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Models mimicking prey organisms are increasingly used in ecological studies,
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two boreal forest sites, both openly and in ant- and bird-exclusion treatments,
and we quantified attacks by both avian and invertebrate predators.
Bird attack rates were always higher on live puparia than on their plasticine
models, but the magnitude of this difference declined from 8.4-fold in early
summer to 2-fold in mid- and late-summer. We attribute these changes to dif-
ferent responses to prey by experienced adult birds that dominate the bird
communities in early summer versus explorative juvenile birds that are abun-
dant later in the season. Invertebrate daily predation rates on maggots
decreased from 56% in early summer to 28% in late summer, but invertebrate
attacks on plasticine models showed no seasonal changes. Overall, inverte-
brate predation on maggots was 67-fold greater than their predation on
models. Observations showed that wood ants did not attack plasticine models
and did not leave on them any damage marks. Estimates based on artificial
prey indicate a much greater role of bird predation than invertebrate preda-
tion, while estimates based on live prey suggest the opposite pattern.
Thus, using live and artificial prey may lead to different conclusions about rel-
ative importance of different predator groups in a locality. Moreover, for both
avian and invertebrate predators, predation risk based on artificial and live
prey shows different seasonal changes and may potentially demonstrate differ-
ent spatial patterns.
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INTRODUCTION

Models mimicking prey organisms are increasingly used
in ecological research (Howe et al., 2009; Low et al.,
2014; Roslin et al., 2017; RoBler et al., 2020). Importantly,
the studies employing artificial models of prey organisms
frequently test fundamental ecological and evolutionary
theories, in particular those related to geographic varia-
tion in biotic interactions (Roslin et al., 2017; Zvereva
et al., 2019) or to the role of predation in the evolution of
prey coloration and other prey traits (Mappes et al., 2014;
Rowland et al., 2007).

A generally accepted view is that attack rates on plas-
ticine models, although not reflecting the absolute values
of predation risk for a natural prey, allow comparisons
between localities or habitats (Howe et al., 2009; Roslin
et al., 2017; Tvardikova & Novotny, 2012; Zvereva et al.,
2019) and time periods (Drozdova et al., 2013; Khan &
Joseph, 2021; Molleman et al., 2016). The predation rates
estimated on artificial prey models are generally lower
than those estimated on live prey (i.e., the estimates are
biased) (Lovei & Ferrante, 2017). However, this bias, thus
far, has been implicitly assumed not to vary in space and
time and, therefore, is not considered to influence the con-
clusions of studies that use prey models. Nevertheless,
studies directly comparing the spatial and temporal pat-
terns in predation obtained by different methods are
scarce and have produced inconsistent conclusions. In
some of these studies, plasticine models demonstrated
spatial patterns in predation rates that were similar to
the patterns revealed by predator exclusion experiments
(Low et al., 2016) or detected on natural prey (Zvereva,
Zverev, et al., 2020). However, other studies did not find
correspondence in the patterns revealed by different
methods. For example, bird predation on herbivorous
insects estimated using plasticine larvae and in bird
exclusion experiments yielded different results in a com-
parison of predation between forest and tundra habitats
(Zverev et al., 2020).

This controversy may be partly explained by the consid-
erable changes that occur in predation during the breeding
season (Remmel et al., 2009; Zvereva & Kozlov, 2021). The
abundance of foraging birds changes through the season
due to fledging of young birds, so do the responses of the
bird community to prey characteristics, and particularly
coloration, due to changes in the proportions of juvenile
birds relative to adult birds (Mappes et al., 2014; Zvereva &
Kozlov, 2021). Ant predatory activity and diet preferences
also change during the season (Domisch et al., 2009;
Drozdova et al.,, 2013). Consequently, the relative
avoidance/acceptance of artificial prey items may also
change within the season, leading to temporal variations
in the bias imposed by using artificial prey.

Several macroecological studies have discovered a
general decrease in predation on insects from low to high
latitudes, and this decrease was mostly due to the impact
of ectothermic predators (Roslin et al., 2017; Zvereva
et al., 2019). This pattern, revealed using plasticine
models, emerged due to intensive invertebrate predation
in tropical areas and extremely low predation at high lati-
tudes, in particular in boreal forests (Roslin et al., 2017;
Zvereva et al., 2019). However, the latter result contra-
dicts numerous studies pinpointing the high ecological
importance of ants in boreal forest ecosystems (Domisch
et al., 2009), in particular due to their intensive predation
on herbivorous insects (Manak et al., 2013; Punttila
et al., 2004). One of the impressive results of ant preda-
tion is the occurrence of “green islands” of undamaged
plants around nests of Formica ants within completely
defoliated areas during the outbreaks of geometrid moths
in Fennoscandia (Karhu & Neuvonen, 1998). This contra-
diction led us to hypothesize that studies using plasticine
models considerably underestimate ant predation in
boreal forests.

