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Abstract

Sampling methods that are both scientifically rigorous and ethical are cornerstones of any
experimental biological research. Since its introduction 30 years ago, the method of using
plasticine prey to quantify predation pressure has become increasingly popular in biology.
However, recent studies have questioned the accuracy of the method, suggesting that
misinterpretation of predator bite marks and the artificiality of the models may bias the
results. Yet, bias per se might not be a methodological issue as soon as its statistical dis-
tribution in the samples is even, quantifiable, and thus correctable in quantitative analyses.
In this study, we focus on avian predation of lepidopteran larvae models, which is one of
the most extensively studied predator-prey interactions across diverse ecosystems world-
wide. We compared bird predation on plasticine caterpillar models to that on dead cater-
pillars of similar size and color, using camera traps to assess actual predation events and
to evaluate observer accuracy in identifying predation marks a posteriori. The question of
whether plasticine models reliably measure insectivorous bird predation remained unan-
swered, for two reasons: (1) even the evaluation of experienced observers in the posterior
assessment of predation marks on plasticine models was subjective to some extent, and
(2) camera traps failed to reflect predation rates as assessed by observers, partly because
they could only record evidence of bird presence rather than actual predation events.
Camera traps detected more evidence of bird presence than predation clues on plasti-
cine models, suggesting that fake prey may underestimate the foraging activity of avian
insectivores. The evaluation of avian predation on real caterpillar corpses was probably
also compromised by losses to other predators, likely ants. Given the uncertainties and
limitations revealed by this study, and in the current absence of more effective monitoring
methods, it remains simpler, more cost-effective, ethical, and reliable to keep using plas-
ticine models to assess avian predation. However, it is important to continue developing
improved monitoring technologies to better evaluate and refine these methods in order to
advance research in this field.
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Introduction

The functional role of insectivorous birds in terrestrial ecosystems [1,2] has been the focus of
many studies aimed at understanding predation patterns, feeding behavior, predator control
of prey populations, and evolutionary ecology [3-6]. Traditional methodological approaches
to these research topics include direct field observations [7], experimental manipulation in
the laboratory [8,9] or in the field [10], and gut or fecal DNA analyses [11,12]. Each of these
methods has its own set of limitations regarding standardization, logistics, and ethical consid-
erations such as not sparing live prey or handling captive birds. To address these challenges,
the use of artificial prey, particularly those made of plasticine, introduced over 30 years ago
by Brodie III [13], has become a valuable tool in bird predation research [14]. The method is
primarily appreciated for its ability to preserve the bite marks of predators, the identification
and quantification of which has been used to infer attacks and predation risk from specific
predators.

While plasticine caterpillar models are widely employed as simple, standardized prey mod-
els to investigate predation activity in diverse ecosystems [15-17], recent studies have raised
concerns regarding their limitations and potential inaccuracies [14,18-20]. The main con-
cerns relate to the accuracy of inferences of predator identity and activity from the posterior
assessment of putative predation marks on prey models.

Inaccuracy of predator identity

Observers may struggle to attribute a considerable portion of attack marks to a specific
predator type, e.g., bird, reptile, or arthropod [18,19]. For example, Valdés-Correcher et al.
[21] found that untrained scientists misidentified up to 26% of predation marks on photos of
attacked plasticine caterpillar models; while experienced scientists misidentified 21% of the
marks. These findings were based on comparisons to evaluations conducted by an expert who
examined the actual plasticine caterpillar models. They underscore the difficulty of accurately
identifying predator marks, particularly when only photographs are available. This limitation
can introduce observer bias, especially among untrained observers who may face even greater
challenges. The lack of a standardized training system further compounds this variability, as
it prevents observers from gaining knowledge in recognizing such marks consistently [18,22]
but see Low et al. [23], for examples of predator-type classified bite mark images). Conse-
quently, there may be differences of interpretation between researchers.

Inaccuracy in determining real predation events among all identified
marks

Even though marks were attributed to birds, questions would remain about what one can
infer from them. Incidental contact or non-predatory interactions (e.g., by bird claws, attrac-
tion of non-predatory birds, or curiosity) with the plasticine caterpillar models can result in
marks that are difficult to distinguish from genuine predation attempts, potentially leading to
an overestimation of predation rates [24]. The misinterpretation of marks can lead to dis-
torted results on predation pressure and misleading conclusions about predator-prey interac-
tions, especially in areas where the attack rate is low [25].

Furthermore, the artificial appearance and texture of plasticine may not adequately
simulate the characteristics of real prey, including smell, possibly affecting the behavior of
insectivorous birds and thus the validity of predation assessment [19]. The literature contains
several studies that compared the attack rates on plasticine larvae to those on real larvae, with
the latter being quantified based on missing or partially consumed prey items [19,20,24]. As
opposed to plasticine caterpillar models, the attack rates on live and dead prey were similar
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[19], thus supporting the use of dead prey as a more ethical alternative to live prey (to prevent
gluing or pinning them while alive) when comparing real and plasticine prey. By simultane-
ously studying predation on dead caterpillars versus plasticine models, it becomes possible to
compare the response of predatory birds to both types of prey within the same experimental
design with the use of passive monitoring methods. This comparative approach makes it pos-
sible to test the assumptions on which the plasticine caterpillar model method is biased and

to correct it in relation to observable predation patterns on real dead prey. Quantifying this
bias is critical to determining whether plasticine models can reliably mimic real prey, and thus
whether the data they provide can reflect an accurate depiction of bird predation pressure.

