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Abstract

Animals foraging in the wild have to balance speed of decision making and accuracy of

assessment of a food item’s quality. If resource quality is important for maximizing fitness,

then the duration of decision making may be in conflict with other crucial and time consum-

ing tasks, such as anti-predator behaviours or competition monitoring. Individuals facing the

risk of predation and/or competition should adjust the duration of decision making and, as a

consequence, their level of choosiness for resources. When exposed to predation, the for-

ager could either maintain its level of choosiness for food items but accept a reduction in the

amount of food items consumed or it could reduce its level of choosiness and accept all prey

items encountered. Under competition risk, individuals are expected to reduce their level

of choosiness as slow decision making exposes individuals to a higher risk of opportunity

costs. To test these predictions, the level of choosiness of a seed-eating carabid beetle,

Harpalus affinis, was examined under 4 different experimental conditions of risk: i) predation

risk; ii) intraspecific competition; iii) interspecific competition; and, iv) control. All the risks

were simulated using chemical cues from individual conspecifics or beetles of different spe-

cies that are predatory or granivorous. Our results show that when foraging under the risk

of predation, H. affinis individuals significantly reduce their level of choosiness for seeds.

Reductions in level of choosiness for food items might serve as a sensible strategy to reduce

both the total duration of a foraging task and the cognitive load of the food quality assess-

ment. No significant differences were observed when individuals were exposed to competi-

tion cues. Competition, (i.e opportunity cost) may not be perceived as risk high enough

to induce changes in the level of choosiness. Our results suggest that considering the

amount of items consumed, alone, would be a misleading metric when assessing individual

response to a risk of predation. Foraging studies should therefore also take in account the

decision making process.
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Introduction

Mating or feeding enough to maintain fitness is a significant challenge in a world where

resources can vary markedly in availability and quality. When sampling resources, individuals

encounter items that do not fulfil their needs [1] or that are hazardous, either by being poison-

ous (e.g. stinging insects [2]) or by harbouring predators, such as crab spiders camouflaged in

flowers attractive to insect pollinators [3,4]. Thus, the fitness of an individual would increase

with its ability to accurately evaluate the quality of a resource, and decide between accepting

an item immediately available or waiting for a potentially better future option, but with no

guarantees as to the outcome. Such precise evaluation, however, gives rise to incompressible

cognitive and time costs. An individual seeking resources should therefore experience a speed

accuracy trade-off while choosing which item to exploit [5,6].

Investing too much time in assessing the quality of a resource item could be detrimental for

individuals foraging or seeking a mate under hazardous situations, such as risks of predation

or competition [7–10]. Under the risk of predation, individuals deal with two conflicting tasks

[4,11–14] or mutually exclusive behaviours [15,16]: either the avoidance of predators or the

acquisition of resources (a vigilance-foraging trade-off). Given the immediate and lethal out-

come of failing to avoid a predator, a potential prey individual should adjust its foraging

behaviour primarily to the predation risk and only secondarily to starvation [15]. Thus, indi-

viduals are expected to postpone foraging tasks and allocate more time and energy to predator

avoidance behaviours, when under no energy stress [17].

Postponement of foraging is only a sensible strategy for short periods of predation risk,

however, it could be hazardous during extended periods of diffuse predation risk or when the

risk of starvation is too high to defer foraging [17]. An animal is expected to adjust its foraging

effort in respect of its energetic requirements and the likelihood of predator attack [18,19]. It

supposes that the individuals are able to, firstly, assess local predation risk and, secondly, adjust

their intensity of an antipredator response according to the level of threat [20–23]. When

assessing the response to a predation risk during foraging, the authors typically measured the

number of food items consumed per unit of time, which is based on the assumption of direct

proportionality between the number of items consumed and the “feeding effort” (i.e. the time

spent foraging). Under such an assumption, the predicted decrease in the time spent foraging

under predation risk would result in an overall decrease of the number of food items con-

sumed [7,24]. A rarely considered alternative assumption, which we consider in this study, is

that an individual adjusts its foraging strategy while keeping constant the number of food

items consumed. To mitigate a vigilance-foraging trade off, the forager might adjust the time

spent in assessing a resource item before deciding whether or not to accept it, rather than sim-

ply reducing the amount of food collected [25,26].