One of the advantages of using plasticine models in
studies of predation is that these models can be standard-
ized across study areas, thereby avoiding the effect of vari-
able methodologies among studies conducted at different
latitudes (Roslin et al., 2017). However, artificial prey lacks
many characteristics of live prey (Lovei & Ferrante, 2017),
and these differences may influence both the absolute esti-
mates of attack rates by predators and, potentially, the var-
ious spatial and temporal patterns in predation. Moreover,
different predators use different cues in prey searching
and, therefore, may respond differently to plasticine, thus
biasing information about the relative importance of vari-
ous predators in a study area. These suggestions may be
tested by comparing attack rates on plasticine insect
models and on live insect prey, such as larvae (maggots)
and puparia of flies. These insect prey does not naturally
occur in tree canopies; nevertheless, as widely accepted in
predation studies, the sentinel prey does not have to be
real and just a superficial similarity to real prey is often
sufficient (Lovei & Ferrante, 2017). In addition, fly larvae
and pupae have advantages over natural prey in estimating
predation risk. Fly larvae live and pupate within a sub-
strate (such as manure or carrion) and, therefore, do not
possess any anti-predatory adaptations. In this respect, the
larvae differ from natural local prey, but are similar to
plasticine models. When exposed in the tree canopy, both
these live prey and plasticine models represent unknown
prey for local predators and thus direct comparison
between predation risk on live and artificial prey is not
affected by predator’s experience.

We hypothesize that assessment of predation risk using
live or artificial standardized prey may yield different
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patterns. In this study, we compared patterns in bird
and invertebrate predation on plasticine models and
live insect prey in boreal forest sites to test the follow-
ing predictions: (i) both bird and invertebrate predation
rates are greater on live prey than on prey models;
(ii) the magnitude of this difference in predation rates
depends on predator (birds, ants, other invertebrates),
time of the season, and type of live prey (moving larvae
and motionless puparia).

MATERIALS AND METHODS
Study sites

The experiments were conducted at two sites located
58 km apart in southwestern Finland: one near Kustavi
(60°31'58” N, 21°18'08” E) and the other near Turku
(60°32'11” N, 22°21’52" E). The sites were managed
Scots pine (Pinus sylvestris) boreal forests with abundant
understorey vegetation dominated by birches (Betula
pendula and Betula pubescens) and rowans (Sorbus
aucuparia), but differed in composition of potential
predators. The insectivorous bird species observed in
these sites are listed by Zvereva and Kozlov (2021).
The community of arboreal ants in Turku was domi-
nated by Formica polyctena, whereas in Kustavi the
majority of ants collected on birches belonged to
Lasius platythorax and Formica sanguinea. Myrmica
ruginodis and Formica fusca were recorded in both
sites.

Study design

In our study, we used live larvae (maggots hereafter) and
puparia of the blowfly Calliphora sp. (Diptera: Calliphoridae)
and plasticine models with similar appearance to fly
puparia in size, color and shape. Both maggots and
puparia have been successfully used in earlier studies of
predation (Drozdova et al., 2013; Remmel & Tammaru,
2009). Maggots, obtained in a local fishing bait shop, were
10-13 mm long. They were divided into two equal parts:
one part was placed in a refrigerator (at 4°C) to prevent
pupation and the other part was kept at room temperature
(22°C) and allowed to pupate. We mixed red and black
plasticine (advertised as non-toxic and odorless; Chemical
plant “Luch,” Yaroslavl, Russia) in the proportion 4:1 to
obtain a color (brown) similar to that of puparia, and we
molded models from this plasticine. In earlier studies
brown colored caterpillar models yielded the same attack
rates by predators as widely used green models (Zvereva
et al., 2019; Zvereva, Zverev, et al., 2020). Three individual

models were attached in a line along a stick (about 10 cm
long, cut from thin birch branches) using universal
glue (Yleisliima; Biltema Suomi Oy, Helsinki, Finland)
(Figure 1a). In the same fashion we glued three puparia
(Figure 1a). The live and plasticine puparia set in this
way mimicked some caterpillar-like prey (Remmel &
Tammaru, 2009).

