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HIGHLIGHTS

o Effects of interspecies interactions on foraging biocontrol agents are underexamined.
o We tested whether interspecific interactions alter consumption levels or dynamics.

o Interspecies interactions impact carabids’ consumption dynamics rather than levels.
o Interspecific interactions induce a higher response in females than in males.

ARTICLE INFO ABSTRACT
Keywords: Carabids beetles are considered important biocontrol agents of weeds, but predicting levels of weed seed con-
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and consumption of particular food resources by foraging individuals. Whether this leads to changes in con-
sumption levels or simply to changes in the rate at which consumption takes place over time is not yet known.
Identifying and understanding the factors that drive the seed foraging behaviour of carabid beetles, in the context
of interspecific interaction, is essential for predicting consumption levels in different carabid communities and
hence improve the ecosystem service of weed regulation by carabid beetles.

We tested the response of 119 Harpalus affinis individuals foraging for Viola arvensis or Taraxacum officinale
seeds, to encounters with individuals of another carabid species, Pterostichus melanarius. Their foraging behaviour
(i.e. total consumption, latency to first seed acceptance and position in the arena) was recorded for 72 h and the
consumption rates were reported in detail for the first 7 h of the experiment for all treatments.

Even though the total number of seeds consumed after 24 h did not differ, the dynamic of seed consumption by
H. affinis changed significantly in the presence of P. melanarius. The attraction of individuals to the seeds
diminished over time, indicating a probable state of satiety being reached. This suggests that looking at the total
number of seeds consumed after a long period of time may be misleading and that a greater focus on of the
temporal dynamics of consumption is needed if we are to understand carabids interest in specific weed species in
a specific foraging context. We found that only females seemed to react to the presence of P. melanarius in-
dividuals, indicating that the perception of the level of risk may be sex-specific in carabid beetles.

1. Introduction beetles can consume a substantial amount of weed seeds in the field
(Thiele, 1977; Honek et al., 2003; Menalled et al., 2007; Saska et al.,

Crop damage due to pests causes significant yield reduction in 2008; Frank et al., 2011; Ward et al., 2014) and are the primary inver-
agricultural crops (Marshall et al., 2003). Weeds alone can account for tebrate consumers of weed seeds (Honek et al., 2003). Their polypha-
up to 30 % of yield losses (Oerke, 2006). Weed seed feeding carabid gous diet (Thiele, 1977; Lovei and Sunderland, 1996; Kromp, 1999) and
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potential regulation effect on pest species have led to interest in carabid
beetles as biocontrol agents for agricultural weeds (Kulkarni et al.,
2015a; Schumacher et al., 2020; Fischer et al., 2021; De Heij et al.,
2022). Although the estimation of weed seed predation in field condi-
tions has been linked to the abundance of carabids (Bohan et al., 2011),
the consumption levels reported in field studies are highly variable,
making it difficult to draw conclusions about the effectiveness of weed
seed regulation (Westerman et al., 2003; Saska et al., 2008; Davis and
Raghu, 2010; Petit et al., 2014).Variation in consumption levels may be
explained in part by differences in the feeding preferences of carabid
beetles for certain seed species, as demonstrated in laboratory choice
tests (Honek et al., 2003, 2006, 2007, 2011; Petit et al., 2014; Saska
et al., 2019). Trophic relationships between specific carabid and weed
species are only partially documented (Saska et al., 2019), and the
preferences identified from laboratory choice tests rarely match the
observed choices of carabids in the field (Honek et al., 2003; Petit et al.,
2014). An understanding of those factors that drive carabid beetles to
accept or reject a seed in the field is necessary to improve the operational
utility of weed regulation by carabid beetles.

Farmland communities are composed of granivore, omnivore and
predatory species, each of which can be cannibalistic, inter-specific
predators and competitors (Currie et al., 1996; McKemey et al., 2003).
Interspecific interactions are widespread, and their impact on foraging
behaviour and the wider ecological consequences of interactions has
rarely been examined (Guy et al., 2008; Charalabidis et al., 2017, 2019;
Carbonne et al., 2019; De Heij et al., 2022). Carabid beetles may adjust
their foraging behaviour according to the biotic context (Blubaugh et al.,
2017; Charalabidis et al., 2017), with olfactory cues from potential
predators and competitors affecting the level of consumption of foraging
individuals, modifying both the selection and consumption of food re-
sources (Wyatt Hoback et al., 2001; Sivy et al., 2011; Blubaugh et al.,
2017; Charalabidis et al., 2017, 2019; Carbonne et al., 2019). For
example, carabid beetles have been shown, in laboratory experiments,
to increase their seed consumption when foraging under stress (Blu-
baugh et al., 2017; Charalabidis et al., 2017). These results suggest that
the foraging behavior of an individual carabid beetle, and thus the level
of consumption of observed weed species, is shaped by the composition
of both the carabid and weed communities. It could therefore be
hypothesised that some carabid communities would result in overall
increased seed consumption while others would result in overall
reduced seed consumption. An often overlooked alternative is that the
total consumption remains unchanged irrespective of the carabid com-
munity composition. The only factor that varies is the rate at which
consumption takes place over time. The total number of seeds that an
individual can consume could be set by a maximum consumption
threshold, as carabids individuals apparently avoid filling their
abdomen completely if they have enough reserves stored (Mols, 1988),
and thus only the temporal dynamic of consumption (i.e. the rate at
which consumption takes place over time) would be expected to change
(Honek et al., 2003). Solely focusing on maximum consumption levels
can lead to a poor understanding of the foraging behavior of individuals
and, consequently, result in erroneous predictions regarding the po-
tential ecosystem services provided by a particular community of cara-
bids. It could be hypothesized, therefore, that some carabid
communities would provide increased seed consumption while others
may have reduced seed consumption. Furthermore, as carabid species
do not seem to respond in the same way to stress cues (Charalabidis
et al., 2019), their temporal dynamic of consumption will differ poten-
tially affecting their species-specific contribution to weed seed regula-
tion. A better understanding of how such changes in foraging behaviour
occur, would deliver a predictive explanation of the observed trophic
links between carabid and weed species, within farmland communities,
and their associated seed consumption levels.

Foragers can choose where to forage and whether to avoid areas of
potential interspecific interactions (Guy et al., 2008). Past experiments
on the effect of signals from predators or competitors on foraging
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behaviour of carabid beetles have focused mainly on olfactory chemical
cues rather than direct interactions through encounters, and have often
not provided areas where signals are absent (Charalabidis et al., 2017,
2019; De Heij et al., 2023). Given that an encounter with a predator
induces a more acute perception of risk than indirect signals alone
(Tapia-Lewin and Pardo, 2014), we expect that individuals exposed to
potential predators will express more intense behavioural changes
compared with chemicals cues alone (Blubaugh et al., 2017; Char-
alabidis et al., 2017, 2019; De Heij et al., 2023). This could result in
more widespread flight behaviours, for example, and thus potentially
lead to lower levels of seed consumption. However, compensatory
feeding has already been observed in insects, whereby consumption
increases to compensate for previously induced reductions in food
availability (Hawlena and Schmitz, 2010; Thaler et al., 2012; Blubaugh
et al., 2017; De Heij et al., 2023). Because immobile seeds are easy prey
items to acquire, requiring less active foraging than mobile prey and
lower transportation costs, seeds might be consumed as a *stress food’ by
carabids (Blubaugh et al., 2017). This could lead to increased con-
sumption levels by stressed individuals for the duration of the
experiment.

To examine the impact of interspecies interactions on carabid
foraging behaviour, we investigated how the interest of Harpalus affinis
(Schrank) in seeds from two weed species, Viola arvensis Murray, and
Taraxacum officinale F.H. Wigg., changed over time during potential
encounters with individuals of Pterostichus melanarius (Illiger). To
investigate the impact of areas free of interspecific signals on the con-
sumption levels of individuals, safe zones were also provided in the test
arenas (Blubaugh et al., 2017).