The time or energy that an individual invests in sampling or assessing an available resource

item is termed ‘choosiness’ in the behavioral literature [10,27]. Choosy individuals accept only

a few resources in a given time span or spend a substantial amount of time assessing an item

before accepting it, whereas less choosy individuals either accept more resource items over the

same time or hesitate for a shorter amount of time before consuming a resource item [27,28].

Consequently, the time spent in assessment before accepting an encountered resource item is

a primary metric for evaluating individual choosiness. When exposed to predation risk, a for-

ager should increase the time allocated to anti-predator behaviours and, thus, reduce the total

time invested in foraging [18]. This could result in two apparently contradictory foraging pat-

terns: i) a forager could reduce the length of the foraging period, while maintaining a constant

level of choosiness, leading to an observed reduction of the number of food items consumed

[7,24,29]; or, ii) an individual could reduce its level of choosiness, by accepting all prey items
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Franche-Comté. The funders had no role in study

design, data collection and analysis, decision to

publish, or preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0187167
http://www.agence-nationale-recherche.fr/en/
http://www.agence-nationale-recherche.fr/en/


encountered irrespective of their quality [8,30], and keep constant the number of food items

consumed [31]. This last pattern might erroneously be interpreted as an absence of beha-

vioural flexibility in response to predation risk, if the number of prey eaten were recorded

alone. The total amount of items consumed should not serve as the sole metric for assessing

the behavioural adjustment to risks. More specifically, studies that have found no adjustment

of foraging effort in response to predation risk [19], may have done so because they considered

only the total amount of items consumed and neglected the variation in individual choosiness

under predation risk.

Adjustment of choosiness may also be an important behavioural response to competition

[32–35]. In the absence of competition, one sensible strategy would be to select and con-

sume only the most profitable food resources, and neglect most of the encountered items.

Where competitors are also present in the same patch, however, such a choosy forager

might be unable to fulfil its energetic needs. Neglecting food items of low quality, in this

way, is costly because the expected better items could have already been consumed by com-

petitors. Moreover, choosy foragers may not be able to re-adjust their thresholds of prey

acceptability, following a lengthy unsuccessful period, because lower choice items that had

been previously neglected might have already been consumed by less choosy competitors

[10]. These lost opportunity costs can be sufficiently strong to constrain the evolutionary

stable strategy for prey choosiness. Indeed, game-theoretical approaches suggest that opti-

mal level of choosiness is frequency-dependent and decreases with increasing competition

[10].

Our hypothesis is that both predation and competition risks affect levels of choosiness. As

the fitness costs of predation should be higher and more immediate than the costs resulting

from competition, differences in the intensity of either an increase or reduction of the level of

choosiness (behavioural adjustment) under each of these two risks is expected. We examine

whether individuals of a granivorous carabid species, Harpalus affinis (Schrank, 1781), modu-

late their level of choosiness for seeds as a function of either predation risk or competition,

from either intraspecific or interspecific competitors.

Methods

Study system

The carabid species used in the tests are commonly found together in European farmland. H.

affinis is a granivorous species that we use as our focal test forager as it is one of the most abun-

dant spring-breeding predominantly granivorous species in arable agriculture. We chose to

use Pterostichus melanarius (Illiger, 1798) as the potential predator because they have been

shown to be voracious predators of live prey [36–40]. Moreover, P. melanarius were observed

to prey upon H. affinis in experimental situations (Alice Charalabidis, pers. obs.), and upon

others species of carabids [40]. Pseudoophonus rufipes (De Geer, 1774) was chosen as the inter-

specific competitor, given that this granivorous species has been observed to readily eat a large

amounts of seeds in laboratory conditions [41]. We sampled adult individuals of three carabids

species, H. affinis, P. melanarius and P. rufipes on the INRA experimental farm at Epoisses

(Côte d’Or, France; 47˚14’11.4”N 05˚05’53.4”E) using pitfall traps during spring and summer

2015. Individuals of the focal species, H. affinis, were maintained in small, mixed sex groups

(up to 20 individuals) in plastic boxes (34 x 19 x 11 cm, length x breadth x height) for a mini-

mum of two weeks prior to experimentation. Each box contained two to three cm deep soil

and some moistened paper tissue to maintain high humidity and provide the carabids with

shelter. The boxes were maintained under temperature- and light-controlled conditions

(19˚C +/- 1˚C, 60% humidity, 14:10h light:dark cycle). Boxes of H. affinis, the granivore
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P. rufipes and the omnivore P. melanarius were kept in separate rooms to prevent interspecific

predation [40] or any possible effects of chemical cues. Age, mated status and feeding back-

ground were not controlled as we used wild-caught individuals in the tests.