We conducted four different experiments. Experiment
1 was designed to compare bird and invertebrate preda-
tion on three different prey items. For this experiment, at
each site, we selected 10 pairs (blocks) of young (2-3 m
tall) downy birches (B. pubescens). The distance between
the paired trees was 1-2 m, and the distance between
blocks was about 20 m. One tree in each block was iso-
lated from non-flying invertebrate predators (mostly ants)
by applying a ring of non-drying glue (Sticky-Trap,
Vilofarm A/S, Hobro, Denmark) at the base of the trunk
(ant exclusion hereafter). All ants and other invertebrates
were removed by shaking these isolated trees and then
manually. We ensured that the branches and foliage of
any ant-exclusion plants did not touch other trees to pre-
vent any migration of non-flying invertebrate predators
(with possible exception of spiders) from neighboring
trees. The second tree in each block remained accessible
to ants and other predators (control hereafter).

On each of 20 trees, we placed three kinds of prey
items: an open transparent plastic vial (40 mm height
and 30 mm diameter) containing three maggots, one
stick with three puparia and one stick with three models
(Figure 1a). The vial was attached with tape to the tree
trunk 80-100 cm above the ground (Figure 1b). Each vial
also contained a small stick to ease the movement of
predatory invertebrates (we had previously verified that
the maggots were incapable of climbing on the stick)
(Figure 1b). Sticks with puparia and models were
attached with small pieces of wire to birch branches
(Figure 1c,d) at 100-150 cm above the ground at the
outer part of the crown, so that the distance between
them was as far as possible. Experiment 1 was repeated
(using the same trees) six times in Kustavi and seven
times in Turku from 28 May to 11 September 2021.

For all experiments using vials, care was taken to
avoid rainy weather through the time of prey exposure.
However, the outcomes of one of July experiments in
Turku had to be excluded from data analysis due to unex-
pected rain, as the maggots escaped from vials when their
walls became wet. At 24 h from the start of the experi-
ment, we recorded (i) the number of maggots that had
disappeared from each vial; (ii) the number of dead mag-
gots in each vial; (iii) the number of damaged puparia
(Figure 1d); and (iv) the presence of attack marks by both
invertebrates and birds on each of the three plasticine
models (Figure 1c). At 4-7 days from the start of the
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FIGURE 1 (a)Set of experimental baits: stick with three blowfly puparia (upper), stick with three plasticine models of blowfly puparia
and vial with three maggots; (b) vial with maggots attached to the tree, with ants attacking these maggots; (c) stick with plasticine models
attached to tree branch; the rightmost model bears a bird attack mark; (d) stick with puparia after bird attack; (e) vial with maggots
protected from birds (bird exclusion treatment); (f) ants carrying prey from vial in bird exclusion treatment.

experiment, we repeated records on live puparia and Experiment 2 was conducted to explore whether birds
plasticine models. Bird and invertebrate attacks were dis- attacked the maggots exposed in vials. At the beginning
tinguished according to Low et al. (2014). of June 2021, at both study sites, we selected 20 young
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birches and attached a vial with five maggots to the
trunk, as described above. To exclude bird predation, we
covered the vials on 10 of these birches with bird netting
(Figure 1le,f). The number of maggots that disappeared
from vials was recorded at 2 days from the start of the
experiment.

Experiment 3 was conducted to compare invertebrate
attacks on maggots and puparia. In early June of 2021,
we placed two vials (as in experiment 1) on each of
20 birch trees in each of two sites. Half of the trees were
isolated from ants by glue rings, as described above. We
placed three maggots in one of these vials and three
puparia into the other. The number of prey individuals
that disappeared from vials was recorded at 4 days from
the start of the experiment.

Experiment 4 was designed to facilitate the interpreta-
tion of some results of experiments 1-3. On 8 June 2022,
in Turku, we explored the behavior of wood ants
(F. polyctena) during the encounter with four prey types:
a live maggot, a live puparium (not attached or attached
to a stick), and a plasticine model of a puparium. For this
experiment, we slightly modified the method outlined in
detail by Zvereva et al. (2016). Each prey item was placed
singly on an ant trail at a distance 1-5 m from the nearest
mound. Each new item (five items of each kind) was
placed no closer than 20 cm to a previous item, in ran-
dom order. The behavior of the ants was continuously
recorded by Elena L. Zvereva until a prey item was
attacked and attempts to carry it towards the nest were
observed; if no attack occurred, the observation lasted
2 min. We recorded: (i) whether ants came in contact
with prey and investigated it; (ii) whether ants attacked
prey (bit with mandibulae); (iii) whether ants carried
prey away after attacking; (iv) the time from discovery of
the prey by the ants to the first attack. After the observa-
tions, the puparia and models were investigated for signs
of damage.

