dispersal limitation on within-and
among-community species richness in agricultural landscapes. Glob. Ecol. Biogeogr. 18, 607—-616.

Heydemann, B., 1955a. Carabiden der Kulturfelder als 6kologische Indikatoren.

Heydemann, B., 1955b. Carabiden der Kulturfelder als 6kologische Indikatoren. Ber. 7.
Wanderversamm. Deut. Entomol.

Hof, A.R., Bright, P.W., 2010. The impact of grassy field margins on macro-invertebrate abundance in
adjacent arable fields. Agric. Ecosyst. Environ. 139, 280-283.

Holland, J.M., 2002. The agroecology of carabid beetles. Intercept Limited, Andover, UK.

Holland, J.M., Begbie, M., Birkett, T., Southway, S., Thomas, S.R., Alexander, C.J., Thomas, C.F.G.,
2004. The spatial dynamics and movement of Pterostichus melanarius and P. madidus (Carabidae)
between and within arable fields in the UK. Int. J. Ecol. Environ. Sci. 30, 35-50.

Holland, J.M., Birkett, T., Southway, S., 2009. Contrasting the farm-scale spatio-temporal dynamics of
boundary and field overwintering predatory beetles in arable crops. Biocontrol 54, 19—-33.

Holland, J.M., Luff, M.L., 2000. The effects of agricultural practices on Carabidae in temperate
agroecosystems. Integr. Pest Manag. Rev. 5, 109-129.

Holland, J.M., Reynolds, C.J.M., 2003. The impact of soil cultivation on arthropod (Coleoptera and
Araneae) emergence on arable land. Pedobiologia 47, 181-191.

Holland, J.M., Thomas, C.F.G., Birkett, T., Southway, S., Oaten, H., 2005. Farm-scale spatiotemporal
dynamics of predatory beetles in arable crops. J. Appl. Ecol. 42, 1140-1152.

Hossfeld, R., 1963. Syndkologischer Vergleich der Fauna von Winter-und Sommerrapsfeldern. Z. Fir
Angew. Entomol. 52, 209-254.

Jeannel, R., 1942. Coléoptéres Carabiques (2e partie). Faune de France 40. Lechevalier, Paris.

Joannon, A,, Bro, E., Thenail, C., Baudry, J., 2008. Crop patterns and habitat preferences of the grey
partridge farmland bird. Agron. Sustain. Dev. 28, 379-387.

Jonason, D., Smith, H.G., Bengtsson, J., Birkhofer, K., 2013. Landscape simplification promotes weed
seed predation by carabid beetles (Coleoptera: Carabidae). Landsc. Ecol. 28, 487—-494.

Jopp, F., 2003. Empirical analyses and modelling of dispersal events of invertebrates from a fen-
wetland system. Dissertation Thesis. Free University of Berlin.

Kromp, B., 1999. Carabid beetles in sustainable agriculture: a review on pest control efficacy,
cultivation impacts and enhancement. Agric. Ecosyst. Environ. 74, 187-228.
22



O 1oy Ul WN

OO UIUTUIUTUIUTUTOT U BB BB DR DDA DWWWWWWWWWWWNNNNMNONNMNONNNNER R PR PR PR R
O™ WN RO WO I WNROWVWOJAANUBRWNROW®O®JdOAUBRWNROW®-JAUBRWNRE OWO®D--UIoU & WN R O W

Landis, D.A., Wratten, S.D., Gurr, G.M., 2000. Habitat management to conserve natural enemies of
arthropod pests in agriculture. Annu. Rev. Entomol. 45, 175-201.

Lang, A., 2000. The pitfalls of pitfalls: a comparison of pitfall trap catches and absolute density
estimates of epigeal invertebrate predators in arable land. Anz. Schadlingskunde-J. Pest Sci. 73, 99—
106.

Langmaack, M., Land, S., Buchs, W., 2001. Effects of different field management systems on the
carabid coenosis in oil seed rape with special respect to ecology and nutritional status of
predacious Poecilus cupreus L. (Col., Carabidae). J. Appl. Entomol.-Z. Angew. Entomol. 125, 313-320.

Lazrak, E.G., Mari, J.-F., Benoit, M., 2010. Landscape regularity modelling for environmental
challenges in agriculture. Landsc. Ecol. 25, 169-183.

Lee, J.C., Landis, D.A., 2002. Non-crop habitat management for carabid beetles, in: Holland, J.M.
(Ed.), The Agroecology of Carabid Beetles. Intercept Limited, Andover, UK.

Losey, J.E., Vaughan, M., 2006. The economic value of ecological services provided by insects.
Bioscience 56, 311-323.

Lovei, G.L., Sunderland, K.D., 1996. Ecology and behavior of ground beetles (Coleoptera: Carabidae).
Annu. Rev. Entomol. 41, 231-256.