Highly preferred seeds might induce high risk taking by the carabids, and therefore accep-

tance in all contexts of risk, while disliked seeds would not be accepted at any level of risk. T.

officinale, a moderately preferred species [41,42] that is known to be eaten both by H. affinis
and P. rufipes, was therefore selected as the test seed. In order to standardize their feeding

background and ensure that T. officinale seeds were encountered at least once by all tested

individuals prior to the experiment [43], individuals of H. affinis were fed with a combination

of four seeds species, T. officinale, Viola arvensis (Murray), Senecio vulgaris L. and Capsella
bursa-pastoris (L.) Medik. All seeds were one year old and were collected on the INRA Dijon

experimental farm. All experimental seeds had been soaked in water for 14 hours to become

more palatable to and detectable by carabids [44]. Carabids were provided with water ad libi-
tum in an Eppendorf containing moistened cotton wool.

Experimental set-up

The 290 experimental H. affinis individuals were randomly split into four treatment groups,

control (n = 70, with 31 females and 39 males), intraspecific competition (n = 71, with 32

females and 39 males), interspecific competition (n = 75, with 32 females and 43 males), and

predation (n = 74, with 31 females and 43 males). The sexes were identified using protarsi,

which are dilated and have hairy undersides in males [45]. All beetles were tested individually

and only once. To standardize the feeding motivation, individuals were isolated in small indi-

vidual plastic boxes (diameter 9 cm) and starved for the 54 hours prior to testing. Starvation

duration was estimated from pre-test experiments designed to produce individuals motivated

to feed, but not so starved that they were too tired to forage. Water was provided ad libitum via

a moist paper tissue covering the bottom of each individual boxes.

Predation and competition risk were simulated via olfactory cues that carabids leave along

their path of movement [46,47]. Using these cues, in place of live predators or competitors, we

avoided the confounding effects of direct interactions between the focal individual and preda-

tors and competitors. The consistency of the chemicals cues was tested by Guy et al. [46], who

found that carabids responded to almost 2 day old residual chemicals. To simulate the risk

of predation, we used the chemicals cues left by P. melanarius. Interspecific competition was

simulated using chemicals from P. rufipes and intraspecific competition was simulated using

chemicals from H. affinis. Using the method of Armsworth et al. [48], impregnated papers

(white filter paper, Dutscher, Brumath, France) were created by allowing 20 individual beetles

(10 females, 10 males) to walk over test papers (40 x 30 cm) for a minimum of 24 hours; this

density of stimulus individuals has been previously shown to induce concentration of olfactory

cues which is perceived by carabids [46]. For the control treatment clean test papers, with no

carabid chemical cues, were used. We used two different types of competition in order to dif-

ferentiate potential sexual induced-behaviours in the intraspecific competition treatment from

actual behavioural responses to the cues of competition risk. The impregnated test papers were

collected immediately prior to the start of each experimental trial. For each experimental arena

we arranged 20 seeds of T. officinale in two concentric circles of 5 and 16 cm diameter on an

impregnated test paper (Fig 1).

The focal carabid individual was acclimatized under a plastic pot at the centre of the arena

for 8 minutes. The pot was removed and we immediately placed an inverted 18 cm diameter

Pyrex petri dish bottom over the arena to delimit and isolate the arena from external perturba-

tions (movement of air, chemical cues). Foraging behaviours were then scored over a one hour
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period. The test papers were used for only one trial, and between repetitions the petri dishes

were washed in a medical dish-washer.

The four experimental conditions and the two sexes of H. affinis were tested in random

order in controlled temperature room at 19˚C +/- 1˚C and 60% humidity. The arenas were

laid out on an aluminium bench that had previously been cleaned with alcohol to remove any

olfactory cues. All treatments and both sexes were tested each day of test in order to prevent

any impact of date on the results.