Data analysis

Based on earlier studies conducted in or close to our
study area (Mappes et al., 2014; Zvereva & Kozlov, 2021),
we divided the growing season into three periods
corresponding to different stages of the bird breeding sea-
son. During the first period (from late May to the third
week of June; early summer hereafter), birds construct
their nests, lay eggs, and then feed their nestlings, and
bird community consists of adult experienced birds. The
second period (from the end of June to the end of July;
mid-summer hereafter) starts when the juvenile birds
leave their nests; the bird population at this time
becomes dominated by young naive birds. During the

third period (August to mid-September; late summer
hereafter), the young birds already possess experience in
foraging for various natural prey (Mappes et al., 2014)
and can no longer be considered naive.

In all analyses, the individual prey items (maggots,
puparia or models) were considered experimental units.
This approach, when applied to a group of three closely
positioned prey items, parallels the previously used
number of beak marks on a single caterpillar-shaped
plasticine model, which reflects predation intensity
(Zvereva & Kozlov, 2021). Moreover, it allowed us to
separate a rejection after probing (i.e., one of three items
damaged) from an acceptance after probing (i.e., two or
three items damaged). We assessed the daily predation
rates as the proportion of prey which disappeared from
each vial (maggots) or was attacked (puparia and
models) divided by the duration of exposure (in days).
The attack rates on models were calculated separately
for bird and invertebrate predators.

We used a linear mixed model (SAS GLIMMIX
procedure, type III tests; SAS Institute, 2009) for the
daily predation rates. We considered site (Kustavi or
Turku), period (early, mid- and late-summer), treat-
ment (ants or birds excluded or not excluded),
bait type (maggots, puparia, models), and their inter-
actions as fixed effects, and 10 blocks nested within
each of two sites as a random effect. We facilitated
accurate F tests of the fixed effects by adjusting the
standard errors and denominator degrees of freedom
using the latest version of the method by Kenward
and Roger (2009). The significance of random effects
was explored by a likelihood ratio test (Stroup, 2013),
and estimated marginal means were compared by
t-test (SAS Institute, 2009).

RESULTS
Predator attacks on different prey types

Averaged across the entire season, bird attack rates on
puparia attached to a stick were 2.5-fold greater than on
models (Figure 2; Appendix S1: Table S1). Birds did not
attack maggots exposed in vials, as evidenced by similar
maggot disappearance rates in the bird exclusion and
control treatments (experiment 2: F; ,; = 0.35, p = 0.56).

Invertebrate attack rates were 67 times greater on
maggots than on models attached to a stick (Figure 2).
Ant exclusion demonstrated that ants contributed 80% to
the disappearance of maggots from vials (Figure 3a;
Appendix S1: Table S2). Ants removed puparia exposed
in vials (experiment 3: Figure 4) but did not damage
puparia attached to a stick, as evidenced by similar attack
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FIGURE 2 Daily attack rates of vertebrate (birds) and
invertebrate (mostly ants) predators on maggots exposed in vials,
puparia attached to sticks and plasticine models of puparia attached to
sticks. Values are least square means + SE averaged across all
observation dates; data on invertebrate predation are limited to control
treatment. The lack of bird predation on maggots is evidenced by bird
exclusion (experiment 2); the lack of invertebrate predation on
puparia is concluded from ant exclusion (experiment 1).

rates on these puparia in the ant exclusion and control
treatments (experiment 1: F) 5345 = 1.16, p = 0.28).

Bird predation

The daily rates of bird predation varied considerably
between sites, between blocks within study sites and
between time periods (experiment 1; Appendix S1:
Table S1), peaking in mid-summer (Figure 5). Predation
rates were higher on live prey (attached puparia) than on
plasticine models during the entire season (Figure 5), and
the difference in attack rates on these two types of prey
changed dramatically during the season. In the early sea-
son, daily attack rates were, on average, 8.4-fold higher on
live prey than on plasticine prey, but the rates then
decreased to 1.8-fold in mid-summer and to 2.1-fold in late
summer (Figure 5). As a result, when predation was esti-
mated on live prey, only a 1.5-fold increase was noted
from early to mid-summer, while predation estimated on
plasticine models showed a 5-fold increase (Figure 5).