H. affinis is an abundant carabid beetle able to adapt its foraging
strategy to the olfactory context (i.e. to the presence/absence of olfac-
tory cues from potential predators or competitors) (Charalabidis et al.,
2017, 2019). Individuals of P. melanarius were chosen to provide the risk
cues because they are voracious predators of live prey (Currie et al.,
1996; Kromp, 1999; McKemey et al., 2003; Foltan, 2004; Hatteland
et al., 2010), are found with H. affinis in European farmland commu-
nities and their olfactory cues have been documented to change the
foraging behaviour of H. affinis (Charalabidis et al., 2017, 2019). The
latency time to first seed acceptance, total consumption levels, and the
temporal dynamics of consumption were taken as metrics of individual
foraging behaviour. The positions of the focal individuals within the
arena were recorded hourly to explore the relationship between their
likelihood of being observed more frequently in a specific zone and the
presence or absence of P. melanarius in the arena, thereby examining
H. affinis individual’s inclination to flee and remain in safe areas when
P. melanarius was present.

2. Methods
2.1. Study systems

Both species of carabids used in the study were collected using pitfall
traps at the INRAe Experimental Farm (Dijon, France; 47°14'11.4" N
05°05'53.4" E) between April and June 2017. Carabids were identified to
species following Jeannel (1942) and maintained in plastic boxes
segregated by species (34 x 19 x 11 cm for H. affinis and 80 x 55,9 x
15,5 cm for P. melanarius) in a climate-controlled chamber (18 & 1 °C,
60 % humidity, 14:10 h light:dark cycle). Species were held in different
boxes to prevent interspecific predation (Currie et al., 1996) and in
different climate chambers to prevent exposure to any interspecific
chemical cues for at least two weeks prior to the test. The boxes were
filled with soil and moistened paper tissue. Water was provided ad
libitum in Eppendorf tubes sealed with cotton wool. H. affinis individuals
were fed with seeds in an equal mixture of four weed species: V. arvensis
(0.9 mg, 1.36 mm), T. officinale (0.7 mg, 2.67 mm), Senecio vulgaris L.
(0.2 mg, 1.75 mm), Capsella bursa-pastoris (L.) Medik. (0.1 mg, 0.8 mm).
These four species were chosen because they were common in the field
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Fig. 1. Schematic diagram of the test arena. The arena was divided in three areas using plastic ‘exclusion’ barriers to exclude P. melanarius from the central area. The
plastic barriers were drilled with holes of 4 mm in order to allow free movement of H. affinis individuals into the right and left areas but prevent P. melanarius from
accessing the central area. 80 seeds of either T. officinale or V. arvensis were placed and spaced out in the central area. This representation is approximately to scale:

carabids measure ~1 cm and seed ~2.5 mm in length.

where the individuals were trapped and are known to be readily
consumed by this species (Petit et al., 2014; Trichard et al., 2014). Seeds
used for feeding were purchased from Herbiseed ® (Twyford, Great
Britain, https://www.herbiseed.com) in 2014 and kept in the laboratory
collection. The P. melanarius individuals were fed with a combination of
frozen mealworms, Tenebrio molitor, and pre-moistened dry cat food
(Charalabidis et al., 2019). Individual H. affinis were isolated in round
plastic containers (9 cm diameter) 62 h prior to the experiments and
deprived of food to standardize their feeding history. The bottom of each
petri dish was covered with a clean, moist filter paper, providing the
individual forager with shelter and water, ad libitum.

2.2. Behavioural experiment

A total of 119 individuals of H. affinis (60 females and 59 males) were
tested under four different treatments:

e Treatment 1 (T1): H. affinis (15 females and 15 males) foraging alone
on V. arvensis seeds

e Treatment 2 (T2): H. affinis (15 females and 14 males) foraging alone
on T. officinale seeds

e Treatment 3 (T3): H. affinis (15 females and 15 males) foraging on
V. arvensis seeds in the presence of P. melanarius

e Treatment 4 (T4): H. affinis (15 females and 15 males) foraging on
T. officinale seeds in the presence of P. melanarius

Tests were conducted in plastic trays of 80 x 60 x 15 cm divided in
three compartments by plastic exclusion barriers: two external com-
partments of 20 cm width respectively referred as “right area” and “left
area” and an internal compartment of 40 cm width (Fig. 1) referred as
“central zone”. Based on preliminary measurements made on H. affinis
individuals, holes of 4 mm in diameter, made in the barriers every 2 cm,
would allow only H. affinis to pass freely through the barriers and have
access to all three areas (i.e. right, left and central area). The larger
individuals of P. melanarius would be prevented by the size of the 4 mm
holes from moving between the areas (Fig. 1). The plastic trays were
filled with a thin layer of washed river sand (1.5 Kg per tray), that had
been passed through a 400 pm sieve before use. The sand was used to
more closely represent the porous substrates of field soils on which the
carabids were caught. The thin layer of sand limited the amount of seeds

lost due to burial. Six Eppendorf tubes filled with water and sealed with
cotton wool were placed (two in each area, i.e. 6 per tray), to provide an
ad libitum water supply for all the carabids. The trays were sprayed with
water twice a day (morning and late afternoon) to prevent the sand from
drying out and to keep the seeds moist. This has been shown to improve
the palatability and detectability of seeds by carabid beetles (Law and
Gallagher, 2015). After each replication of the experiment, the sand was
sieved (500 pm gauge) to retrieve the uneaten seeds. The residual
chemical persistence of P. melanarius olfactory cues has been found to
decrease with time (Guy et al., 2008) thus, the impact of the odor on the
behavior of other individuals should be significantly less if they were
exposed to a 2-day-old odor (Guy et al., 2008). Since sand is more porous
than paper, we expect that the preservation of odors on this support is
inferior to that on paper. In any case, to ensure that we had removed
potential olfactory cues left by carabid beetles, the sand was washed
using a sieve of 315 pm, dried in an oven at 110 °C for 48 h and sieved
again to eliminate sand clumps before re-use. The cotton wool was
changed and Eppendorf tubes, plastic trays and plastic barriers were
cleaned using 70 % ethanol before and after each experiment.

A total of 80 seeds of the tested weed species, either V. arvensis or
T. officinale according to the treatment, were randomly distributed in the
central area of the tray (Fig. 1).

The number of seeds used was obtained from a pre-experiment
assessment made in order to provide individuals with sufficient seeds
to avoid total seed depletion during the experiment. Despite this, the
seed density used in our experiment (i.e. 333 seeds/m?) is still lower
than the reported seeds shed by weeds in field studies: 3700-24 200
seeds/m? for T. officinale (Honek et al., 2005) and approximately 20 000
seeds/m? for V. arvensis (Gerowitt and Bodendorfer, 1998). Seeds of
V. arvensis and T. officinale used in the experiment were purchased in
2017 just prior to the start of the experiment from Arbiotech (Arbiotech,
Saint-Gilles, France: lcs@arbiotech.com). Seeds had a thousand-kernel-
weight of 0.60 g for V. arvensis and 0.47 g for T. officinale.

For T3 and T4, two randomly chosen P. melanarius individuals were
placed in the two outside areas of the tray (i.e. right and left areas) from
where they were excluded from accessing the seeds located in the central
area (Fig. 1), giving a total of 4 P. melanarius per tray. The number of
P. melanarius used in the test was based on the work of Guy et al., (2008),
who demonstrated that perception of conspecifics by carabid individuals
does not increase above a threshold of four individuals. Since Guy et al.
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Fig. 2. Cumulative number of seed eaten (boostrapped +/— 95 %CI) during 7 h in absence of P. melanarius (o) or in presence of P. melanarius (@) for a) females with
seeds of V. arvensis, b) males with seeds of V. arvensis, c) females with seeds of T. officinale, d) males with seeds of T. officinale.

Table 1

Proportion of occurrence in the outer areas during the first seven hours of test across treatments (bootstrapped 95 %CI) according to the sex of H. affinis.

V. arvensis in control (T1) T. officinale in control (T2)

V. arvensis with P. melanarius (T3) T. officinale with P. melanarius (T4)

Males 0.55[0.40, 0.69]
Females 0.53[0.4, 0.64]

0.49[0.32, 0.66]
0.45[0.29, 0.63]

0.45[0.32,0.59]
0.32[0.21, 0.44]

0.38[0.28, 0.47]
0.33[0.24, 0.44]

(2008) also showed that the sex of the beetles used did not impact the
perception of individuals, the sex of P. melanarius individuals was not
considered. Temperature and humidity were recorded and treatments
were randomized to avoid any effects of the position of trays in the
room. The experiments were conducted under natural light conditions
for multiple days, exposing the individuals to a day-night cycle that
aligns with their natural nycthemeral rhythm. The experiment began
during the daytime on the first day.