Assessment of the level of choosiness

The level of choosiness of H. affinis was examined in test arenas under the 4 different experi-

mental treatment levels of risk. We evaluated, at the individual carabid level, choosiness for a

weed seed food item. Individual level of choosiness was assessed in “no choice” tests in which

only one food type is offered to individuals [49]. Since most resources are encountered sequen-

tially, animals cannot easily make comparative choices. Hence, no choice tests have been

described as more ecologically realistic experimental designs [50–52]. No-choice tests have

been proven useful and relevant in many studies [49,53–55] and are considered to be particu-

larly suitable for measuring choosiness since an individual offered only one seed, and rejecting

it, would be considered choosier than an individual accepting the seed [56–58]. In tests with

multiple choices, alternative resources might impact on the choices an individual makes

toward other resources, potentially leading to false negatives or positives [28,59]. Moreover, no

Fig 1. Design of the test arena. Arena was divided intro into three circular parts by two circles of respectively 5 cm and 16 cm

diameter: i) the central zone, ii) the inter-zone and iii) the border zone. Ten T. officinale seeds were placed around each circle. This

representation is approximately to scale: carabids measure ~1 cm and seed ~2.5 mm in length.

https://doi.org/10.1371/journal.pone.0187167.g001
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choice tests are easier to standardize than multiple choice tests, which require that the focal

individual has the sensory capability and the cognitive skills to compare several items simulta-

neously [49,59,60]. Lastly, longer latencies to acceptance of a food item, when there are no

other simultaneously available options, might be interpreted as evidence for higher levels of

choosiness [59].

The level of choosiness was assessed by scoring four behaviours (Fig 2): i) the latency to the

first movement of an individual (i.e. motion of more than the average body length); ii) the

latency to first acceptance of a seed (i.e. from the first movement of an individual until it actu-

ally accept its first seed); iii) the handling time (i.e. the duration of the seeds consumptions)

and, iv) the number of seeds eaten per individual during the 1 hour test. Given that the total

number of seeds eaten might hide variation in behaviour in the test population, the proportion

of individuals eating at least one seed during the test was also used in the analysis.

Trajectometry

The presence of predators is expected to induce predator avoidance behaviours, such as

reduced exploration or increased velocity. It is to be expected that such a change in locomotion

or space use would reduce the probability of seed encounter and consequently the number

of seeds eaten, irrespective of an individual’s level of choosiness. The trajectometry of each

individuals was recorded during the one-hour test using a monochrome camera (IMAGI-

NGSOURCE–model: DMK 31AU03) suspended above the arenas and connected to a com-

puter. The video files of 29 individuals, from all treatments were lost due to a hard disk

failure. The trajectometry data (n = 261 individuals: n = 66 for the control, n = 69 for the intra-

specific competition, n = 63 for the interspecific competition and n = 63 for the predation

treatments) were analysed using Ethovision (Noldus Information Technology, Wageningen,

The Netherlands).

Differences in exploration behaviours were analysed as a function of the treatment. The

tendency to stay in physical contact with borders of the arena (thigmotaxis) and to avoid open

space (centrophobicity) were also assessed as proxies of an individual’s anxiety levels [61,62]

and were expected to vary with the presence of predator cues. We therefore defined three

annular zones corresponding to the “central zone” (0–5 cm), “inter-zone” (5–8 cm) and the

“border zone” (8–9 cm) regions of the arena, delimited by the seed circles described above (Fig

1). The cumulative time spent within the central zone was scored as a measure of thigmotaxis

and centrophobicity. The experimental area was divided up into 1 cm x 1 cm squares. We esti-

mated the proportion of space used by scoring the number of squares visited at least once, by

Fig 2. Schematic diagram of the chronological course of the experiment and the temporal metrics use in the tests. Latency to first movement

was measured from the release of the test carabid to its first movement greater than its average body length; the latency to first acceptance of a seed

was measured as the time from the first movement of an individual until it accepted the first seed; handling time is the duration of the seed consumption

starting from an individual seizing the seed in its mandibles until it released the empty tegument. The experiment ended after a duration of 3600 s.

https://doi.org/10.1371/journal.pone.0187167.g002
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the focal carabid, as a proportion of the total number of squares (mean total number of squares

per arena = 332.5, 95% CI = [331.4; 333.7]). Finally, mean velocity was scored as a proxy mea-

sure of activity, calculated by dividing the total distance travelled (cm) by the cumulative

amount of time during which individuals were in movement (s).