Studies comparing predation on both real caterpillars and plasticine models have shown
discrepancies, revealing that plasticine models may not be a sufficiently accurate method for
assessing predation [19], particularly across large biogeographical ranges [24], varying thermal
regimes [26], different seasons of the bird life cycle [20], and for different taxa [19]. There
appears to be a gap in the literature regarding more detailed analyses that elucidate the origins
of the marks found on plasticine models. Moreover, missing plasticine models are usually
excluded from the statistical analyses [16,27]. Yet, at least part of those missing models can
be the result of a predation attempt that was not recorded. On the contrary, studies working
with real prey have often assumed that a missing prey was equivalent to a depredated prey
[19,20,24], an assumption that may not always hold true. Without direct observation, the
reasons behind the disappearance of the prey remain speculative.

To address these methodological uncertainties, and following recommendations from
Bateman et al. [18] and Rofiler et al. [22], we used camera traps. Since camera traps had pre-
viously been employed to study bird frugivory [28,29], we suggested that their use could also
enable the recording predation on plasticine models (hereafter “models”) paired with dead
caterpillars (hereafter “corpses”) on the experimental trees. We hypothesized that using cam-
era traps could visually confirm predation attempts, providing a direct and unbiased record of
predatory birds’ interactions with the prey. This visual evidence could enable the differentia-
tion between actual predation marks and those resulting from incidental contact or environ-
mental factors (e.g., rubbing by leaves or branches). Ultimately, our goal was to use camera
traps to efficiently compare bird predation on corpses vs. on models and to evaluate posterior
observer assessment of predation marks. We believed that the results of this study would help
refine the plasticine caterpillar model method as a tool for ecological research, ensuring that it
produces scientifically relevant results.

We used camera traps as a tool to test the reliability of the plasticine caterpillar method by
quantifying bird predation events on both prey types and possible sources of bias in infer-
ences made from plasticine models. We first assessed observer-related bias in detecting bird
predation clues on plasticine models, hypothesizing that experienced observers would show a
high degree of consistency when identifying bird predation marks on these models (H1). We
further hypothesized that observer detection of bird predation clues would lead to an over-
estimation of predation on plasticine models by attributing unrelated or uncertain marks to
actual predation attempts (H2). Taking into account the innate ability of insectivorous birds to
recognize suitable prey and the differences in the surface texture of real vs. plasticine cater-
pillars, we hypothesized that there would be evidence of more predation on corpses than on
models, both assessed using camera traps (H3). Finally, we hypothesized that observer detec-
tion of predation would lead to an overestimation of the predation on corpses by accounting
for missing individuals as a bird predation event, lacking direct evidence for why the prey dis-
appeared (H4). If we obtained comparable results of the bias between observers and cameras
for both models and corpses and if the test of H3 provided evidence of more bird predation on
corpses than on models, we could conclude that the use of corpses with human post-detection
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might be a more accurate method than the use of plasticine models with human post-
detection. The present article was initially evaluated as a registered report [30]. For detailed
information on all scientific questions, hypotheses, predictions, and analysis plans, see S1
Table, S2 and S3 Figs.

Material and methods
Study area

We carried out this experiment in 2024 in a pine and oak forest stand of 5ha near Bordeaux,
France (44°440N, 00°460W). The climate is oceanic, with 12.8°C average temperature and
870mm annual rainfall. We synchronized the start of the experiment as closely as possible with
the breeding period of local insectivorous birds, specifically, when the chicks were in the nest
and fed by the parents (starting generally mid-April for resident breeders or early migrants).
We choose this timing to quantify bird predation by experienced adults rather than later
exploratory predation attempts by young, inexperienced birds. The main insectivorous bird
species in the study area were Great Tit (Parus major), Eurasian Blue Tit (Cyanistes caeruleus),
Eurasian Blackcap (Sylvia Atricapilla), Common Redstart (Phoenicurus phoenicurus), Eur-
asian Blackbird (Turdus merula), Western Bonelli’s Warbler (Phylloscopus bonelli), Common
Chiffchaff (Phylloscopus collybita), Short-toed Treecreeper (Certhia brachydactyla), Eurasian
Nuthatch (Sitta europaea), European Robin (Erithacus rubecula), Eurasian Wren (Troglodytes
troglodytes), and Great Spotted Woodpecker (Dendrocopos major) [31].

These bird species have home ranges that vary between 0.3 ha for the Blue Tit [32] and
7.9 ha for the Common Chiffchaff [33], the latter value being extreme as compared to most
of the insectivorous species [34,35]. It is therefore likely that multiple individuals of the same
insectivorous bird species defended separate territories in the study area. Additionally, we
distributed the experiment across the whole forest stand (see below), where oak trees were
consistently observed to host a substantial number of herbivorous insects (N. Plat, A. Mra-
zova, and L. Schillé personal observation). A sufficient abundance of natural prey reduces the
risk of birds altering their typical feeding behaviors and minimizes overly frequent encounters
with artificial prey items. Therefore, we believe it is unlikely that the birds learned to avoid the
corpses and models used during the experiment.