Luff, M.L., 1975. Some features influencing the efficiency of pitfall traps. Oecologia 19, 345-357.
Luff, M.L., 1987. Biology of polyphagous ground beetles in agriculture. Agric. Zool. Rev. 2, 237-278.

Luff, M.L., 2002. Carabid assemblage organization and species composition, in: Holland, J.M. (Ed.),
The Agroecology of Carabid Beetles. Intercept Limited, Andover, UK.

Luik, A., Hanni, L., Merivee, E., Ploomi, A., Tarang, T., Veromann, E., 2005. Studies in environmentally
friendly plant protection in Estonia, in: NJF Report.

Lys, J.-A., Nentwig, W., 1992. Augmentation of beneficial arthropods by strip-management.
Oecologia 92, 373-382.

Matalin, A.V., 2007. Typology of life cycles of ground beetles (coleoptera, carabidae) from western
palaearctic. Zool. Zhurnal 86, 1196-1220.

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.

Pfiffner, L., Luka, H., 2000. Overwintering of arthropods in soils of arable fields and adjacent semi-
natural habitats. Agric. Ecosyst. Environ. 78, 215-222.

Pilon, N., Cardarelli, E., Bogliani, G., 2013. Ground beetles (Coleoptera: Carabidae) of rice field banks
and restored habitats in an agricultural area of the Po Plain (Lombardy, Italy) 1, e972.

23



O 1oy Ul WN

OO UIUTUIUTUIUTUTOT U BB BB DR DDA DWWWWWWWWWWWNNNNMNONNMNONNNNER R PR PR PR R
O™ WN RO WO I WNROWVWOJAANUBRWNROW®O®JdOAUBRWNROW®-JAUBRWNRE OWO®D--UIoU & WN R O W

Piper, R., Williams, I.H., 2004. Incidence and feeding activity of epigeic, predatory invertebrates
within winter oilseed rape in the UK with comparisons between integrated and conventional crop
management. IOBCwprs Bull 27, 281-288.

Power, A.G., 2010. Ecosystem services and agriculture: tradeoffs and synergies. Philos. Trans. R. Soc.
B Biol. Sci. 365, 2959-2971.

Raymond, L., Sarthou, J.-P., Plantegenest, M., Gauffre, B., Ladet, S., Vialatte, A., 2014. Immature
hoverflies overwinter in cultivated fields and may significantly control aphid populations in autumn.
Agric. Ecosyst. Environ. 185, 99-105.

Samietz, J., Berger, U., 1997. Evaluation of movement parameters in insects—bias and robustness
with regard to resight numbers. Oecologia 110, 40-49.

Saska, P., Honek, A., 2004. Development of the beetle parasitoids, Brachinus explodens and B.
crepitans (Coleopteral®@ : @rabidae). J. Zool. 262, 29-36.

Saska, P., Honek, A., 2008. Synchronization of a coleopteran parasitoid, Brachinus spp.(Coleoptera:
Carabidae), and its host. Ann. Entomol. Soc. Am. 101, 533-538.

Schlein, O., Biichs, W., 2004. Approaches to assess the importance of carnivorous beetles as
predators of oilseed rape pests. Integr. Prot. QOilseed Crops |IOBCwprs Bull. 27, 289-292.

Schmidt, M.H., Clough, Y., Schulz, W., Westphalen, A., Tscharntke, T., 2006. Capture efficiency and
preservation attributes of different fluids in pitfall traps. J. Arachnol. 34, 159-162.

Smith, J., Potts, S.G., Woodcock, B.A., Eggleton, P., 2008. Can arable field margins be managed to
enhance their biodiversity, conservation and functional value for soil macrofauna? J. Appl. Ecol. 45,
269-278.

Sotherton, N.W., 1984. The distribution and abundance of predatory arthropods overwintering on
farmland. Ann. Appl. Biol. 105, 423—-429.

Spence, J.R., Niemel3, J.K., 1994. Sampling carabid assemblages with pitfall traps: the madness and
the method. Can. Entomol. 126, 881-894.

Stoner, K.J.L., Joern, A., 2004. Landscape vs. local habitat scale influences to insect communities from
tallgrass prairie remnants. Ecol. Appl. 14, 1306-1320.

Sunderland, K.D., De Snoo, G.R., Dinter, A., Hance, T., Helenius, J., Jepson, P., Kromp, B., Lys, J.-A.,
Samu, F., Sotherton, N.W., Toft, S., Ulber, B., 1995. Density estimation for invertebrate predators in
agroecosystems, in: Toft, S., Riedell, W.E. (Eds.), Arthropod Natural Enemies in Arable Land I. Density,
Spatial Heterogeneity and Dispersal. Acta Jutlandica 70(2).