For each tray, the experiment started as soon as an individual of
H. affinis was released in one of the external compartments of the arena.
This starting location was chosen to increase the chance that each in-
dividual would encounter P. melanarius at least once during the

experiment. A release directly into the central area, where the seeds are
located, might have led individuals to the H. affinis neglecting the
external compartments and thereby never encountering P. melanarius
individuals.

The impact of P. melanarius individuals on the foraging behaviour of
H. affinis individuals was first assessed by examining the latency of in-
dividuals to first seed acceptance (i.e. the time interval between the start
of the experiment and the first record of a seed consumed by an indi-
vidual) as an indicator of their context-dependent interest in eating
seeds (Charalabidis et al., 2017). To estimate the effect on seed con-
sumption by individuals, the total number of seeds consumed by each
individual was recorded every hour for the first 7 h in order to get a fine-
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Fig. Al. Mean number of times individuals were recorded in the external areas of the arenas across treatments (absence of P. melanarius ((]) and presence of

P. melanarius () and weed species (bootstrapped 95 %CI).

grained view of consumption dynamics during the first few hours after
the seed encounter. Subsequent measurements were taken at 24, 48 and
72 h. On each sampling date, the number of H. affinis that had not yet
consumed seeds was recorded. To evaluate the influence of P. melanarius
on the probability of H. affinis individuals visiting the left and right
sections of the arena, the location of the focal individual in the arena was
noted every hour for the first 7 h (Fig. 1). The frequency of individual
recordings in each area was subsequently analyzed to investigate the
correlation between their higher likelihood of being observed in a spe-
cific zone and the presence or absence of P. melanarius in the arena.

All combinations of treatments (i.e. T1, T2, T3 and T4) were tested
simultaneously each week in order to avoid any effect of the date. Each
H. affinis was randomly assigned to a treatment, and tested alone and
only once. Males and females were tested separately to avoid con-
founding olfactory cues in the test room that might induce mating
related behaviours that are distinct from foraging. This was done by one
sex being tested in one week and the other sex the next week, in
sequence.

2.3. Statistical analysis

All statistical analyses were done in R 4.3.0 (R Core Team, 2023).

In order to simplify the models a new variable called "treatment’ was
created by merging the “seed species” variable and the “condition” (i.e.
presence or absence of P. melanarius) variable. Choice was made to
merge these two variables as the new variable “treatment” matches the
treatment structure (i.e. “T1”: foraging alone on V. arvensis seeds, “T2":
foraging alone on T. officinale seeds, “T3”: foraging on V. arvensis seeds
in the presence of P. melanarius and “T4”: foraging on T. officinale seeds
in the presence of P. melanarius) in which individuals were foraging.

Latencies of the first seed acceptance in the four treatments (i.e. T1,
T2, T3 and T4) were compared by means of the Cox proportional hazard
models (Dechaume Moncharmont et al., 2003) in the ‘cox.ph’ function

from the package ‘survival’ (Therneau and Grambsch, 2000; Therneau,
2023). The full model included as effects the treatment (i.e T1, T2, T3
and T4), the sex of the focal individual (i.e. female or male) and their
interaction. For each Cox regression model fit, the proportional hazards
assumption was assessed using the ‘cox.zph’ function.

Since data on seed consumption were count data, the dynamic of
consumption in the first 7 h of the experiment was modelled as a
generalized linear mixed model using a negative binomial distribution
family (Goodness of fit, y>=0.65, P = 0.42). The full model included as
effects the treatment, the sex of the focal individual, and the sample date
(a continuous variable ranging from 1 to 7) and their interactions. We
used the individual ID as a random factor to account for repeated
measures on the same individual (Zuur et al., 2009).

The frequency at which H. affinis individuals were observed in each
compartment of the arena during the first seven hours of the experiment,
was treated as a series of independent experiments and was modelled as
a generalized linear mixed model using a binomial distribution family.
Observations made in the central zone were categorized as failures,
while observations made in either of the two outer zones (i.e. left and
right) were considered successes. The full model included the effect of
the treatment, the sex of the focal individual and their interaction. We
used the individual ID as a random factor to account for repeated
measures on the same individual (Zuur et al., 2009).

To identify the best models based on AIC or BIC (Bolker, 2008), all
full models were compared sequentially to nested sub-models with and
without a given covariate using stepwise backward elimination of non-
significant variables and interaction terms. Differences between nested
models were assessed using a likelihood ratio test with the function Irtest
from the package Imtest (Zeileis and Hothorn, 2002). Models assump-
tions were assessed by checking residuals distribution and homosce-
dasticity using the package DHARMa (Hartig, 2022).
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Table A1

Mean cumulative number (bootstrapped +/— 95 % CI) of seed consumed by both sexes of H. affinis in each of the four treatments and at each sample date (for the first 7

h of test).
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Females with T. officinale

Males with T. officinale

Without P. melanarius

With P. melanarius

Without P. melanarius

With P. melanarius

1h 0.87, [0.1; 1.8] 0.93, [0.0; 2.7] 7= df =1 P=0.95 1.71, [0.0; 3.9] 1, [0.7; 2.3] 72 =0.22 df=1 =
0.004 0.64
2h 1.33, [0.3; 2.9] 1, [0.0; 2.8] 7% =0.09 df =1 P=0.76 2.5, [0.4; 5.4] 1.67, [0.3; 3.2] 72 =0.19 df=1 =
0.66
3h 2.27, [0.4; 4.9] 1.93, [0.0; 5.6] 7% =0.02 df =1 P =0.88 2.71, [0.6; 5.6] 2.73, [1.2; 4.3] 7P = df=1 =
0.0001 0.99
4h 3, [0.7; 6.3] 2.07, [0.0; 6.0] 7> =0.11 df =1 P=0.74 3.21, [1; 6.5] 3.4, [1.5;5.4] x% = 0.007 df=1 =
0.93
5h 3.4, [0.7;7.5] 2.2,[0.1; 6.1] 7> =017 df =1 P =0.68 3.64, [1.2; 6,9] 3.67, [1.9; 5.6] 2 — df=1 P=
0.0001 0.99
6h 3.47,[0.7; 7.6] 2.47,[0.1; 6.7] 7% =0.10 df =1 P=0.74 3.64, [1.3; 7.07] 3.67, [1.8; 5.7] 2= df=1 P=
0.0001 0.99
7h 3.67, [0.9; 7.7] 2.47, [0.1; 6.6] 7> =017 df =1 P =0.68 3.64, [1.2; 6.9] 3.67, [1.9; 5.7] 7”2 = df=1 =
0.0001 0.99
24 h 24.8, [16.1; 34.1] 18.93, [13.2; 24.5] 2 = 0.68 df =1 P=0.41 17.5, [14; 21.2] 18.4, [15.3; 21.6] »= df=1 =
0.1360 0.71
48 h 36.67, [27.3; 45.8] 32.93, [23.07; 2 —3.01 df =1 P =10.08 32.29, [25.1; 39.4] 32.8, [28.4; 36.7] x> =0.013 df=1 =
42.5] 0.91
72h 50, [41.07, 58.6] 43.93, [31.5; 55.9] 7> =0.35 df =1 P=0.55 45.85, [37.07; 54.3] 49.67, [43.7; 55.5] 7% =0.435 df=1 P=
0.51
Females with V. arvensis Males with V. arvensis
Without With P. melanarius Without With
P. melanarius P. melanarius P. melanarius
1h 0.33, [0.0; 0.8] 0.80, [0.0; 2.1] 7% =061 df =1 P=10.43 0.27, [0.0; 0.6] 0.40, [0.0; 1.07] 7> =014 df=1 =
0.70
2h 0.47, [0.1; 0.9] 1.80, [0.3; 3.8] 72 =211 df =1 P=0.14 1.00, [0.3; 1.8] 0.73, [0.0; 1.5] 72 =0.14 df=1 =
0.70
3h 0.53, [0.1; 1.1] 2.67, [0.7; 4.9] 7> =313 df =1 P =10.08 1.47, [0.4; 2.8] 1.2, [0.3; 2.3] 7% =0.08 df=1 P=
0.77
4h 0.67, [0.1; 1.3] 3.33, [1.5; 5.5] x> =4.86 df = = 1.8, [0.5; 3.7] 1.4, [0.5; 2.5] 72 =0.15 df=1 =
1 0.03 0.70
5h 0.67, [0.1; 1.3] 3.4, [1.5; 5.6] 2 =4.97 df = P= 2.07, [0.6; 4.1] 1.67, [0.5; 3.07] 72 =0.11 df=1 P=
1 0.03 0.74
6h 0.73, [0.1; 1.5] 3.4, [1.5; 5.6] x> =4.49 df = P= 2.2, [0.6; 4.5] 1.87, [0.7; 3.2] 72 =0.07 df=1 P=
1 0.03 0.79
7h 0.73, [0.1; 1.4] 3.4, [1.5; 5.6] 12 =4.49 df = = 2.27, [0.6; 4.6] 1.87, [0.7; 3.2] 7> =0.10 df=1 =
1 0.03 0.75
24h 10.87, [7.1; 14.7] 15.67, [12.5; 18.5] 7> =1.90 df =1 P=0.17 11.73, [9.4; 14.3] 9.87, [7.8; 11.8] 72 =1.20 df=1 P=
0.27
48 h 18.27, [13.7; 22.8] 24.73, [20.07; 72 =231 df =1 P=0.13 20.13, [16.3; 24.07] 17.47, [13.9; 20.7] 7?=0.81 df=1 =
28.8] 0.37
72h 27.73, [23.0; 32.7] 31.93, [25.5; 37.9] 7> =10.82 df =1 P =0.36 29.6, [23.9; 35.3] 25.47, [19.5; 31.6] 72 =0.72 df=1 =
0.39
3. Results identified based on model fit criteria and statistical significance of var-