Study design

First, we haphazardly selected 12 pedunculate oaks (Quercus robur, the dominant broad-
leaved species of the area) located at least 10m apart from each other. Due to practical
constraints, we chose branches that were accessible from the ground to attach prey items,
which prevented us keeping the same branch orientation between trees. This is also the
approach that has been used in a previous study evaluating the plasticine prey method [20].
On one branch of each tree, we glued five plasticine models, and on another branch as far
as possible from the first one, we glued another set of five larvae corpses of Operophtera
brumata, an oak-defoliating moth that is often abundant in the study area. The larvae were
previously killed by freezing at -80°C. We used glue for securing prey, as it is both the most
reliable method for securing corpses, and also the recommended approach to fix plasticine
caterpillars by Howe et al. (2009) [36].The prey density was set (i) to reflect the naturally
high density of caterpillars at this time of the year, and (ii) to optimize the use of camera
traps by ensuring an adequate number of statistical replicates. The five caterpillars on each
branch were spaced at least 5 cm apart to remain in the focus of camera traps. Corpses were
used instead of live caterpillars for ethical reasons, to avoid gluing live individuals to the
branches.
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We modeled artificial caterpillars with green plasticine (Staedtler brand, model 8421-5),
forming 1.5 x 0.3 cm cylindrical shapes and mimicking Lepidopteran larvae. They had the
same color as most plasticine models commonly used in studies of predation interactions in
ecology [15-17,23,37] and the same size as Operophtera brumata dead larvae used as corpses.

Corpses darken when exposed in the field; after 48 hours, their color differs from that of
live individuals. Their smell probably changes too. For these reasons, we exposed fresh models
and corpses on a new set of 12 trees every two days. After 16 days, this procedure resulted in a
total of 480 model- and 480 corpse- caterpillars installed on 96 oaks.

Predation analysis

We took plasticine models collected in the field to the laboratory in plastic vials. Note that
none of the plasticine models disappeared during the experiment. All 480 models were
examined independently by three experienced observers using a magnifying glass to assess
the consistency of their notations (H1). The models were considered ‘attacked’ if they exhib-
ited at least one bird attack mark on the plasticine surface. Observers carefully reread the bite
mark guide published by Low et al. [23] beforehand. Following this independent assessment,
any cases of doubt regarding an attack were discussed, and observers reached a consensus for
testing H2. Hereafter, we refer to the presence of bird marks reported by human observers’
consensus as ‘predation clues’

Given the extensive use of plasticine prey in studies assessing avian predation, we focused
exclusively on bird-related marks. While other animals (e.g., arthropods, rodents, or lizards)
could potentially leave marks on the plasticine models, arthropod marks are considered diffi-
cult to distinguish [21,23] and these predators are not detectable using camera traps. Con-
versely, rodents and lizards leave distinct and unmistakable marks on plasticine [23], none of
which were observed during this experiment.

Predation clues on corpses were directly examined in the field, focusing on evidence of
bird predation. A missing corpse or one with a missing part was considered a clue of bird
attack, following the standard methods in the literature [19,20,24]. In contrast, signs such as
small holes without substantial tissue removal were attributed to arthropods and were not
accounted for as bird attacks.

Image analysis

Interactions between predators and corpses as well as models were recorded using camera
traps (Brand Ltl Acorn model Ltl-5210M). We installed two camera traps on the trunk of
each tree facing the two branches holding models and corpses, respectively. The camera was
positioned about 1m from the caterpillars to make it easier to focus (without blurring) (Fig.
1). The camera traps were active 24 hours a day for the 14 consecutive days of the experiment.
They were set to the highest sensitivity and automatically took bursts of three photos when the
passive infrared (PIR) sensors detected motion with a 0.5s trigger speed. At each field visit, we
changed the SD cards and checked the batteries to replace them if necessary.

We analyzed the images taken by camera traps using the application EcoAssist [38]
supporting the MegaDetector learning model (Machine Learning for Wildlife Image Classi-
fication, [39]). This learning model automatically detects the presence of animals in images.
We used the most conservative detection confidence threshold of 0.01 for the model in the
EcoAssist application, as this threshold previously tested showed a 100% success rate (i.e., all
birds present in the images were detected). Following this detection process, we carried out a
visual examination of the images by an observer. This examination concerned both corpses
and plasticine models.
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Fig 1. Photographs of the experimental design in the field. Red arrows point toward the camera traps. Blue and
yellow arrows point toward five plasticine models (a) and three corpses (b), respectively.

https://doi.org/10.1371/journal.pone.0308431.g001

Our camera traps successfully captured bird presence, including small species (e.g., long-
tailed tits), but were insufficient to monitor all predation events due to the birds’ small size
and stealthy behavior. Therefore, we defined ‘evidence of predatory bird presence’ at the
branch level as the presence of at least one image showing a foraging bird on the branch (here-
after ‘evidence of bird presence’). These images could show individuals in various contexts:
birds looking at the camera (Figs 2d and 2e), flying over the target branch (Fig 2a), engaging
in foraging activity on the target branch but with natural prey on the bill (Figs 2c and 2e),
foraging on experimental prey (Figs 2f and 2h), standing on the experimental branch (Figs 2b
and 2g), or feeding during early morning (Fig 2e).