Statistical analysis

The data were analysed in R version 3.3.2 [63] (S1 Appendix). The number of seeds eaten

per individual during the 1 hour test was modelled as a generalized linear model, assuming a

negative binomial distribution. Because zero-inflated negative binomial model fitted the data

better than the negative binomial model (Vuong’s test for non-nested models: p = 8.4×10−5,

AIC = 37.9), we used ‘zeroinfl’ function from the ‘pscl’ package [64]. The proportion of indi-

viduals eating at least one seed during the test was analysed in each of the four different treat-

ment levels using generalized linear modelling and binomial errors. The times of latency to

first movement and first seed acceptance, and handling were analysed by means of the Cox

proportional hazard models [65] in the ‘cox.ph’ function from the package ‘survival’ [66]. The

Cox model allowed the analysis of censored data produced when a replicate was terminated

before the end of the observed behaviour. For each Cox regression model fit, the proportional

hazards assumption was assessed using the ‘cox.zph’ function. The velocity data and the cumu-

lative time spent within the central zone were analysed using ANOVA. The data for the pro-

portion of space used was arcsine transformed in order to meet the condition of normality for

ANOVA.

For all parametric analyses, the full model included as effects the treatment level (control,

intraspecific competition, interspecific competition and predation), the sex of the focal indi-

vidual and their interactions. Significant effects of sex, treatment and their interactions were

identified by sequential comparison of the nested sub-models, with and without a given covar-

iate, using backward, stepwise elimination of non-significant variables and interaction terms.

Where a global effect of treatments was detected, a post-hoc contrast analysis was performed.

To facilitate future meta-analysis or comparisons, we also reported effect size indices and

the corresponding 95% confidence intervals [67,68]. When comparing means with non-nor-

mal data we used Cliff’s delta [69,70]. The measure of effect size for the latencies was the haz-

ard ratio, estimated as the exponent of the regression coefficient, exp(beta), of the Cox model

[71]. The hazard ratio was calculated either for the sex effect or the treatment effect. A sex haz-

ard ratio above one indicates that the females had a longer latency time than that of the males.

A treatment hazard ratio above 1 indicates that the treatment decreased the latency time com-

pared to the control.

Ethical note

This work followed the ABS/ASAB guidelines for the treatment of animals in behavioural

research. Information about individuals’ origin, and housing conditions are described below.

Transport between sampling site and laboratory, housing conditions, as well as monitoring of

experimental arena, were done to reduce stress and maximise animal welfare.

Results

Latency to first movement

The latency to the first movement of an individual differed significantly between treatments

(Cox model, χ2
3 = 17.1, P< 0.001, S1 Fig). Compared to the control, it increased in the preda-

tion and intraspecific competition treatments but not in the interspecific treatment (Table 1).

Changes in choosiness under predation risk

PLOS ONE | https://doi.org/10.1371/journal.pone.0187167 November 9, 2017 7 / 18

https://doi.org/10.1371/journal.pone.0187167


It was affected neither by the sex of the individual (Cox model, χ2
1 = 0.25, P = 0.62, hazard

ratio = 1.06, 95%CI = [0.74; 1.19]) nor the interaction between sex and treatment (Cox model,

χ2
3 = 3.40, P = 0.34).

Latency to first acceptance of a seed

The latency to first acceptance of a seed significantly differed between treatments (Fig 3, Cox

model, χ2
3 = 12.1, P = 0.007). The latency to first acceptance of a seed was shorter in the preda-

tion treatment than in all the three others treatments (Table 2).

While non-significant, the values of effect size suggested that the latency to first acceptance

of a seed was consistently shorter under the interspecific competition and intraspecific compe-

tition treatment than under the control treatment (Table 2). An a posteriori power analysis

showed that such trends would have required a doubling of the sample size to become signifi-

cant, provided that the mean value of effect size does not change. The latency to first accep-

tance of a seed did not differ between the two competition treatments (Table 2). It was also not

affected by sex (Cox model, χ2
1 = 2.22, P = 0.14, hazard ratio = 1.28, 95%CI = [0.92; 1.78]) or

the interaction between sex and treatment (Cox model, χ2
3 = 0.60, P = 0.90).

Number of seeds eaten per individual and handling time

There was no significant effect of treatment on the handling time (Cox model, χ2
3 = 1.9,

P = 0.59, S2 Fig). There was a significant effect of the treatment on the mean number of

seeds eaten per individual during the one hour test (Generalized linear model, χ2
6 = 17.22,

P = 0.009). The mean number of seeds eaten was significantly higher under the predation

treatment than in the other treatments (Fig 4, Cliff’s delta for the difference between control

and predation δ = 0.28, 95%CI = [0.10; 0.44]).