3.1. Impact of the treatment and sex of individuals on their latency to first
seed acceptance

The latency to first seed acceptance did not differ significantly be-
tween the treatments (Cox model, y?= 1.27, df = 3, P = 0.74). There was
an effect of the sex of the focal individual with a latency to first accep-
tance of a seed shorter for males than females (Cox model, y?>= 5.76, df
=1, P = 0.016, hazard ratio = 0.63, 95 %IC [0.43, 0.92]). There was no
effect of interaction between sex and the treatment (Cox model, y?=
3.53, df = 3, P = 0.32).

3.2. Relationship between the probability of seed consumption and the
weed species, the presence or absence of P. melanarius, the sex of focal
individual and time

After performing backward stepwise selection starting from the full
model that include all 3 factors (i.e. treatment, sex of the focal individual
and the sample date) and their interactions, a best unique model was

iables:

log(P;) f, + P, treatment; + fB,sampledate; + f,sex; + f,(sex;

X treatment;) + a;

Where P; is the probability of seed consumption by an individual i; o;
the random intercept for individual i; f, is the estimate for the intercept;
P1, P, B are the coefficients representing the effects of the correspond-
ing variables; treatment; represents the treatment variable for individual
i; sampledate; represents the date of sampling for individual i and sex;
represents the sex of the focal individual i. The probability of seed
consumption during the first 7 h of test decreased by 30.9 % (95 %CI =
[22 %; 39 %]) between successive sampling date (y*> = 37.44, df =1, P
< 0.001). Hence, the likelihood of seed consumption decreased over
time (Fig. 2). There was no effect of the triple interaction between the
treatment, sexes of individuals and sample date (y?> = 4.52, df = 3, P =
0.21) nor the interaction between sexes and the sample date (y? = 2.18,
df = 1, P = 0.14) or between the treatment and the sample date (y? =
5.14, df = 3, P = 0.16). There was however a significant interaction
between the treatment and the sex of individual (y? = 10.23,df =1,P =



A. Charalabidis et al.

0.017). To assess the relationship between the sex of the focal individ-
ual, the treatment and the effect of sampling date on individual con-
sumption, we analysed separately the dataset according to sex and weed
species at each sample date (Fig. 2, Table A1). Our results showed that
after the first four hours of the trial, H. affinis females had consumed
cumulatively more V. arvensis seeds in the presence of P. melanarius than
in the control group (Fig. 2, Table Al). Males, however, did not differ in
their seed dynamic consumption between treatments (Fig. 2, Table A1).

After 24 h of test, there was no significant difference in the number of
T. officinale or V. arvensis seeds eaten by females or males in presence or
absence of P. melanarius (Table Al). Seed consumption of T. officinale or
V. arvensis by males did not significantly differ between treatments
(Table A1).

3.3. Proportion of occurrence of H. affinis individuals in the outer areas
of the arena

During the first 7 h of test, the number of times individuals were
recorded in the outer areas of the arena did not differ between treat-
ments (y? = 5.25, df = 3, P = 0.15, Table 1, Fig. Al) or between sexes
(y?> = 0.22, df = 1, P = 0.64). There was no effect of the interaction
between the treatment and the sex of individuals (y> = 4.56, df = 3, P =
0.21).

4. Discussion

Our results show that the rate of consumption of both seed species
decreased during the first seven hours of the test, suggesting a level of
satiety reached within this time frame, or at least a temporal decline in
individuals’ interest in seeds. This is is reinforced by the lack of signif-
icant differences between treatments and sex for seed consumption after
24 h, suggesting that individuals might only be able to eat a certain
amount of seeds in a given time span before reaching satiety (Honek
etal., 2003). This is consistent with previous reports that carabids do not
eat more than required if they have enough stored reserves (Mols, 1988).
However, it is interesting to note that the consumption dynamics of the
two weed species during the first few hours of the trial differed by sex
and treatment. During the first seven hours of the trial, H. affinis females
had a higher consumption rate of V. arvensis when exposed to
P. melanarius individuals, compared to the control (i.e. in absence of
P. melanarius). Moreover, this difference in consumption does not seem
to be explained by the fact that individuals remain only in the central
part of the arena, where the seeds were located, when foraging in the
presence of P. melanarius. Indeed, during the first 7 h of the experiment,
the frequency of observation of females in the central zone did not differ
from the control. Thus, even if the seed consumption of individuals over
a day appears to be limited by a maximum threshold, since differences in
consumption levels were no longer visible after 24 h, it is important to
note that the dynamics of this consumption, i.e. the speed at which it
takes place, may evolve according to potential interspecific interactions.
Future experiments looking at consumption levels in carabids in treat-
ments with and without potential interactions should therefore not only
look at the total consumption levels but also focus on consumption dy-
namics over an extended period.

However, even if this change in consumption dynamics with
perceived risk is consistent with previous studies (Blubaugh et al., 2017;
Charalabidis et al., 2017, 2019; De Heij et al., 2023), we found that only
females reacted to the presence of P. melanarius individuals, with males
not changing their foraging behavior or seeds acceptance in either of the
treatments. Differences in foraging or exploratory behavior between
male and female carabids have been previously reported (Szyszko et al.,
2004; Sasakawa, 2010; Yamashita et al., 2010; Kulkarni et al., 2015b;
Charalabidis et al., 2019; Yarwood et al., 2021; De Heij et al., 2023). For
instance, in the study by Charalabidis et al., (2019), it was reported that
H. affinis females took longer to start consuming seeds in a laboratory
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experiment compared to males. Additionally, females H. affinis spent
more time hiding during the experiment on average. These findings are
consistent with our results, which shows that the latency to first
acceptance of seeds is shorter for males compared to females, regardless
of the treatment.