Subsequently, we statistically compared this evidence of bird presence to the bird predation
clue determined by human observers on the same branch. A branch was categorized as having
a predation clue if at least one of its five caterpillars showed a predation clue.

Although camera traps recorded rodent activity on one branch where all associated
corpses also happened to be missing, this did not affect our findings. Similarly, on one
branch holding plasticine models, the presence of a squirrel was also recorded, but includ-
ing this information did not alter the results either. Whether we included all evidence of
vertebrate presence recorded by the camera on corpses or plasticine models or restricted
the analyses to bird-specific presence evidence, as reported in this study, the results
remained unchanged. It should be noted, however, that arthropod predators were unlikely
to be detected by camera traps. We identified all bird species associated with the evidence
of bird presence.

Birds exhibit different behaviors (perched on a branch, actively foraging, flying, etc., see
main text). The blue squares correspond to MegaDetector detections with the associated
confidence level. We included red-framed zooms for photos 2b, g, and h, where the birds
were difficult to discern. The bird species included are: the Great Tit (Parus major, Figs
2a and 2f), the Long-tailed Tit (Aegithalos caudatus, Figs 2b and 2g), the European Robin
(Erithacus rubecula, Fig 2¢), the Eurasian Jay (Garrulus glandarius, Fig 2d), the European
Pied Flycatcher (Ficedula hypoleuca, Fig 2e), and the Common Chiffchaff (Phylloscopus
collybita, Fig 2h)

Statistical analysis

All analyses were performed in R [40]. Fig 3 summarizes all the hypotheses tested using the
experimental design.
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Fig 2. Camera trap photographs of birds taken in various contexts.

https://doi.org/10.1371/journal.pone.0308431.g002

Evaluation of the degree of consistency between observers in the posterior
detection of bird predation clues (H1)

We relied on the intra-class correlation coefficient (ICC) to assess the degree of consistency
between observers in detecting predation clues on plasticine models. The ICC quantifies the
degree of agreement between groups or between observers and is bounded between 0 and

1, where 1 indicates perfect intra-group agreement and 0 indicates no agreement beyond
what would be expected by chance. According to Koo and Li [41], an ICC value below 0.50

is considered poor, between 0.50 and 0.75 moderate, between 0.75 and 0.90 good, and above
0.90 excellent. We calculated the ICC using the ‘icc’ function of the irr package [42], with a
two-way random effect model because each plasticine model was evaluated by the same set of
three observers.
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Fig 3. The experimental design testing the four hypotheses.
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Comparison between evidence of bird presence assessed by camera traps
and predation clues detected by human observers on branches with models
and corpses (H2 and H4)

We used two generalized linear mixed models (GLMM, Ime4 package; [43]) with a binomial
error distribution to evaluate the bias between observer detection of bird predation clues and
evidence of bird presence assessed by camera traps on (i) branches with models (H2) and on
(ii) branches with corpses (H4). In both cases, the detection method (predation clues or evi-
dence of bird presence assessed by a camera) was set as a fixed effect, and tree identity nested
in temporal permutation was considered a random factor. The model equation was:

logit(P(Kj =1)=05,+0,x Detection,, ; +7,

where Y, is the binary response variable representing detection at each branch (one data
point per detection method and branch). Specifically Y, =1 indicates at least one bird preda-
tion clue or presence evidence on branches with models (H2) or corpses (H4), while Y, =0
indicates no bird predation clue on any model (H2) or corpse (H4) or no evidence of bird
presence. 3, is the model intercept, representing the logit-transformed probability of detec-
tion for camera-assessed bird presence evidence (i.e., Detection,, ;. .. i ), B, is the coefficient
of the fixed effect of the bird predation clues detected by the observer (i.e., Defection,, ), 7,
is the random intercept for tree identity nested in temporal permutation.

Comparison between the evidence of bird presence on corpses versus
models both assessed by camera traps (H3)
We used another GLMM with a binomial distribution to assess the predation bias on models

compared to corpses. Fixed effect was the type of prey (model or corpse) and random inter-
cepts were tree identity nested in temporal permutation. The model equation was:
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where Y} is the binomial response variable indicating bird presence detection at each branch
(one data point per type of prey and branch). Specifically, Y, =1 indicates at least one bird
presence evidence, while Y, =0 indicates absence of evidence of bird presence. f; is the
model intercept, representing the logit-transformed probability of detecting bird presence
for corpses (i.e., PreyType,,.,; )» 53 is the coefficient of the fixed effect of the plasticine
models (i.e., PreyType,, ., ; )» 7; is the random intercept for tree identity nested in temporal
permutation.

For both types of GLMMs, we used the ‘nlminbwrap’ optimizer, which facilitated model con-
vergence and provided results comparable to the default optimizer of the Ime4 package. It should
be noted that since the two GLMMs we used are binomial with a logit link function, an inverse
transformation of the coefficients must be applied to estimate it as a percentage of predation.