There was no statistical difference among the control and competition treatments. There

was a significant effect of sex (Generalized linear model, χ2
2 = 6.58, P = 0.037), but no sex by

treatment interaction term (Generalized linear model, χ2
6 = 1.47, P = 0.96). Females consumed

more seeds than males (Cliff’s delta δ = 0.11, 95%CI = [0.01; 0.24], S3 Fig), with females having

a mean consumption of 2.8 seeds (95%CI = [2.22; 3.43]) and males consuming 1.95 seeds (95%

CI = [1.55; 2.39]) over the hour of testing.

The proportion of individuals that ate at least one seed in the hour of the test also differed

between the treatments (Generalized linear model, χ2
3 = 10.45, P = 0.015). Post-hoc compari-

sons with the control treatment showed that this proportion was significantly higher under the

risk cues of predation (P = 0.003, odds-ratio = 2.94, 95%CI = [1.49; 5.79]), but not under the

risk cues of intraspecific (P = 0.31, odds-ratio = 1.47, 95%CI = [0.76; 2.85]) or interspecific

competition (P = 0.24, odds-ratio = 1.54, 95%CI = [0.79; 3.02]). There was no significant effect

of sex (Generalized linear model, χ2
1 = 1.35, P = 0.25) and no interaction between the sex and

treatment effects (Generalized linear model, χ2
3 = 0.23, P = 0.97).

Table 1. Contrast analysis between treatments for the latency to first movement.

P Hazard ratio 95%CI

Control—Predation 0.024 0.68 [0.49; 0.95]

Control—Intraspecific competition 0.0033 0.60 [0.43; 0.84]

Control—Interspecific competition 0.61 1.09 [0.79; 1.51]

Intraspecific competition—interspecific competition < 0.001 1.82 [1.30; 2.54]

Intraspecific competition—predation 0.44 1.14 [0.82; 1.58]

Interspecific competition—predation 0.0052 0.63 [0.45; 0.87]

https://doi.org/10.1371/journal.pone.0187167.t001
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Fig 3. Kaplan-Meier plot for the latency to first acceptance as a function of the treatments. Each curve represents, for

a given treatment level, the proportion of individuals with no consumption as a function of the time since the first move: control

(continuous line, n = 70), intraspecific competition (grey line, n = 71), interspecific competition (dotted line, n = 75) and

predation (bold line, n = 74). Individuals not eating before the end of the observation at time t = 3600 s were treated as

censored data in the model.

https://doi.org/10.1371/journal.pone.0187167.g003

Table 2. Contrast analysis between treatments for the latency to first acceptance of a seed.

P Hazard ratio 95%CI

Control—Predation < 0.001 2.22 [1.38; 3.56]

Control—Intraspecific competition 0.19 1.39 [0.84; 2.30]

Control—Interspecific competition 0.26 1.33 [0.81; 2.19]

Intraspecific competition—interspecific competition 0.84 1.05 [0.66; 1.67]

Intraspecific competition—predation 0.04 1.59 [1.03; 2.46]

Interspecific competition—predation 0.02 1.67 [1.08; 2.57]

https://doi.org/10.1371/journal.pone.0187167.t002

Changes in choosiness under predation risk

PLOS ONE | https://doi.org/10.1371/journal.pone.0187167 November 9, 2017 9 / 18

https://doi.org/10.1371/journal.pone.0187167.g003
https://doi.org/10.1371/journal.pone.0187167.t002
https://doi.org/10.1371/journal.pone.0187167


Trajectometry

All individuals moved during the test. The mean velocity was not affected by the treatment

(ANOVA, F3, 257 = 0.36, P = 0.78), sex (ANOVA, F1, 259 = 1.51, P = 0.22) or the interaction

between treatment and sex (ANOVA, F253, 256 = 1.74, P = 0.16). The proportion of space used

differed between the two types of competition (ANOVA, F3, 257 = 3.36, P = 0.019), but did not

differ between the predation treatment and the control (Fig 5). The cumulative time spent in

Fig 4. Mean number (bootstrapped +/- 95%CI) of seeds eaten per individuals after one hour of test in each treatment. Different letters

correspond to statistically significant difference between treatments (post-hoc pairwise comparison with Tukey adjustment for multiple

comparisons). The sample sizes are shown above the x-axis.

https://doi.org/10.1371/journal.pone.0187167.g004
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the central zone was not affected either by treatment (ANOVA, F3, 257 = 1.58, P = 0.19), sex

(ANOVA, F1, 259 = 0.034, P = 0.85) or the interaction between treatment and sex (ANOVA,

F253, 256 = 0.26, P = 0.86).