Invertebrate predation

The daily rates of ant predation on maggots did not vary
between sites, between blocks within study sites and
between time periods (experiment 1; Appendix S1:
Table S2). Ant predation in control (ant-accessible)
branches was highest in early summer and then declined
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FIGURE 3 Seasonal variation in daily rates of predation on
maggots (a) and invertebrate attacks on plasticine models (b) on
trees with allowed ant access (control) and isolated from ants (ant
exclusion). Values are least square means + SE. Bars with different
letters indicate significant (p < 0.05) differences between
treatments and time periods (¢ test embedded in SAS GLIMMIX
procedure). In panel (b), none of the differences are statistically
significant. Note the difference in scales between panels (a) and (b).

gradually (Figure 3a). Ant exclusion considerably reduced
the disappearance of maggots from the vials (Figure 3a).
The daily rates of invertebrate attacks on attached plasti-
cine models were extremely low and did not vary between
sites, between blocks within study sites and between time
periods (Figure 3b; Appendix S1: Table S3). Moreover,
invertebrate predation on plasticine models did not differ
between the ant-exclusion and control treatments
(Appendix S1: Table S3). In experiment 3, the attack rates
on prey exposed in vials were significantly higher for mag-
gots than for puparia (Figure 4; Appendix S1: Table S4).
Observations of wood ant behavior (experiment 4;
Appendix S1: Table S5) showed that maggots were
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FIGURE 4 Daily attack rates on moving (maggots) and not
moving (puparia) live prey offered in vials on trees with allowed
ant access (control) and isolated from ants (ant exclusion). Values
are least square means + SE. Bars with different letters indicate
significant (p < 0.05) differences between treatments and types of
prey (¢ test embedded in SAS GLIMMIX procedure).
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FIGURE 5 Seasonal variation in bird daily attack rates on live
(blowfly puparia) and artificial (plasticine) prey. Values are least
square means + SE. Bars with different letters indicate significant
(p < 0.05) differences between prey types and time periods (¢ test
embedded in SAS GLIMMIX procedure).

immediately attacked, sometimes by the very first ant
that discovered them. Prey movement seemed to stimu-
late attack and attraction of nestmates. After the first
attack, other ants joined and collectively killed a maggot
and carried it in the direction of the nest. Puparia not
attached to a stick were investigated, but were attacked
with a delay (Appendix S1: Table S5); carrying puparia to
the nest caused difficulties, as the puparia were fre-
quently dropped. Puparia offered on a stick were

investigated but rarely attacked; no repeated attacks were
observed. Plasticine models were carefully investigated
with antennae and mouth parts, but were never bitten.
No damage was seen on puparia or plasticine models
after encounters with ants.

DISCUSSION
Bird predation

Birds use visual cues to find their prey, and bird preda-
tion is therefore an important factor driving the evolution
of prey appearance and behavior (Ruxton et al., 2018).
Our plasticine models were similar to the live prey used
in our study (fly puparia) in terms of size, shape, color
and lack of movements, as well as their position within a
tree. Nevertheless, birds avoided attacking our plasticine
models even before directly assessing prey suitability by
taste, indicating that some other characteristics of these
models allow birds to recognize and reject them from a
distance.

Birds possess very sophisticated vision systems
(Kelber, 2019) and can distinguish even small differences
in surface reflectance when searching for prey (Mintyld
et al., 2020). Live and dead organisms, insects in particu-
lar, differ in their reflectance spectra (Anderson
et al., 2008; Shrestha et al., 2018) and, therefore, can be
distinguished visually by birds. In our study sites, birds
have never encountered plasticine models used in our
experiments. Therefore, we suspect that plasticine shares
some spectral characteristics with other inedible objects
and that birds avoid plasticine models due to a generali-
zation of visual characteristics, as has been demonstrated
in many experiments (e.g., Doktorovova et al., 2019;
Svadova et al., 2009). In addition, birds can use olfaction
to locate their prey (Amo et al., 2013; Méntyld et al.,
2020) and, therefore, can potentially distinguish live
and plasticine prey by smell, without needing to make
actual contact. Avoidance of some prey characteristics
(e.g., coloration) may be innate (Ruxton et al., 2018).
However, birds usually have to learn to avoid unsuitable
prey by pecking and rejecting it, and the efficacy of warn-
ing coloration or chemical defenses of many insects is
based on this avoidance learning (Exnerova et al., 2007;
Skelhorn et al., 2016).