Female insects also tend to invest more energy in egg production
than males invest in sperm production (Hayward and Gillooly, 2011). As
a result, females tend to conserve their energy for reproduction (Yar-
wood et al., 2021), exhibiting reduced activity levels until they become
hungry (Wallin and Ekbom, 1994; Szyszko et al., 2004). Males, on the
other hand, have the advantage of being able to combine mate finding
with foraging, resulting in relatively higher activity levels. Individuals
exploring more, by moving over a greater total distance and/or having
greater space use are also often more risk prone than less explorative
ones (Griffen et al., 2012; Royauté and Pruitt, 2015). Hence, males
might be less sensitive to potential stress than female. Also, according to
Bateman’s principle, male individuals gain fitness by increasing their
mating success whilst females increase fitness through longevity because
their reproductive effort is much higher (Rolff, 2002; Hayward and
Gillooly, 2011). Considering that the availability of a safe zone in this
experiment may have reduced individuals’ overall perception of risk
(Lima and Bednekoff, 1999; Unck et al., 2009; Nersesian et al., 2012),
this could explain why only females demonstrated a treatment-
dependent change in foraging behavior, and also why this change was
only observed on V. arvensis seeds and not on T. officinale seeds (as
previously reported in studies such as Charalabidis et al., 2017, 2019).
V. arvensis seeds were mostly overlooked by H. affinis females in absence
of P. melanarius and consumption increases with the occurrence of the
interspecific interaction. The fecundity of female carabids is influenced
by their adult diet (Wallin et al., 1992; Jorgensen and Toft, 1997; Fawki
and Toft, 2005; Kulkarni et al., 2015b) where the number of eggs pro-
duced is linked to the availability of food (Murdoch, 1966; Juliano,
1986; Currie et al., 1996; Knapp and Uhnava, 2014). Also the seed-based
diet of carabids, as well as the weed species available, has been found to
impact their survival, overall growth, and the subsequent develop-
mental rate of their offspring (Saska and Jarosik, 2001; Saska, 2005;
Kulkarni et al., 2015b). It is thus possible that, in a less stressful envi-
ronment, V. arvensis was not considered a sufficiently valuable resource
to stimulate higher activity in females. Especially as Female gut capacity
is lowered by maturing eggs, allowing females to eat only small amounts
of food at a time (den Boer, 1986). Foraging and risk assessment are both
cognitively challenging tasks and thus are often considered to be in
conflict (Milinski and Heller, 1978; Sih, 1980; Beauchamp, 2008; Wang
et al,, 2013) or to be mutually exclusive behaviors, leading to a
vigilance-foraging tradeoff (Lima and Dill, 1990; Nonacs and Blumstein,
2010; Lev-ari et al., 2022). Given that, individuals are thus expected to
reduce risk by spending relatively less time in the assessment of the
quality of encountered food items (Higginson et al., 2012) and focus on
what is easier to catch and eat rather than looking for potential “better”
alternatives. Hence, V. arvensis seeds may have been utilized by females
as compensatory feeding in a more challenging environment (Blubaugh
et al.,, 2017). Our results support the expectations that the foraging
behaviour of carabid beetles depends on the context in which they
forage and that they change their food choices based on potential risks
they perceive in their environment (Blubaugh et al., 2017; Charalabidis
et al., 2017, 2019; Carbonne et al., 2019; De Heij et al., 2023). The re-
sponses of individuals are reduced when safety areas are available in the
environment, however, probably due to a diminished perception of risk
provided by the possibility of escape. It is important to acknowledge that
despite our meticulous efforts to thoroughly clean the sand, these
weaker responses could also be influenced by residual odors that may
have persisted, potentially contributing to a less distinct differentiation
between the treatments with and without active P. melanarius in-
dividuals. Nevertheless, H. affinis females still adapt their foraging
behavior when exposed to P. melanarius individuals, showing that the
perception of the level of risk is probably sex-specific in carabid beetles.
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An important result here is that while the dynamic of consumption
differed the total number of seeds consumed after 24 h did not vary
between treatments. Evaluating the total amount of seed consumed over
a long period of time may therefore be misleading, and we suggest that a
greater focus on consumption dynamics is necessary if we are to un-
derstand the interest of carabid beetles in different combinations of
weed species and foraging context, and thus better predict the trophic
linkages observed between carabid beetles and weed species, within
agricultural communities, and their associated levels of seed
consumption.

CRediT authorship contribution statement

Alice Charalabidis: Supervision, Conceptualization, Methodology,
Data curation, Formal analysis, Writing — original draft, Writing — re-
view & editing. Stéphane A.P. Derocles: Supervision, Conceptualiza-
tion, Methodology, Writing — review & editing, Validation. Diana M.
Mosquera-Munoz: Data curation, Investigation, Formal analysis,
Writing - review & editing. Sandrine Petit: Conceptualization, Funding
acquisition, Methodology, Validation, Writing — review & editing.
Francois-Xavier = Dechaume-Moncharmont:  Conceptualization,
Methodology, Writing — review & editing, Validation, Formal analysis.
David A. Bohan: Supervision, Conceptualization, Methodology,
Writing — review & editing, Validation, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors acknowledge the support of the Joint Programming
Initiative on Agriculture, Food Security and Climate Change, European
Research Area Network in the Coordinated-Integrated Pest Management
in Europe Strategic Research Agenda (FACCE ERA-NET C-IPM) project
BioAWARE (AFB Projet 00000877, https://www.faccejpi.com) and the
European FACCE SURPLUS ERA-NET co-fund scheme of Horizon 2020
program, in the frame of the Joint Programming Initiative on Agricul-
ture, Food Security and Climate Change (FACCE-JPI) PREAR project,
which respectively funded a M. Sc. bursary to Diana Mosquera-Munoz
and the postdoctoral salary of Stephane Derocles. The funders had no
role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript. The PhD of Alice Charalabidis was co-
funded by the Institute Nationale de la Recherche Agronomique
(INRAe) and the Region of Burgundy Franche-Comté. The authors would
wish to thank the staff at INRAe Dijon for their technical support, the
staff of the INRAe Epoisses experimental farm and Benjamin Carbonne
for his help with trapping and handling the carabids. We would like to
thank the reviewers for their helpful comments that have contributed to
improve the quality of the paper.

Appendix A
See Fig. Al and Table Al.

References

Beauchamp, G., 2008. What is the magnitude of the group-size effect on vigilance?
Behav. Ecol. 19, 1361-1368. https://doi.org/10.1093/beheco/arn096.

Blubaugh, C.K., Widick, 1.V., Kaplan, 1., 2017. Does fear beget fear? Risk-mediated
habitat selection triggers predator avoidance at lower trophic levels. Oecologia 185,
1-11. https://doi.org/10.1007/s00442-017-3909-1.

Bohan, D.A., Boursault, A., Brooks, D.R., Petit, S., 2011. National-scale regulation of the
weed seedbank by carabid predators. J. Appl. Ecol. 48, 888-898. https://doi.org/
10.1111/j.1365-2664.2011.02008.x.

Bolker, B.M., 2008. Ecology ecological models and data in R. Princeton.

Biological Control 185 (2023) 105302

Carbonne, B., Bohan, D.A., Charalabidis, A., Petit, S., 2019. Weed seed availability,
carabid intraspecific interference and their interaction drive weed seed consumption
by carabid beetles. Agric. For. Entomol. 21, 396-406. https://doi.org/10.1111/
afe.12346.

Charalabidis, A., Dechaume-Moncharmont, F.-X., Petit, S., Bohan, D.A., 2017. Risk of
predation makes foragers less choosy about their food. PLoS ONE 12, e0187167.
https://doi.org/10.1371/journal.pone.0187167.

Charalabidis, A., Dechaume-Moncharmont, F.-X., Carbonne, B., Bohan, D.A., Petit, S.,
2019. Diversity of foraging strategies and responses to predator interference in seed-
eating carabid beetles. Basic Appl. Ecol. 36, 13-24. https://doi.org/10.1016/j.
baae.2019.02.003.

Currie, C.R., Spence, J.R., Niemeld, J.K., 1996. Competition, cannibalism and intraguild
predation among ground beetles (Coleoptera: Carabidae): a laboratory study.
Coleopt. Bull. 50, 135-148. https://doi.org/10.1649/0010-065X-65.1.91.

Davis, A.S., Raghu, S., 2010. Weighing abiotic and biotic influences on weed seed
predation. Weed Res. 50, 402-412. https://doi.org/10.1111/§.1365-
3180.2010.00790.x.

De Heij, S.E., Benaragama, D., Willenborg, C.J., 2022. Carabid activity-density and
community composition, and their impact on seed predation in pulse crops. Agric.
Ecosyst. Environ. 326, 107807 https://doi.org/10.1016/j.agee.2021.107807.