Discussion

Adjustment of the foraging effort in response to predation risk

In order to allocate more time and energy to predator avoidance behaviours when exposed to

predation risk, individuals should postpone foraging task [17]. This decrease of the foraging

Fig 5. Proportion of space used (bootstrapped +/- 95%CI) after one hour of test in each treatment. Different letters correspond to

statistically significant differences between treatments (post-hoc pairwise comparison with Tukey adjustment for multiple comparisons). The

sample sizes are shown above the x-axis.

https://doi.org/10.1371/journal.pone.0187167.g005
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effort should not straightforwardly be interpreted as a reduction of the number of items con-

sumed. Indeed, our results show that considering the number of items consumed as the sole

metric of the intensity of an individual’s response to a risk of predation could be misleading.

Individuals of the granivore, H. affinis, when exposed to chemicals cues of a potential predator

were found to significantly increase the total number of food items consumed in comparison

to the control or the competition treatments. This increase in the number of food items con-

sumed suggest that individuals H. affinis reduced their level of choosiness toward feeding

items. Harpalus affinis showed a marked reduction of the latency to first acceptance of a seed

in comparison to the control or competitions treatments, suggesting that the effort that an

individual is willing to invest in the acquisition of a resource (i.e. choosiness) is reduced under

predation. Such foraging patterns cannot be interpreted as a lack of behavioural adjustment to

the risk of predation or be explained by differences in handling time or trajectometry, as there

were no differences in the handling time or the trajectometry metrics between the treatments.

Reductions in individual levels of choosiness could lead to the consumption of prey items

that would be rejected under control conditions, but it might also provide important benefits.

It could allow a greater focus on predator avoidance, for example, by reducing the cognitive

load attributable to food item selection [72]. Metcalfe et al. [8,73] found that salmon exposed

to a fake predator reduced their level of choosiness for passing food pellets. Given that salmon

use vision to acquire information both for predator vigilance and for assessing the quality of

their prey they might accept a potential reduction in food quality in order to focus on vigi-

lance. Bees were observed to lower their threshold of acceptance of flower quality when

exposed to potential ambush predation by cryptic crab spiders in flowers. In doing so, the bees

were able to minimize conflict between foraging and predator vigilance and the high energetic

costs of foraging flights [4].

The performance of any two tasks that use similar sensory machinery, such as vision or che-

moreception, can result in “dual task interference” [74,75]. Due to limitations of cognitive load

either one of the tasks could be detrimental to the other, thus producing an “outcome conflict”

[75,76]. Even where these two tasks could be performed simultaneously, this will be both

energy and time consuming [4] and many taxa do not succeed in solving the conflicts of dual

task interference. Birds [77] and humans [78] have been observed failing to divide their atten-

tion between two complex visual tasks [4], for example. Hence, one solution to managing the

limited available cognitive load, and the potential associated extra costs, might be to apply a

weighting to each task [74]. In the vigilance-foraging trade-off this would be expressed by a

reduction in the weight assigned to the foraging task, as was observed for salmon and bees

[4,8,73]. Such difficulties in making acute choices, while performing a high-load cognitive

task, were reviewed by Block et al. [72], who noted that individuals typically respond by reduc-

ing their period of judgment and making more rapid choices. Rodents living in patches with-

out refugia have been shown to reduce their time exposed to predators by reducing the time

spent choosing seed food items [9], lowering both the risk of starvation and the risk of preda-

tion [18,75].