The strong (8.4-fold) preference for live prey over
plasticine models by birds is observed only in the early
season, when the bird community is dominated by expe-
rienced adult birds. By contrast, in mid-summer, the live
prey are attacked only twice more frequently than plasti-
cine models. This result is in line with earlier findings on
seasonal changes in bird preference for differently
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colored plasticine models: birds clearly avoided models
with warning coloration in the early summer but not in
mid-summer (Mappes et al., 2014; Zvereva & Kozlov,
2021). These changes were explained by the naivety of
juvenile birds (which fledge and start feeding indepen-
dently in mid-summer: Mappes et al., 2014) with respect
to different prey items. Moreover, juvenile birds are more
explorative than adult birds and, therefore, are less cau-
tious when attacking potential food items (Greenberg &
Mettke-Hofmann, 2001). Changes in the avoidance of
plasticine models with changes in the level of naivety of
the bird community indicate that the ability of birds to
distinguish between edible and inedible objects is not
completely innate and has to be learned, independent of
whether they base their rejection on visual or olfactory
cues. The avoidance of artificial prey slightly increases in
late summer, presumably because young birds obtain
some experience with prey selection (Mappes et al., 2014)
and have begun to recognize and to avoid inedible plasti-
cine models.

Invertebrate predation

Bird exclusion treatment (experiment 2) indicated that
birds did not attack prey in vials, presumably due to
avoidance of unknown and/or glossy objects (Waldron
et al., 2017) and/or narrow mouth of the vial used.
Therefore, disappearance of maggots in vials was attrib-
uted to invertebrate predators. Daily attack rates by
invertebrate predators on maggots in our boreal forests
were very high and approached rates found for inverte-
brate predation in tropical forests on live wasp larvae
(Jeanne, 1979). These high attack rates were observed in
both study sites, although their ant communities were
dominated by different species. Nevertheless, invertebrate
predation rates quantified as attack marks on plasticine
models appeared dramatically low compared to attack
rates on maggots (67-fold: Figure 2). Similarly, low rates of
invertebrate predation on plasticine caterpillars were pre-
viously reported from our study sites (Zvereva, Paolucci,
et al., 2020) and from other high-latitude sites (Roslin
et al., 2017; Zverev et al., 2020; Zvereva et al., 2019).

These low predation rates could not result from the
low visibility of attack marks at low temperatures
(Muchula et al., 2019), because the summer of 2021 was
exceptionally hot in southern Finland, with day tempera-
tures frequently exceeding 25°C. These temperatures
should ensure the visibility of even weak marks left by
invertebrate predators, had these marks exist.

Similar invertebrate predation on models placed on
ant-excluded and control trees indicates that attack marks
on our plasticine models were left by invertebrates other

than ants, for example, by predatory bugs, which are abun-
dant in our study sites, and wasps. The lack of attacks by
wood ants (F. polyctena) on our plasticine models was evi-
dent when these models were placed directly on an ant
trail, whereas live prey (both maggots and puparia) were
attacked and carried away (Appendix S1: Table S5).
As a result, the estimates of invertebrate predation rates
based on plasticine models do not account for one of the
most important groups of invertebrate predators in boreal
forests. Some other invertebrate predators were also found
not to attack plasticine prey, for example, the ladybird
Harmonia axyridis (Greenop et al., 2019), beetles of
families Staphylinidae and Elateridae, and true bugs of
families Geocoridae and Rhyparochromidae (Khan &
Joseph, 2021).

Our findings suggest several explanations for the
avoidance of plasticine models by ants. First, stronger ant
predation on maggots compared to puparia offered in the
same way hints at the importance of prey motion.
The mobility of prey is known to increase the attack
probability by different predators, and particularly ants
(Dejean et al., 1999; Witte et al., 2010). The movement of
maggots evidently stimulated ant attacks and consider-
ably reduced time to attack compared with motionless
puparia (Appendix S1: Table S5). However, these puparia
were also attacked by ants (Figure 4; Appendix S1:
Table S5), indicating that other signals could also trigger
ant attacks.

Second, chemical cues are important for prey recogni-
tion by many invertebrate predators (Vet & Dicke, 1992).
Studies of ant foraging behavior show that ants analyze
prey quality and make decisions about their attack with-
out disturbing the prey (Witte et al., 2010; Zvereva
et al., 2016). We observed that ants recognize an inedible
item (plasticine model) without needing to bite it. This is
explained by ant’s extraordinary olfactory sensing abili-
ties (Zhou et al., 2012) and high precision of prey odor
discrimination (Binz et al., 2016; Witte et al., 2010).