De Heij, S.E., Ali, K.A., Prager, S.M., Willenborg, C.J., 2023. Feeding behavior and
mobility of carabid beetles in response to perceived risk of predation. Eur. J.
Entomol. 120, 81-92. doi: 10.14411/eje.2023.011.

Dechaume Moncharmont, F.-X., Decourtye, A., Hennequet-Hantier, C., Pons, O., Pham-
Delegue, M.-H., 2003. Statistical analysis of honeybee survival after chronic
exposure to insecticides. Environ. Toxicol. Chem. 22, 3088. https://doi.org/
10.1897/02-578.

den Boer, P.J., 1986. Facts, hypotheses and models on the part played by food in the
dynamics of carabid populations. In: Feeding Behaviour and Accessibility of Food for
Carabid Beetles, pp. 81-96.

Fawki, S., Toft, S., 2005. Food preferences and the value of animal food for the carabid
beetle Amara similata (Gyll.) (Col., Carabidae). J. Appl. Entomol. 129, 551-556.
https://doi.org/10.1111/j.1439-0418.2005.00992.551-556.

Fischer, C., Riesch, F., Tscharntke, T., Batdry, P., 2021. Large carabids enhance weed
seed removal in organic fields and in large-scale, but not small-scale agriculture.
Landsc. Ecol. 36, 427-438. https://doi.org/10.1007/s10980-020-01157-8.

Foltan, P., 2004. Influence of slug defence mechanisms on the prey preferences of the
carabid predator Pterostichus melanarius (Coleoptera: Carabidae). Eur. J. Entomol.
101, 359-364. doi: 10.14411/eje.2004.050.

Frank, S.D., Shrewsbury, P.M., Denno, R.F., 2011. Plant versus prey resources: influence
on omnivore behavior and herbivore suppression. Biol. Control 57, 229-235.
https://doi.org/10.1016/j.biocontrol.2011.03.004.

Gerowitt, B., Bodendorfer, H., 1998. Long-term population development of Viola arvensis
Murr. in a crop rotation. I. Field experiments. Z. Pflanzenkrankh. Pflanzenschutz
105, 641-654.

Griffen, B.D., Toscano, B.J., Gatto, J., 2012. The role of individual behavior type in
mediating indirect interactions. Ecology 93, 1935-1943. https://doi.org/10.2307/
23225194.

Guy, A.G., Bohan, D.A., Powers, S.J., Reynolds, A.M., 2008. Avoidance of conspecific
odour by carabid beetles: a mechanism for the emergence of scale-free searching
patterns. Anim. Behav. 76, 585-591. https://doi.org/10.1016/j.
anbehav.2008.04.004.

Hartig, F., 2022. DHARMa: residual diagnostics for hierarchical (multi-level/mixed)
regression models. R package version 0.4.6, https://CRAN.R-project.org/packa
ge=DHARMa.

Hatteland, B.A., Grutle, K., Mong, C.E., Skartveit, J., Symondson, W.O.C., Solhgy, T.,
2010. Predation by beetles (Carabidae, Staphylinidae) on eggs and juveniles of the
Iberian slug Arion lusitanicus in the laboratory. Bull. Entomol. Res. 100, 559-567.
https://doi.org/10.1017,/S0007485309990629.

Hawlena, D., Schmitz, O.J., 2010. Herbivore physiological response to predation risk and
implications for ecosystem nutrient dynamics. Proc. Natl. Acad. Sci. 107,
15503-15507. https://doi.org/10.1073/pnas.1009300107.

Hayward, A., Gillooly, J.F., 2011. The cost of sex: Quantifying energetic investment in
gamete production by males and females. PLoS ONE 6. https://doi.org/10.1371/
journal.pone.0016557.

Higginson, A.D., Fawcett, T.W., Trimmer, P.C., McNamara, J.M., Houston, A.L, 2012.
Generalized optimal risk allocation: Foraging and antipredator behavior in a
fluctuating environment. Am. Nat. 180, 589-603. https://doi.org/10.1086/667885.

Honek, A., Martinkova, Z., Jarosik, V., 2003. Ground beetles (Carabidae) as seed
predators. Eur. J. Entomol. 100, 531-544. doi: 10.14411/eje.2003.081.

Honek, A., Martinkova, Z., Saska, P., 2005. Post-dispersal predation of Taraxacum
officinale (dandelion) seed. J. Ecol. 93, 345-352. https://doi.org/10.1111/j.1365-
2745.2005.00987 .x.

Honek, A., Saska, P., Martinkova, Z., 2006. Seasonal variation in seed predation by adult
carabid beetles. Entomol. Exp. Appl. 118, 157-162. https://doi.org/10.1111/§.1570-
7458.2006.00376.x.

Honek, A., Martinkova, Z., Saska, P., Pekar, S., 2007. Size and taxonomic constraints
determine the seed preferences of Carabidae (Coleoptera). Basic Appl. Ecol. 8,
343-353. https://doi.org/10.1016/j.baae.2006.07.002.

Honek, A., Martinkova, Z., Saska, P., 2011. Effect of size, taxonomic affiliation and
geographic origin of dandelion (Taraxacum agg.) seeds on predation by ground
beetles (Carabidae, Coleoptera). Basic Appl. Ecol. 12, 89-96. https://doi.org/
10.1016/j.baae.2010.11.003.

Jeannel, R., 1942. Coleopteres carabiques, Tome II. Faune de France.

Jorgensen, H.B., Toft, S., 1997. Food preferences, diet dependent fecundity and larval
development in Harpalus rufipes. Pedobiologia (Jena). 41, 307-315.


https://www.faccejpi.com
https://doi.org/10.1093/beheco/arn096
https://doi.org/10.1007/s00442-017-3909-1
https://doi.org/10.1111/j.1365-2664.2011.02008.x
https://doi.org/10.1111/j.1365-2664.2011.02008.x
https://doi.org/10.1111/afe.12346
https://doi.org/10.1111/afe.12346
https://doi.org/10.1371/journal.pone.0187167
https://doi.org/10.1016/j.baae.2019.02.003
https://doi.org/10.1016/j.baae.2019.02.003
https://doi.org/10.1649/0010-065X-65.1.91
https://doi.org/10.1111/j.1365-3180.2010.00790.x
https://doi.org/10.1111/j.1365-3180.2010.00790.x
https://doi.org/10.1016/j.agee.2021.107807
https://doi.org/10.1897/02-578
https://doi.org/10.1897/02-578
http://refhub.elsevier.com/S1049-9644(23)00155-X/h0065
http://refhub.elsevier.com/S1049-9644(23)00155-X/h0065
http://refhub.elsevier.com/S1049-9644(23)00155-X/h0065
https://doi.org/10.1111/j.1439-0418.2005.00992.551-556
https://doi.org/10.1007/s10980-020-01157-8
https://doi.org/10.1016/j.biocontrol.2011.03.004
http://refhub.elsevier.com/S1049-9644(23)00155-X/h0090
http://refhub.elsevier.com/S1049-9644(23)00155-X/h0090
http://refhub.elsevier.com/S1049-9644(23)00155-X/h0090
https://doi.org/10.2307/23225194
https://doi.org/10.2307/23225194
https://doi.org/10.1016/j.anbehav.2008.04.004
https://doi.org/10.1016/j.anbehav.2008.04.004
https://CRAN.R-project.org/package=DHARMa
https://CRAN.R-project.org/package=DHARMa
https://doi.org/10.1017/S0007485309990629
https://doi.org/10.1073/pnas.1009300107
https://doi.org/10.1371/journal.pone.0016557
https://doi.org/10.1371/journal.pone.0016557
https://doi.org/10.1086/667885
https://doi.org/10.1111/j.1365-2745.2005.00987.x
https://doi.org/10.1111/j.1365-2745.2005.00987.x
https://doi.org/10.1111/j.1570-7458.2006.00376.x
https://doi.org/10.1111/j.1570-7458.2006.00376.x
https://doi.org/10.1016/j.baae.2006.07.002
https://doi.org/10.1016/j.baae.2010.11.003
https://doi.org/10.1016/j.baae.2010.11.003
http://refhub.elsevier.com/S1049-9644(23)00155-X/h0160
http://refhub.elsevier.com/S1049-9644(23)00155-X/h0160

A. Charalabidis et al.

Juliano, S.A., 1986. Food limitation of reproduction and survival for populations of
Brachinus (Coleoptera: Carabidae). Ecology 67, 1036-1045. https://doi.org/
10.2307/1939826.