H1: Evaluation of the degree of consistency between observers in the posterior detection of
bird predation clues; H2: Comparison between evidence of bird presence assessed by cam-
era traps and bird predation clues detected by human observers branches with models; H3:
Comparison between the evidence of bird presence on corpses versus models both assessed
by camera traps; H4: Comparison between evidence of bird presence assessed by camera traps
and predation clues detected by human observers branches with corpses.

Results
Consistency among observers in the detection of bird predation clues (H1)

Observer A detected ten predation clues on 480 plasticine models, whereas Observer B and
Observer C detected only three and four predation clues, respectively. At first, the three of
them only agreed on two caterpillars (Fig 4a). The intra-class correlation coefficient (ICC)
score was 0.47 (CI 95%: 0.41 - 0.52) indicating a poor agreement between the three observ-
(479,960) 3.61,P <
0.001). The three observers therefore re-assessed predation clues to reach a consensus on the
attacked vs non-attacked status. The final, consensual status resulting in seven caterpillars
with bird predation clues was used in further analyses.

ers in their assessments of predation clues on the 480 plasticine models (F

Evidence of bird presence on branches with corpses or models assessed by
camera traps (H3)

We obtained 148,157 images from the cameras. The MegaDetector algorithm detected animal
presence in 37,495 images (using the lowest detection threshold of 0.01 confidence). After
visual evaluation, we ultimately retained only 146 photos showing foraging birds on or around
30 target branches (out of 192). They corresponded to 42 bird individuals belonging to 10 dif-
ferent species (Aegithalos caudatus, Anthus trivialis, Phylloscopus collybita, Erithacus rubecula,
Garrulus glandarius, Ficedula hypoleuca, Cyanistes caerulus, Parus major, Fringilla coelebs, and
Turdus philomelos). We also detected other potential predators on certain branches, such as a
Red Squirrel (Sciurus vulgaris) and rodents of the genera Mus or Eliomys (see SIm and z Figs ,
respectively).

Evidence of bird presence, defined as the presence on images of a foraging bird on or
flying toward a branch, did not differ significantly between branches with plasticine models
vs. branches with corpses (3, + SE=-0.5 + 0.4,z=-1.3, P =0.20, Fig 4b). A substantial
portion of the variance in bird presence assessment was attributed to random effect (marginal
R? =0.019, conditional R* = 0.19)

Corpse
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Fig 5. Photographs with mark details. Seven caterpillars that observers considered to have bird predation clues.

https://doi.org/10.1371/journal.pone.0308431.g005

Evidence of bird presence vs. predation clues on branches with models (H2)
and corpses (H4)

We found predation clues on 7 plasticine models (7 branches, Fig 5) and 181 corpses (64
branches). On branches with plasticine models, predation clues were associated with bird
presence on three branches. We observed the presence of birds on 15 branches with no
predation clues on models. On the contrary, predation clues on models were observed on
four branches where no birds were detected by camera traps (Fig 4a). Due to missing data
caused by camera trap failures on two branches holding corpses and five branches holding
models, we excluded these branches from the Euler diagram (Fig 4a), even if predation clues
were detected by observers. This explains why, although we identified predation clues on
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64 branches holding corpses, the data used to produce the Euler diagram (Fig 4a) were only
based on 63 branches.

We detected significantly more evidence of bird presence than predation clues on branches
with plasticine models ( 3, ;... * SE: 1.3 + 0.5, z= 2.4, P <0.05, Fig 4c). A substantial
portion of the variance in predation assessment on branches with plasticine models was
attributed to random effect (marginal R*> = 0.08, conditional R* = 0.34).

Predation clues on branches with corpses were associated with evidence of bird presence
on the same branches in 8 cases. In contrast, we observed evidence of bird presence without
predation clues on corpses on 4 branches, and predation clues on corpses without the pres-
ence of bird being detected on 56 branches (Fig 4a). There was therefore significantly less evi-
dence of bird presence than predation clues on branches with corpses ( 3, p,jn.. * SE:-2.7 £
0.4, z=-6.8, P < 0.001, Fig 4d). The random effect accounted for only a small fraction of the
variance (marginal R* = 0.35, conditional R* = 0.38).

Euler diagram of consistency between the three observers (a, upper panel), and Euler dia-
grams of the number of branches with predation clues and with evidence of bird presence for
models and corpses (a, lower right and lower left panels, respectively). Results of the general-
ized mixed-effects models with binomial distribution for the three hypotheses tested: H2 (c),
H3 (b), and H4 (d).

Discussion

Lack of consistency in observations of predation clues on plasticine
caterpillar models

Our study confirms the lack of consistency between observers’ evaluation of predation marks
on plasticine models. Despite all trained observers re-reading the attack mark guide [23], they
did not detect the same number of predation clues. Similar results, even among experienced
scientists, were reported by Valdés-Correcher et al. [21] and Castagneyrol et al. [44], who
focused specifically on inter-observer consistency with an experimental design suited for that
purpose. In our case, the lack of consistency among observers may have been aggravated by
the small size of plasticine models mimicking Operophtera brumata caterpillars (1.5 x 0.3 cm).
These models were smaller than the artificial prey commonly used in the scientific literature
of predation marks that differs from what we typically observed on larger models. However,
this choice was essential for (i) aligning with our target species, which (ii) corresponds to

the prey likely to be present locally. We also believe that the size of the artificial prey used in
previous studies was sometimes irrelevant when compared to the actual prey sizes present in
the study environments. We assume that the insights gained from using realistic model sizes
tailored to our study species and context of our study outweigh the limitation of reduced com-
parability with studies using larger prey models.