Third, worker ants, which dominate in boreal forests
(e.g., Formica spp., Myrmica spp.), need only carbohy-
drates for their own nutrition. They collect insect prey to
feed the developing brood and a queen(s) to sustain colony
reproduction (Sundstrom, 1993). Therefore, all the col-
lected insect prey is taken to the nest, and we observed
wood ants carrying a maggot away from the vial
(Figure 1f). Thus, ants may not be motivated to attack prey
that cannot be picked off a surface. This conclusion was
supported by our behavioral observations (Appendix S1:
Table S5) and by the similar proportion of damages on
glued puparia in the control and ant exclusion treatments.
An extremely low incidence of ant attacks on fly puparia
attached to tree branches was also reported in an earlier
study (Remmel & Tammaru, 2009).
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The importance for ants of being able to pick up prey
is overlooked in most studies of ant predation on sentinel
prey, because experimental prey, even when alive, are
usually fixed to some surface (e.g., Drozdova et al., 2013;
Nimalrathna et al.,, 2023). We therefore conclude that
plasticine models are badly suited for quantifying inverte-
brate predation because, at least in some habitats, some
important groups of predators do not attack plasticine
models.

Sources of biases and their impacts on
ecological studies

As expected, both invertebrate and avian predation was
always greater on live prey than on plasticine models.
However, the present study is the first to demonstrate
that the magnitude of the difference in daily predation
rates between live and artificial prey strongly depends on
the predator type and time of the season. The use of plas-
ticine models, at least in boreal forests, results in greater
underestimation of predation risk by invertebrates
than by birds, as differences between predation rates on
artificial and live prey across the season were, on
average, 67-fold for invertebrates and 2.5-fold for birds.
Consequently, estimates based on artificial prey show
much greater rates of bird predation than invertebrate
predation, while estimates based on live prey suggest
stronger predation by invertebrates than by birds. Thus,
the use of plasticine versus live prey leads to opposite
conclusions about the relative roles of different predatory
groups with respect to their impact on insects living in
tree canopies in our study area.

Our findings suggest that measurements of predation
by different groups of predators on the same prey may
lead to biased conclusions because different predators use
different cues in their prey searches. For invertebrates,
discrimination of chemical cues plays the leading role;
therefore, some invertebrates may avoid attacking plasti-
cine models due to the wrong olfactory cues emitted by
the artificial prey (Lovei & Ferrante, 2017). The latter
suggestion is supported by our observations that wood
ants encountering plasticine models lose interest to these
models after their close investigation (Appendix SI:
Table S5). By contrast, birds use mostly visual signals
when making decision to attack prey (Ruxton et al.,
2018); therefore, birds (especially young ones) may some-
times attack inedible objects resembling live prey, such
as plasticine models. Live sentinel prey may also differ in
attractiveness for predators depending on the type of bait
presentation: birds willingly attack puparia attached to a
surface, while ants attack these puparia only when they
can easily pick them up. Thus, not only the type of

sentinel prey, but also the way it is offered, is important
for adequate quantification of prey mortality due to dif-
ferent predators.

The possibility of determining the predator’s identity
based on attack marks is often seen as one of the advan-
tages offered by plasticine models (Low et al., 2014;
RoBler et al., 2018). This method has been further devel-
oped, and more precise identification of attackers has
been provided, by amplification and sequencing of mito-
chondrial DNA left in the bite marks on clay models
(Rofler et al.,, 2020). However, our study shows that
important groups of predators, such as some ant species,
completely avoid biting plasticine prey after close investi-
gation and, therefore, do not leave any marks on it. Thus,
identification based on attack marks on the models is
limited to those predators that are non-selective with
respect to prey. Consequently, this method of identifica-
tion will lead to biased conclusions about the composi-
tion of the predator community and the relative intensity
of their impact on prey.

The difference between adult and juvenile birds in
their ability to discriminate inedible objects results in
seasonal variations in the magnitude of bias imposed by
using plasticine prey on estimates of bird predation.
This method underestimates predation risk for live prey
by 8.4-fold in early summer but only by about 2-fold in
mid- and late-summer. Therefore, the timing of an
experiment involving plasticine models may drastically
change its conclusions about predation risk for live
prey. In particular, our results indicate that studies of
evolution in prey coloration using artificial models
when bird population consists of both adult and juve-
nile birds would detect mostly responses of juvenile
birds, which actively attack plasticine prey, while adult
birds avoid this inedible prey.