Knapp, M., Uhnav4, K., 2014. Body size and nutrition intake effects on fecundity and
overwintering success in Anchomenus dorsalis (Coleoptera: Carabidae). J. Insect Sci.
14 https://doi.org/10.1093/JISESA/IEU102.

Kromp, B., 1999. Carabid beetles in sustainable agriculture: a review on pest control
efficacy, cultivation impacts and enhancement. Agr Ecosyst Environ 74, 187-228.
https://doi.org/10.1016/50167-8809(99)00037-7.

Kulkarni, S.S., Dosdall, L.M., Spence, J.R., Willenborg, C.J., 2015a. Depth of seed burial
and gender influence weed seed predation by three species of ground beetle
(Coleoptera: Carabidae). Weed Sci. 63, 910-915. https://doi.org/10.1614/WS-D-15-
00080.1.

Kulkarni, S.S., Dosdall, L.M., Willenborg, C.J., 2015b. The role of ground beetles
(Coleoptera: Carabidae) in weed seed consumption: a review. Weed Sci. 63,
355-376. https://doi.org/10.1614/WS-D-14-00067.1.

Law, J.J., Gallagher, R.S., 2015. The role of imbibition on seed selection by Harpalus
pensylvanicus. Appl. Soil Ecol. 87, 118-124. https://doi.org/10.1016/j.
apso0il.2014.11.015.

Lev-ari, T., Beeri, H., Gutfreund, Y., 2022. The Ecological View of Selective Attention.
doi: 10.3389/fnint.2022.856207.

Lima, S.L., Bednekoff, P.A., 1999. Temporal variation in danger drives antipredator
behavior: The predation risk allocation hypothesis. Am. Nat. 153, 649-659. https://
doi.org/10.1086,/303202.

Lima, S.L., Dill, L.M., 1990. Behavioral decisions made under the risk of predation: a
review and prospectus. Can. J. Zool. 68, 619-640. https://doi.org/10.1139/290-092.

Lovei, G., Sunderland, K.D., 1996. Ecology and behavior of ground beetles. Annu. Rev.
Entomol. 41, 231-256. https://doi.org/10.1146/annurev.en.41.010196.001311.

Marshall, E.J.P., Brown, V.K., Boatman, N.D., Lutman, P.J.W., Squire, G.R., Ward, L.K.,
2003. The role of weeds in supporting biological diversity within crop fields: the role
of weeds in supporting biological diversity within crop fields. - Weed Research 43
(1). Weed Res. 44, 77-89. https://doi.org/10.1046/j.1365-3180.2003.00326.x.

McKemey, A.R., Symondson, W.O.C., Glen, D.M., 2003. Predation and prey size choice
by the carabid beetle Pterostichus melanarius (Coleoptera: Carabidae): the dangers of
extrapolating from laboratory to field. Bull. Entomol. Res. 93, 227-234. https://doi.
org/10.1079/BER2003240.

Menalled, F.D., Smith, R.G., Dauer, J.T., Fox, T.B., 2007. Impact of agricultural
management on carabid communities and weed seed predation. Agric. Ecosyst.
Environ. 118, 49-54. https://doi.org/10.1016/j.agee.2006.04.011.

Milinski, M., Heller, R., 1978. Influence of a predator on the optimal foraging behaviour
of sticklebacks (Gasterosteus aculeatus L.). Nature. doi: 10.1006/jtbi.2000.2203.
Mols, P.J.M., 1988. Simulation of Hunger, Feeding and Egg Production in the Carabid

Beetle. Agriculture Univ Wagenningen.

Murdoch, W.W., 1966. Aspects of the population dynamics of some marsh carabidae.
J. Anim. Ecol. 35, 127-156. https://doi.org/10.2307/2694.

Nersesian, C.L., Banks, P.B., McArthur, C., 2012. Behavioural responses to indirect and
direct predator cues by a mammalian herbivore, the common brushtail possum.
Behav. Ecol. Sociobiol. 66, 47-55. https://doi.org/10.1007/500265-011-1250-y.

Nonacs, P., Blumstein, D.T., 2010. Predation risk and behavioral life history. In:
Weastneat, F. (Ed.), Evolutionary behavioral ecology. Oxford University Press,
Oxford, pp. 207-224.

Oerke, E.-C., 2006. Crop losses to pests. J. Agric. Sci. 144, 31. https://doi.org/10.1017/
50021859605005708.

Petit, S., Boursault, A., Bohan, D.A., 2014. Weed seed choice by carabid beetles
(Coleoptera: Carabidae): linking field measurements with laboratory diet
assessments. Eur. J. Entomol. 111, 1-6. doi: 10.14411/eje.2014.086.

R Core Team, 2023. R: A Language and Environment for Statistical Computing_. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org.

Rolff, J., 2002. Bateman’s principle and immunity. Proc. R. Soc. B Biol. Sci. 269,
867-872. https://doi.org/10.1098/rspb.2002.1959.

Royauté, R., Pruitt, J.N., 2015. Varying predator personalities generates contrasting prey
communities in an agroecosystem. Ecology 96, 2902-2911. https://doi.org/
10.1890/14-2424.1.sm.

Sasakawa, K., 2010. Field observations of climbing behavior and seed predation by adult
ground beetles (Coleoptera: Carabidae) in a lowland area of the temperate zone:
Table 1. Environ. Entomol. 39, 1554-1560. https://doi.org/10.1603/EN10097.

Saska, P., 2005. Contrary food requirements of the larvae of two Curtonotus (Coleoptera:
Carabidae: Amara) species. Ann. Appl. Biol. 147, 139-144. https://doi.org/10.1111/
j.1744-7348.2005.00016.x.

Biological Control 185 (2023) 105302

Saska, P., Honék, A., Martinkova, Z., 2019. Preferences of carabid beetles (Coleoptera:
Carabidae) for herbaceous seeds. Acta Zool. Acad. Sci. Hungaricae 65, 57-76. doi:
10.17109/AZH.65.SUPPL.57.2019.

Saska, P., Jarosik, V., 2001. Laboratory study of larval food requirements in nine species
of Amara (Coleoptera: Carabidae). Plant Prot. Sci. 37, 103-110.

Saska, P., van der Werf, W., de Vries, E., Westerman, P.R., 2008. Spatial and temporal
patterns of carabid activity-density in cereals do not explain levels of predation on
weed seeds. Bull. Entomol. Res. 98, 169-181. https://doi.org/10.1017/
S0007485307005512.

Schumacher, M., Dieterich, M., Gerhards, R., 2020. Effects of weed biodiversity on the
ecosystem service of weed seed predation along a farming intensity gradient. Glob.
Ecol. Conserv. 24, e01316.

Sih, A., 1980. Optimal behavior: can foragers balance two conflicting demands? Science
(80-) 210, 1041-1043. https://doi.org/10.1126/science.210.4473.1041.

Sivy, K.J., Ostoja, S.M., Schupp, E.W., Durham, S., 2011. Effects of rodent species, seed
species, and predator cues on seed fate. Acta Oecol. 37, 321-328. https://doi.org/
10.1016/j.actao.2011.03.004.

Szyszko, J., Gryuntal, S., Schwerk, A., 2004. Differences in locomotory activity between
male and female Carabus hortensis (Coleoptera: Carabidae) in a pine forest and a
beech forest in relation to feeding state. Environ. Entomol. 33, 1442-1446. https://
doi.org/10.1603/0046-225X-33.5.1442.

Tapia-Lewin, S., Pardo, L.M., 2014. Field assessment of the predation risk - food
availability trade-off in crab megalopae settlement. PLoS ONE 9. https://doi.org/
10.1371/journal.pone.0095335.

Thaler, J.S., McArta, S.H., Kaplan, 1., 2012. Compensatory mechanisms for ameliorating
the fundamental trade-off between predator avoidance and foraging. PNAS 109,
12075-12080. https://doi.org/10.1073/PNAS.1208070109/-/DCSUPPLEMENTAL/
PNAS.201208070SI.PDF.

Therneau, T.M., Grambsch, P.M., 2000. Modeling survival data: extending the Cox
model. Stat. Biol. Health. https://doi.org/10.1007/978-1-4757-3294-8.