Thiele, H.-U., 1977. Carabid beetles in their environments. A study on habitat selection by adaptation
in physiology and behaviour. Springer-Verlag., Berlin.

Thies, C., Tscharntke, T., 1999. Landscape structure and biological control in agroecosystems. Science
285, 893—-895.

24



O 1oy Ul WN

OO UIUTUIUTUIUTUTOT U BB BB DR DDA DWWWWWWWWWWWNNNNMNONNMNONNNNER R PR PR PR R
O™ WN RO WO I WNROWVWOJAANUBRWNROW®O®JdOAUBRWNROW®-JAUBRWNRE OWO®D--UIoU & WN R O W

Thomas, C.F.G., Brown, N.J., Kendall, D.A., 2006. Carabid movement and vegetation density:
Implications for interpreting pitfall trap data from split-field trials. Agric. Ecosyst. Environ. 113, 51—
61.

Thomas, C.F.G., Holland, J.M., Brown, N.J., 2002. The spatial distribution of carabid beetles in
agricultural landscapes, in: Holland, J.M. (Ed.), The Agroecology of Carabid Beetles. Intercept Limited,
Andover, UK.

Thomas, C.F.G., Parkinson, L., Griffiths, G.J.K., Garcia, A.F., Marshall, E.J.P., 2001. Aggregation and
temporal stability of carabid beetle distributions in field and hedgerow habitats. J. Appl. Ecol. 38,
100-116.

Thorbek, P., Bilde, T., 2004. Reduced numbers of generalist arthropod predators after crop
management. J. Appl. Ecol. 41, 526-538.

Van Driesche, R., Hoddle, M., Center, T., 2008. Control of pests and weeds by natural enemies: an
introduction to biological control. Wiley-Blackwell.

Vasseur, C., Joannon, A., Aviron, S., Burel, F., Meynard, J.-M., Baudry, J., 2013. The cropping systems
mosaic: How does the hidden heterogeneity of agricultural landscapes drive arthropod populations?
Agric. Ecosyst. Environ. 166, 3-14.

Veromann, E., Luik, A., Kewvéi, R., Tarang, T., Kruus, M., 2005. Pests and their natural enemies in the
organic oilseed and turnip rape, in: NJF Report.

Veromann, E., Tarang, T., Kevvdi, R., 2008. Insect pests and their natural enemies on spring oilseed
rape in Estonia: impact of cropping systems. Agric. Food Sci. 15, 61-72.

Wallin, H., 1985. Spatial and temporal distribution of some abundant carabid beetles (Coleoptera:
Carabidae) in cereal fields and adjacent habitats. Pedobiologia 28, 19-34.

Weibull, A.-C., Ostman, 0., 2003. Species composition in agroecosystems: the effect of landscape,
habitat, and farm management. Basic Appl. Ecol. 4, 349-361.

Williams, I.H., 2010. Biocontrol-Based Integrated Management of Qilseed Rape Pests. Springer.

Williams, I.H., Ferguson, A.W., Kruus, M., Veromann, E., Warner, D.J., 2010. Ground Beetles as
predators of oilseed rape pests: incidence, spatio-temporal distributions and feeding, in: Williams,
I.H. (Ed.), Biocontrol-Based Integrated Management of Oilseed Rape Pests. Springer.

Woodcock, B.A., Redhead, J., Vanbergen, A.J., Hulmes, L., Hulmes, S., Peyton, J., Nowakowski, M.,
Pywell, R.F., Heard, M.S., 2010. Impact of habitat type and landscape structure on biomass, species
richness and functional diversity of ground beetles. Agric. Ecosyst. Environ. 139, 181-186.

Zetto Brandmayr, T., Bonacci, T., Massolo, A., Brandmayr, P., 2006. What is going on between
aposematic carabid beetles? The case of Anchomenus dorsalis (Pontoppidan 1763) and Brachinus
sclopeta (Fabricius 1792) (Coleoptera Carabidae). Ethol. Ecol. Evol. 18, 335-348.

25



O 1oy Ul WN

OO UIUTUIUTUIUTUTOT U BB BB DR DDA DWWWWWWWWWWWNNNNMNONNMNONNNNER R PR PR PR R
O™ WN RO WO I WNROWVWOJAANUBRWNROW®O®JdOAUBRWNROW®-JAUBRWNRE OWO®D--UIoU & WN R O W

Figure captions

Fig. 1. Predicted spring dynamics of P. cupreus and B. sclopeta activity-density (AD) per trap
in field margins of five crops (a and b), within fields of alfalfa (c and d), grasslands (e and f)
and annual crops (g and h). Predictions were made using parameters estimated in GLMM
models 2, 3 and 4. Julian date courses from the 27" April to the 18" July. Width of ticks at the

bottom of each plot represents the sampling effort.