Reductions in levels of choosiness for food items, as found for H. affinis, might therefore

serve as a sensible strategy to reduce both the total duration of a foraging task and the cognitive

load of the food quality assessment [7]. Our results therefore serve to extend the predation risk

allocation hypothesis [18], by suggesting that individuals could adopt one of several alternative

strategies, with both reductions and increases in their level of choosiness for food items being

possible in risky situations. Future experimental assessments of the risk allocation hypothesis

should, therefore, try to define “foraging effort” and take into account the process of decision

making itself.
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Response to competition risk

A core expectation of our study was that the individuals should also decrease their level of

choosiness in response to the risk of competition, due to opportunity costs [10]. We found

that the effects of competition on the level of choosiness (i.e. latency to first acceptance and

mean number of seeds eaten) were similar across the two competition treatments. Latency to

first acceptance of a seed and mean number of seed eaten per individuals were also not sig-

nificantly different between the competition treatments and to the control. However, the

values of the effect size for the latencies to first acceptance would suggest at a reduction in

individual levels of choosiness and that it would be misleading to interpret these results as

evidence for absence of a competition effect [68]. Rather, it suggests that we may not have

taken into account all possible co-variates of competition that affect foraging, such as indi-

vidual personality [79,80], and future studies should seek to evaluate the importance of these

co-variates.

In order to avoid agonistic behaviours or competitive interference between individuals,

our protocol was based on indirect competition or predation risks in the form of olfactory

cues impregnating the arena paper. It may be that the use of odour as a competition cue, in

place of test competitor individuals and the associated reduction in food items that would

have ensued, might have lowered the perceived risk of competition enough that the H. affinis
individuals did not modify their foraging effort, irrespective of the potential linked costs

[81]. Moreover, given that individuals were maintained in groups of up to 20 individuals

prior to experiment, which matched the amount of individuals used to impregnate the tests

papers, the focal individuals might have become habituated to situations of competition sim-

ilar to the one under test potentially reducing our power to test for competition risk percep-

tion [82,83].

While changes in level of choosiness were not observed under both competition treatments,

our results did demonstrate a difference in latency to first movement and in space use between

the two competition treatments. H. affinis individuals were found to move later and visit fewer

squares of the arena in the intraspecific competition treatment. Similar patterns in the use of

space were observed for P. melanarius in avoiding papers impregnated with chemical cues

from conspecifics [46]. We hypothesise that this lower space use and increased latency to first

movement may be due to an effect of sex, with male and female arresting in the presence of

odours from the opposite sex. An alternative hypothesis is that the perceived risk of competi-

tion itself affects space use. For example, individuals of the Bullethead Parrotfish, Chlorurus
spilurus, do not change their feeding rate under competition, but modify the way that they use

space during foraging [84].

Carabid beetles in agroecosystem

Our study group of choice is the carabid beetles that naturally inhabit arable farmland. Many

thousands of individuals exist in farm fields in communities of granivore, omnivore and pred-

atory species that can be cannibalistic and inter-specific predators [36, Alice Charalabidis,

pers. obs.]. Reductions in the level of choosiness, in an environment filled with predation cues,

might lead to an increase in the number of weed seeds accepted by the granivorous carabids.

Counterintuitively, therefore, predation risk might be a mechanism for a biodiversity-ecosys-

tem function [85,86] relationship amongst the carabids. Rather than the commonly held

expectation that communities formed of granivores alone should have the highest weed seed

predation [87], our results predict that the ecological function of weed seed predation would

increase with the diversity of the carabid community.
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Supporting information

S1 Fig. Kaplan-Meier plot for the latency to first movement as a function of the treatments.

Each curve represents, for a given treatment group, the proportion of individuals with no

movement as a function of the time since the start of the experiment: control (continuous line,

n = 70), intraspecific competition (grey line, n = 71), interspecific competition (dotted line,

n = 75) and predation (bold line, n = 74). Individuals having not being observed moving before

the end of the observation at time t = 3600 s were treated as censored data in the model.

(PDF)

S2 Fig. Mean duration (bootstrapped +/- 95%CI) of handling time in each treatment. Dif-

ferent letters correspond to statistically significant difference between treatments (post-hoc

pairwise comparison with Tukey adjustment for multiple comparisons). The sample sizes are

shown above the x-axis.

(PDF)

S3 Fig. Mean number (bootstrapped +/- 95%CI) of seeds eaten per individuals after one

hour of test in each treatment separated by sex. Different letters correspond to statistically

significant difference between treatments (post-hoc pairwise comparison with Tukey adjust-

ment for multiple comparisons). The sample sizes are shown above the x-axis.

(PDF)

S1 Appendix. Supporting dataset. All data needed to evaluate the conclusions in the paper

are present in the paper and in the supplementary materials.
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