Therneau, T., 2023. A package for survival analysis in R. R package version 3.5-5, https
://CRAN.R-project.org/package=survival.

Thiele, H.-U., 1977. Carabid Beetles in Their Environments, Zoophysiology and ecology.
Springer Berlin Heidelberg, Berlin, Heidelberg, Heidelberg. doi: 10.1007/978-3-642-
81154-8.

Trichard, A., Ricci, B., Ducourtieux, C., Petit, S., 2014. The spatio-temporal distribution
of weed seed predation differs between conservation agriculture and conventional
tillage. Agric. Ecosyst. Environ. 188, 40-47. https://doi.org/10.1016/j.
agee.2014.01.031.

Unck, C.E., Waterman, J.M., Verburgt, L., Bateman, P.W., 2009. Quantity versus quality:
how does level of predation threat affect Cape ground squirrel vigilance? Anim.
Behav. 78, 625-632. https://doi.org/10.1016/j.anbehav.2009.05.028.

Wallin, H., Chiverton, P.A., Ekbom, B.S., Borg, A., 1992. Diet, fecundity and egg size in
some polyphagous predatory carabid beetles. Entomol. Exp. Appl. 65, 129-140.
https://doi.org/10.1111/j.1570-7458.1992.tb01636.x.

Wallin, H., Ekbom, B., 1994. Influence of hunger level and prey densities on movement
patterns in three species of Pterostichus Beetles (Coleoptera: Carabidae). Environ.
Entomol. 23, 1171-1181. https://doi.org/10.1093/ee/23.5.1171.

Wang, M.-Y., Ings, T.C., Proulx, M.J., Chittka, L., 2013. Can bees simultaneously engage
in adaptive foraging behaviour and attend to cryptic predators? Anim. Behav. 86,
859-866. https://doi.org/10.1016/j.anbehav.2013.07.029.

Ward, M.J., Ryan, M.R., Curran, W.S., Law, J., 2014. Giant foxtail seed predation by
Harpalus pensylvanicus (Coleoptera: Carabidae). Weed Sci. 62, 555-562. https://doi.
org/10.1614/WS-D-14-00010.1.

Westerman, P.R., Wes, J.S., Kropff, M.J., Van Der Werf, W., 2003. Annual losses of weed
seeds due to predation in organic cereal fields. J. Appl. Ecol. 40, 824-836. https://
doi.org/10.1046/j.1365-2664.2003.00850.x.

Wyatt Hoback, W., Higley, L.G., Stanley, D.W., 2001. Tigers eating tigers: evidence of
intraguild predation operating in an assemblage of tiger beetles. Ecol. Entomol. 26,
367-375. https://doi.org/10.1046/j.1365-2311.2001.00333.x.

Yamashita, H., Togashi, K., Kiritani, K., 2010. Sex-related difference in the ability of
Carabus lewisianus (Coleoptera: Carabidae) to escape from pitfall traps. Can.
Entomol. 142, 589-595. https://doi.org/10.4039/N10-013.

Yarwood, E., Drees, C., Niven, J.E., Schuett, W., 2021. Sex-specific covariance between
metabolic rate, behaviour and morphology in the ground beetle Carabus hortensis.
PeerJ 9. https://doi.org/10.7717/PEERJ.12455/SUPP-4.

Zeileis, A., Hothorn, T., 2002. Diagnostic checking in regression relationships. R News 2
(3), 7-10.

Zuur, A.F., Ieno, E.N., Walker, N., Saveliev, A.A., Smith, G.M., 2009. Mixed effects
models and extensions in ecology with R, Metallurgia, Statistics for Biology and
Health. Springer New York, New York, NY. doi: 10.1007/978-0-387-87458-6.


https://doi.org/10.2307/1939826
https://doi.org/10.2307/1939826
https://doi.org/10.1093/JISESA/IEU102
https://doi.org/10.1016/S0167-8809(99)00037-7
https://doi.org/10.1614/WS-D-15-00080.1
https://doi.org/10.1614/WS-D-15-00080.1
https://doi.org/10.1614/WS-D-14-00067.1
https://doi.org/10.1016/j.apsoil.2014.11.015
https://doi.org/10.1016/j.apsoil.2014.11.015
https://doi.org/10.1086/303202
https://doi.org/10.1086/303202
https://doi.org/10.1139/z90-092
https://doi.org/10.1146/annurev.en.41.010196.001311
https://doi.org/10.1046/j.1365-3180.2003.00326.x
https://doi.org/10.1079/BER2003240
https://doi.org/10.1079/BER2003240
https://doi.org/10.1016/j.agee.2006.04.011
https://doi.org/10.2307/2694
https://doi.org/10.1007/s00265-011-1250-y
http://refhub.elsevier.com/S1049-9644(23)00155-X/h0250
http://refhub.elsevier.com/S1049-9644(23)00155-X/h0250
http://refhub.elsevier.com/S1049-9644(23)00155-X/h0250
https://doi.org/10.1017/S0021859605005708
https://doi.org/10.1017/S0021859605005708
https://www.R-project.org
https://doi.org/10.1098/rspb.2002.1959
https://doi.org/10.1890/14-2424.1.sm
https://doi.org/10.1890/14-2424.1.sm
https://doi.org/10.1603/EN10097
https://doi.org/10.1111/j.1744-7348.2005.00016.x
https://doi.org/10.1111/j.1744-7348.2005.00016.x
http://refhub.elsevier.com/S1049-9644(23)00155-X/h0290
http://refhub.elsevier.com/S1049-9644(23)00155-X/h0290
https://doi.org/10.1017/S0007485307005512
https://doi.org/10.1017/S0007485307005512
http://refhub.elsevier.com/S1049-9644(23)00155-X/h0300
http://refhub.elsevier.com/S1049-9644(23)00155-X/h0300
http://refhub.elsevier.com/S1049-9644(23)00155-X/h0300
https://doi.org/10.1126/science.210.4473.1041
https://doi.org/10.1016/j.actao.2011.03.004
https://doi.org/10.1016/j.actao.2011.03.004
https://doi.org/10.1603/0046-225X-33.5.1442
https://doi.org/10.1603/0046-225X-33.5.1442
https://doi.org/10.1371/journal.pone.0095335
https://doi.org/10.1371/journal.pone.0095335
https://doi.org/10.1073/PNAS.1208070109/-/DCSUPPLEMENTAL/PNAS.201208070SI.PDF
https://doi.org/10.1073/PNAS.1208070109/-/DCSUPPLEMENTAL/PNAS.201208070SI.PDF
https://doi.org/10.1007/978-1-4757-3294-8
https://CRAN.R-project.org/package=survival
https://CRAN.R-project.org/package=survival
https://doi.org/10.1016/j.agee.2014.01.031
https://doi.org/10.1016/j.agee.2014.01.031
https://doi.org/10.1016/j.anbehav.2009.05.028
https://doi.org/10.1111/j.1570-7458.1992.tb01636.x
https://doi.org/10.1093/ee/23.5.1171
https://doi.org/10.1016/j.anbehav.2013.07.029
https://doi.org/10.1614/WS-D-14-00010.1
https://doi.org/10.1614/WS-D-14-00010.1
https://doi.org/10.1046/j.1365-2664.2003.00850.x
https://doi.org/10.1046/j.1365-2664.2003.00850.x
https://doi.org/10.1046/j.1365-2311.2001.00333.x
https://doi.org/10.4039/N10-013
https://doi.org/10.7717/PEERJ.12455/SUPP-4
http://refhub.elsevier.com/S1049-9644(23)00155-X/h0395
http://refhub.elsevier.com/S1049-9644(23)00155-X/h0395

	Sex-specific foraging response to interspecific interactions in carabid beetles
	1 Introduction
	2 Methods
	2.1 Study systems
	2.2 Behavioural experiment
	2.3 Statistical analysis

	3 Results
	3.1 Impact of the treatment and sex of individuals on their latency to first seed acceptance
	3.2 Relationship between the probability of seed consumption and the weed species, the presence or absence of P. melanarius ...
	3.3 Proportion of occurrence of H. affinis individuals in the outer areas of the arena

	4 Discussion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Acknowledgements
	References