Fig. 2. Effects of the crop (alfalfa, oilseed rape and winter cereal) and trap location (in field
margin or within field) on P. cupreus (a) and B. sclopeta (b) emergence density per trap

(Observed mean + SE).

Fig. 3. Effects of the previous crop (oilseed rape, sunflower and winter cereal) and trap

location (in field margin or within field) on P. cupreus (a) and B. sclopeta (b) emergence

density per trap in winter cereal fields (Observed mean + SE).
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Appendix A. Supplementary data

Table A.1

Overall and per crop relative abundance of carabid beetle species in the study area. Are
presented the 11 species over 133 accounting for at least 2% of the total activity-density

during the 2005-2013 period.

OSR Sun WwC Alfalfa Grassland ~ All crops
Poecilus cupreus 27,4% 24.,9% 35,9% 38,7% 33,3% 33,1%
Brachinus sclopeta 39,9% 5,8% 6,4% 19,5% 7,7% 20,4%
Anchomenus dorsalis 12,5% 1,8% 9,2% 8,8% 4,6% 9,7%
Pterostichus melanarius 1,2% 9,8% 9,5% 0,6% 2,6% 4,6%
Pseudoophonus rufipes 1,4% 27,0% 2,8% 4,1% 7,3% 4,1%
Brachinus crepitans 0,6% 3,4% 8,5% 1,7% 7,6% 4,1%
Calathus fuscipes 0,9% 11,9% 3,7% 3,5% 2,6% 3,2%
Nebria salina 2,0% 2,9% 2,7% 5,2% 0,8% 3,0%
Amara similata 7,2% 0,2% 0,2% 0,7% 0,3% 2,6%
Trechus quadristriatus 0,2% 0,8% 6,0% 0,7% 1,2% 2,4%
Harpalus dimidiatus 0,8% 2,4% 2,3% 2,5% 6,8% 2,0%
Total 94,0% 91,0% 87,4% 86,0% 74,7% 89,1%
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Appendix B. Supplementary data

Table B.1

Values and significance of Type II Wald chi square tests realized on fixed effects selected in

each of the final tested models after the backward stepwise selection procedure (see Table 2).

P was set to 0.05 for variable selection for models 1 to 6 and to 0.10 for models 7 and 8.

P. cupreus B. sclopeta
Fixed effects Chisq P (>Chisq)  Chisq P (>Chisq)
ID 2.57 0.11 8.63 0.003
- ID? 0.21 0.65 8.97 0.003
% TL 0.46 <0.001 87.54 <0.001
= ID*TL 130 025 19.58  <0.001
JD**TL 52.57 <0.001 206.40 <0.001
ID 31.45 <0.001 3.71 0.05
a b2 - - 5.52 0.02
§ Crop 30.80 <0.001 10.84 0.03
= ID*Crop - - 10.14 0.04
IJD**Crop - - 9.48 0.05
ID 19.01 <0.001 0.01 0.95
ID? 0.72 0.39 5.15 0.02
Crop 55.37 <0.001 27.33 <0.001
Age 0.02 0.89 0.09 0.76
«  ID*Crop 51.12 <0.001 44.00 <0.001
§ ID**Crop 85.21 <0.001 36.37 <0.001
= ID*Age 21.07 <0.001 46.36 <0.001
ID**Age 22.00 <0.001 22.24 <0.001
Crop*Age - - 3.12 0.08
JD*Crop:Age - - 4.90 0.03
JD**Crop:Age - - 28.55 <0.001
ID 3.24 0.07 0.42 0.52
= D 0.91 0.34 17.11 <0.001
§ Crop 37.79 <0.001 140.23 <0.001
= IJD*Crop 67.36 <0.001 29.04 <0.001
IJD**Crop 9.08 0.01 22.19 <0.001
ID 2.94 0.09 - -
v JD? 1.03 0.31 - -
'qé Past Crop 1.17 0.56 - -
= JD*PastCrop  3.35 0.19 ; ;
JD**Past Crop ~ 6.33 0.04 - -
% o D 18.94  <0.001 - -
=  Ip 2.56 0.11 - -
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Past Crop 2.37 0.31 - -
JD*Past Crop 9.53 0.009 - -
JD**Past Crop  10.61 0.005 - -
- Crop 1.85 0.40 3.18 0.20
E TL 0.09 0.77 181.97 <0.001
g Crop*TL 7.30 0.007 5.46 0.07
Year 5.03 0.08 5.35 0.02
®  Past Crop 2.84 0.24 20.07 <0.001
'q'é TL 0.09 0.76 16.85 <0.001
= Past Crop*TL  10.37 0.006 34.45 <0.001
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