Ant predation on live insect prey in our experiment
also showed clear changes within the season, in line with
other studies conducted in boreal and temperate forests
(Domisch et al., 2009; Drozdova et al., 2013). By contrast,
invertebrate attacks on plasticine models did not show
any seasonal changes. This was mostly because wood
ants, one of the most important groups of invertebrate
predators in boreal forests, did not attack plasticine
models (Appendix S1: Table S5). Thus, the use of models
does not reveal the natural temporal patterns in either
bird or invertebrate predation pressure on insect herbi-
vores. However, it should be taken into account that live
sentinel prey, such as one used in our study, does not
possess local antipredatory adaptations and, therefore,
may not quantify predation pressure on natural prey
community rather reflecting predation risk.

The temporal variation in the differences in predation
rates between artificial and live prey, as demonstrated in
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our study, could have influenced the results of some pre-
viously published studies of high theoretical importance.
For example, the lack of a significant latitudinal pattern
in bird attacks on plasticine prey in the global study by
Roslin et al. (2017), which tested the predictions of the
Latitudinal Biotic Interaction Hypothesis (Schemske
et al., 2009), may be explained by the different timings of
the experiments in relation to bird breeding seasons at
different latitudes. Our study has shown that the
within-season variation in bird predation, which is espe-
cially high on artificial prey, could create noise that
would prevent the detection of a pattern existing for nat-
ural prey. At the same time, the low number of attack
marks left by invertebrates on plasticine models exposed
in boreal forests, as revealed by Roslin et al. (2017) and
by our study (Figure 2), contrasts with the high pressure
of invertebrate predators (primarily ants) on live (moving

TABLE 1 Overview of experiments and their results.

and transportable) insect prey. Thus, our comparison of
invertebrate attack rates on live prey versus plasticine
prey models suggests that the decrease in invertebrate
predation with increasing latitude may not be as steep as
estimated by Roslin et al. (2017).

CONCLUSIONS

Concerns about using plasticine models for assessing pre-
dation risk, especially for measuring invertebrate preda-
tion, have been expressed in several publications
(Greenop et al., 2019; Nimalrathna et al., 2023; Vet &
Dicke, 1992; Zverev et al., 2020), but our study experi-
mentally demonstrates the limitations and caveats of this
method. We have shown (Table 1) that the use of plasti-
cine prey models can lead to wrong conclusions about

Experiment

no. (s) Research question

1 Do attack rates differ between prey types?

1 Do seasonal changes in attack rates differ
between prey types?

1 Does relative importance of bird and
invertebrate predation differ between
prey types?

2 Do birds attack maggots offered in vials?

3 Do ants attack puparia offered in vials?

1and 4 Do ants attack puparia offered on sticks?

3 Do ants attack maggots and puparia at
different rates?

1and 4 Do ants encountering puparia or models
leave visible damage on them?

4 What are ant behavioral responses to the

prey types used in experiments 1-3?

Main findings

Bird attacks on live prey (puparia) are 2.5-fold
greater than on plasticine models.
Invertebrate attacks on live prey (maggots)
are 67-fold greater than on models.

Bird attacks on live prey (puparia) are 8.4-fold
greater than on models in early summer
and 2-fold greater in mid- and
late-summer. Invertebrate attacks on live
prey (maggots) decrease 2-fold from early
to late summer, but attacks on models do
not change within the season.

Use of models indicates a much greater role of
bird predation than of invertebrate
predation, while the use of live prey results
in the opposite conclusion.

No, presumably because of the narrow mouth
of the vial or because of avoidance of an
unknown object (vial).

Yes, and ants remove them.

Yes, occasionally, but they neither damage nor
remove them.

Ants remove puparia from vials at a significantly
lower rate than they remove maggots.

No damage marks are seen on any puparia or
models encountered by ants.

Maggots are immediately attacked, killed and
carried away. Puparia offered freely are
investigated and then mostly carried away,
with some delay. Puparia offered on a stick
are investigated, but rarely attacked.
Plasticine models are investigated, but
never attacked.

For details, see:

Figure 2

Figures 3 and 5

Figure 2 and text

Text

Figure 4

Figure 2, Appendix S1:

Table S5
Figure 4

Text

Appendix S1: Table S5
and text
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predation patterns. First, the predation by wood ants is
completely overlooked, resulting in underestimation of
the role of invertebrates in overall predation on insect prey
in boreal forests. Second, this method provides a biased
estimate of seasonal variation in avian predation on
insects, dramatically underestimating predation in early
summer, and does not reveal seasonal variations in inver-
tebrate predation. Both these biases may considerably
influence the outcomes of studies addressing spatial and
temporal variations in predation risks. Therefore, we rec-
ommend that estimations of predation risk using plasticine
prey, and especially the interpretation of the obtained
results, should be made with caution, while keeping in
mind possible variations in the magnitude of bias imposed
by this method.
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