To the best of our knowledge, most studies using predation clues on plasticine models rely
on a single observer. Information about whether multiple observers could be involved is also
rarely provided (e.g., when the primary observer consults one or more colleagues for marks on
models that are difficult to assess). Some studies have employed two independent observers
evaluating the models by consensus [45,46], which could be a good method to avoid observer
bias. It could be also advisable to develop an online standardized training system for identify-
ing bird bill marks on plasticine models, as it is done for insect herbivory (e.g., ZAX herbivory
trainer: https://zaxherbivorytrainer.com/[47]). This could complement the comprehensive
guide developed by Low et al. [23] and be tailored to different biomes, considering the sub-
stantial variations in predator and prey sizes and behaviors.
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Bird presence assessed by camera traps does not differ between branches
with plasticine models and corpses

The main result of our study revealed that the evidence of bird presence assessed by camera
traps does not significantly differ between experimental branches. Considering that camera
traps caught flying birds and birds foraging under poor light conditions (S4 Fig), we assume
that the cameras do not miss birds when they are present. Such an outcome would suggest
that plasticine models can be used to estimate bird predation, as they offer the additional
advantage of overcoming the ethical issues associated with the use of real prey, whether dead
or alive. This result differs from our findings regarding the number of predation clues assessed
by observers and contradicts other studies that find more bird attacks on real prey compared
to plasticine ones [19,20].

Specifically, we observed a ratio of 7 predation clues on plasticine models to 181 on
corpses. Initially, we did not consider arthropods capable of removing an entire corpse or
significant portions of it. However, based on our results, we are compelled to consider this
possibility. Similar to the findings by Zvereva & Kozlov [20], we believe that the corpses could
have been removed and attacked by arthropods as we found ants crawling around 24 corpses
out of 480, but other predators such as spiders or other arthropods could also have been
involved. It is also possible that the corpses attracted necrophages, although we have no for-
mal evidence of this. These findings are also in accordance with Nimalrathna et al. [24] who
found that the attack rate by vertebrate predators was lower on dead prey than on live prey
and plasticine models, while invertebrates predated most on dead prey followed by live prey
and plasticine models. Considering our and Nimalrathna et al. [24] results, we conclude that
our observations of predation on corpses could have been driven by arthropod consumers. We
cannot exclude the possibility that the rodents observed by the camera on one specific branch
may have attacked the corpses on that branch. However, since the cameras reliably capture
vertebrates when they are present, we are confident that the interactions between the prey and
vertebrates were extremely rare in our study.

Although it may be tempting to conclude that birds do not distinguish between real and
plasticine caterpillars, and thus claim this method as reliable, it must be noted that we cannot
rely on (i) the posterior evaluation of clues on corpses (plasticine models probably allow for a
clearer distinction between bird marks and other types of marks compared to real prey); and
(ii) the evidence of bird presence assessed by camera traps as definitive evidence of predation.
Due to these remaining uncertainties, it seems particularly important to be able to effectively
evaluate the plasticine model method, which is currently limited by available technology. To
our knowledge, there is currently no reliable, affordable technique for accurately identifying
birds preying on insects. Camera traps available on the market have motion detection speeds
that are too slow for birds or do not allow for fast sequences of pictures or continuous record-
ing. Cameras that do offer continuous recording have other limitations in data storage, power
supply, and encoding time. There is thus a need for advanced cameras that allow us to observe
fast behavioral phenomena of relatively small animals, such as foraging birds. These cameras
could be used in various fields such as trophic interaction ecology, conservation ecology, and
behavioral ecology. Although some initiatives offering prototypes exist (e.g., [48]), the costs
are currently still too high to be affordable for scientific purposes.

The most limiting trade-off is between the camera performance and energy consumption.
For scientific research, we need at least 24 hours of endurance, which is currently not possi-
ble for continuous recording. The cameras could therefore operate by capturing a sequence
of pictures at intervals of at least 0.5 seconds continuously to maximize the chance of cap-
turing the moment of predation (86,400 pictures/day). At the same time, the batteries must
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be removable for quick changes in the field. Additionally, the cameras should be affordable,
relatively small, light, and waterproof, and finally have programmed a short encoding time.

Predation clues assessed by observers do not correlate with bird presence
assessed by camera traps

Predation clues assessed by observers on plasticine models or corpses did not reflect bird
foraging activity as revealed by camera traps. Another study comparing camera traps and
posterior detection to assess predation on artificial snakes also revealed that predatory birds
were underrepresented in the videos triggered after motion detection compared to the
number of predation marks on artificial replicates [49]. Moreover, O’Brien & Kinnaird [50]
demonstrated in 2008 that camera traps were more suitable for larger birds such as pheasants
than for functionally insectivorous birds targeted in our study. We acknowledge that modern
camera trap technology has improved considerably since 2008, although we are not aware of
any recent studies that have specifically addressed this issue in the context of bird predation.

Contrary to our hypothesis, we found more evidence of bird presence than predation clues
on plasticine models suggesting that fake prey underestimates the foraging activity of avian
insectivores. Considering the particularly high density of live prey during this time of year
(L.S., N.P,, A.M. pers. observation), an explanation could be that experienced birds prefer live
caterpillars found on the same branch over the models (see also [20]). It is, however, import-
ant to consider the low numbers of both observations (clues vs. evidence) (Fig 4c) implying
a weak indicative value. Moreover, not all evidence of bird presence may necessarily reflect
predation attempts.

The glue used to attach the prey sometimes caused such small models to harden, poten-
tially preventing the later detection of predation clues. Finally, we could not exclude curiosity-
driven behaviors from some individuals, notably Eurasian jays, who seemed to gaze intently
at the camera rather than at the available prey. While we anticipated this curiosity behavior,
we expected it to manifest more in predation clues on the models (e.g., such as claw marks).
We carefully re-checked models on which no predation clues were initially identified, whereas
we obtained evidence of birds foraging on the corresponding branches. The three observers
confirmed no predation clue was visible on these models.

We observed more predation clues (181) than presence evidence on corpses [12]. As
described above, we believe that the effect size is likely driven by arthropod consumers. This
assumption, however, cannot be currently tested as we realized that we are probably not able
to distinguish between arthropod and bird clues on corpses, and at the same time we cannot
rely on the evidence of bird presence to be evidence of a genuine predation event. Addition-
ally, we note that photographs from the camera traps revealed potentially predatory rodents
on one of the branches with missing corpses. However, we verified that including the presence
of vertebrates, rather than just birds, in our analyses did not alter the observed results.

Perspectives

Opverall, the results discussed here provide only a limited window to the interpretation of
whether the use of plasticine models should be regarded as a reliable method. Therefore, we
encourage future protocols to explore other methods, such as considering behavioral studies
in controlled conditions offering multiple types of prey to birds. Still, our study paves the way
for the use of new technologies, such as passive monitoring methods (e.g., video surveillance),
to obtain real evidence of predation. We, therefore, advocate for their development and use,
which could eventually refine the widely used plasticine model method in the ecology of tro-
phic interactions.
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Table 1. Advantages, disadvantages, comments, and recommendations for the three possible methods of assess-

ing bird predation: plasticine models, real prey, and cameras in their actual state of development. Note that cam-
eras must be used in combination with one of the other two methods. If a cell in the third column spans two rows
in the first column labeled ‘Methods; it applies to both methods. Literature references supporting our arguments
are marked in italics.

Methods | Advantages Disadvantages Comments/ recommendations
Plasticine | -Low-cost -Artificiality: immobile, too -Most models used are too large compared
models -Easy method bright color resulting in unnatu- | to native European caterpillars ([14]; see S5
-Standardized ral contrast with branch; non- Fig). Therefore, we recommend adjusting the
-Ethical natural smell; often oversized models’ size according to the species likely to be
-Posterior detection| regarding the size of the species | present at study sites.
possible naturally occurring in the habitat | -The vivid green color is not always the most
-Bird predation -Inconsistency of human suitable choice for plasticine. We recommend
marks are relatively| detection adjusting the color of larvae in a given geogra-
distinct from phy and habitat (e.g, [51]).
arthropod marks -We recommend several independent observers
(e.g., [45,46]) or an online training system
(on the model of [47]) to mitigate the observer
detection bias.
Real prey | -Really reflects -Expensive and time-consuming -Itis necessary to consider a realistic density
predation rearing of models concerning the actual abundance of
_Unethical prey in the study area at any given time [14].
In the case of using dead natural -Consider exposing the prey (models or real
prey: caterpillars) according to the natural behavior
-Corpses must be changed of the species they represent (e.g., petioles of
frequently the leaves, inner space of the rolled leaves, tree
-The predation marks of different trunks, etc.) (e.g, [15,17,27]).
taxa are indistinguishable -Consider the appropriate attachment method
-Corpses may attract necrophages regarding the size of the prey, (e.g., the glue may
not be the best solution in the case of small prey
and could be substituted with pins or double-
sided adhesive tape) (e.g., [15,17,27,52]).
-Use live prey to better reflect predation.
Develop protocols to utilize live prey without
attachment for ethical reasons while preventing
their escape from branches (e.g., [19,20,53]).
-Combination of real prey and cameras.
Camera -Theoretically -Expensive [54] -We strongly encourage programmers and
traps allows obtaining | Currently: electronics engineers to use low-cost micro-

evidence of preda-
tion by birds (but
this study showed
that current camera
traps do not yet
allow this)
-Identification of
bird species
-Detection of

other vertebrate
predators
-Knowing the exact
time of predation

-Passive infrared sensors are not
suitable for small birds [50]
-Too slow motion detection
speeds for photos and even slower,
for videos

-Only a few photos in burst mode
after motion detection decrease
the chance of capturing the pre-
dation event

-Too short video times
-Non-existing long-term continu-
ous recording

-Low data storage

-Short-term power supply

-Long encoding time

-High power supply [54]

-Need for artificial intelligence to
process thousands of photos [48]

controllers coupled with small cameras and
high-capacity batteries to obtain real evidence
of not only bird predation but generally animal
behavior under natural conditions. Such a
monitoring method could allow us to conduct
reproducible experiments on a large geographic
scale, in different habitats, and with multiple
target larva species to model an overall bias of
the plasticine model method.

https://doi.org/10.1371/journal.pone.0308431.t001
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It is important to note that in this study, camera traps were used as a way to evaluate the
plasticine model method rather than as a tool to directly assess predation. In the context of
future methodological developments, however, cameras could potentially be used to assess
predation when combined with plasticine models or corpses. Taking into account all results
and technical difficulties of this study as well as the results of other studies, we summarized
the advantages and disadvantages of each method, in their current state of development, for
quantifying bird predation, along with future recommendations in Table 1.

Conclusion

Our study sheds new light on the evaluation of the plasticine model method for characteriz-
ing bird predation. It suggests that predation clues do not accurately reflect the presence of
predatory birds as assessed by camera traps, on either the branches holding plasticine mod-
els or those holding dead natural caterpillars. As we found no differences in the behavioral
responses of birds to artificial prey compared with dead natural ones, we would conclude
that using caterpillar corpses did not present advantages over using plasticine models for
assessing avian predation on folivores. However, the inter-observer inconsistencies in
assessing predation clues on plasticine models, implying an extent of subjectivity, prevent
us from claiming this method is fully reliable. Existing cameras do not yet allow to evaluate
the plasticine caterpillar method. Without advanced technologies to assess the biases inher-
ent in using plasticine models and to accurately measure predation, we argue that plasticine
models offer a simpler, more economical, ethical, and equally reliable alternative to real
larvae for studying bird predation. Therefore, we also advocate for the development of
more precise monitoring devices and more global initiatives building upon our study, with
the aim of improving these methods once reliable and effective monitoring tools become
available.

Supporting information

S1 Table. Experimental design of the manuscript “Accuracy in bird predation assessment:
Camera traps testing the efficacy of plasticine caterpillars as prey models” as described in
the registered report prior to implementation of the experiment. It should be noted that
when drafting the protocol for the registered report, we initially thought we would be able to
detect predation evidence with camera traps at the caterpillar level. Later, we realized that this
evidence was only detectable at the branch level, which led to slight adjustments in the statisti-
cal models in the final manuscript. See the Materials and Methods section for further details.
(PDF)

S2 Fig. The results of power analyses with 1000 simulations for the three different scenar-
ios tested (hypotheses 2 and 4). The power analysis results according to the three different
datasets are the following: predation clues 5% - 10% predation evidence: 99.80% (range: 99.28,
99.98); clues 8% - 9% evidence: 99.90% (range: 99.44, 100.00); clues 9% - 9% evidence: 0.00%
(range: 0.00, 0.37).

(PDF)

S3 Fig. The results of power analyses with 1000 simulations for the 3 different scenarios
tested (hypothesis 3). The power analyses were based on the sample size of 420 caterpillars
per fixed factor. The power analysis results according to the three different datasets are the
following: model 5% - 10% corpse: 83.30% (range: 80.84, 85.56); model 5% - 20% corpse:
100.00% (range: 99.63, 100.00); model 10% - 20% corpse: 99.30% (range: 98.56, 99.72).
(PDF)
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S4 Fig. All detected birds by MegaDetector Al software. Camera traps photographs of
potential predators of caterpillars. The blue squares correspond to MegaDetector detections
with the associated confidence level. The animal species included are: the Long-tailed Tit
(Aegithalos caudatus, S4a and S4ag Figs), the Tree Pipit (Anthus trivialis, S4c and S4k Figs),
the Common Chiffchaff (Phylloscopus collybita, S4b and S4g Figs), the European Robin
(Erithacus rubecula, S4d, S4f, S4j, S40, S4p, S4q, S4s, S4ab, and S4ad Figs), the Eurasian Jay
(Garrulus glandarius, S4e, S41, S4r, S4y, S4af, S4ak, S4an, and S4ap Figs), the European Pied
Flycatcher (Ficedula hypoleuca, S4h and S4i Fig.), the Red Squirrel (Sciurus vulgaris, S4m Fig),
the Eurasian Blue Tit (Cyanistes caerulus, S4n and S4am Figs), the Great Tit (Parus major,
S4t, S4v, S4w, S4aa, S4ac, S4ah and S4ai Figs), the Common Chaffinch (Fringilla coelebs, S4u,
S4x, S4ae, S4aj, S4al, S4ao and S4aq Figs), unidentified rodents (S4z Fig), and the Song Trush
(Turdus philomelos, S4ar Fig).

(PDF)

S5 Fig. Photographs of larvae found in the study area. From top to bottom, the families,
genera, or species are: Cydalima perspectalis (non-native species), Geometridae family, Ten-
thredinidae family (likely of Caliroa genus), Tenthredinidae family (likely of Periclista genus),
Operopthera brumata. Scale in cm.

(PDF)
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