
INTRODUCTION

Despite recent advances in ecological methodology and
quantitative analysis for determining the nature of the
complex interactions between organisms and their envi-
ronment (Bolker et al., 2009; Kilkenny et al., 2009; Csil-
lery et al., 2010), little attention has been paid to deter-
mining the potential of a multifactorial approach for
studying the risk to insects from predation. Some aspects
of predation risk on insects have been studied in both
tropical (Olson, 1992; Berger & Wirth, 2004; Koh &
Menge, 2006) and temperate ecosystems (Steward et al.,
1988; Weseloh, 1988; Church et al., 1997; Haemig, 1999;
Lichtenberg & Lichtenberg, 2003). However, mostly
single factors (or a class of factors, e.g. spatial, temporal
and taxonomical) are tested separately for different
groups of predators (e.g. birds: Bernays, 1997; Strong et
al., 2000; spiders: Riechert & Lawrence, 1997; Lang et
al., 1999; ants: Barton, 1986; Leponce et al., 1999).

For example, there are significant differences in the
predation risk on different species of trees because of dif-
ferences in their attractiveness to predators, particularly
for tropical rainforests (Janzen, 1966; Novotny et al.,
1999; Basset, 2001). Differences in predation risk are cor-
related with the abundance of herbivores on three species
of Salix (Ishihara & Ohgushi, 2008) in a temperate eco-
system. There are also experimental studies on spatial
variability in predation risk along vertical (Weseloh,
1988; Basset, 2003) and horizontal gradients, such as in
the interior of a closed canopy forest compared with that

at the edge of the forest or in the open (Koh & Menge,
2006; Valladares et al., 2006). There are few studies on
the diurnal and seasonal activity of predators (Barton,
1986; Kaspari & Joern, 1993; Reichert & Lawrence,
1997; Remmel et al., 2011) and these are only occasion-
ally tested (temperate: Lichtenberg & Lichtenberg, 2003;
Remmel et al., 2009; tropics: Richards & Coley, 2007).
This is despite the logical expectation that the risk of pre-
dation is likely to vary depending on the time of day or
year, for example, due to differences in temperature and
seasonal changes in ecosystems (Bernays, 1997; Lill &
Marquis, 2001).

The results of the experiments cited above have been
criticised (e.g. Sih et al., 2000) for underestimating the
interactions between the factors. Unfortunately, it is not
possible to produce a simple synthesis or compare the
results of the different studies because they were obtained
using different methods. Two key methods are used for
measuring the risk of predation on trees. Free access of
predators to prey is prevented by using exclosure experi-
ments (Marquis & Whelan, 1994; Sipura, 1999; Berger &
Wirth, 2004). This method is used mainly to study com-
plex multitrophic interactions, such as bottom-up effects
and top-down effects, and fitness of the prey or host plant
foraged by the herbivore (Gunnarsson, 1996; Strong et
al., 2000). In contrast, experiments using various types of
baits (Olson, 1992; Karhu & Neuvonen, 1998; Novotny
et al., 1999; Lichtenberg & Lichtenberg, 2003) allow
direct contact between the prey and predator and provide
more information on the characteristics of the taxa or
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guilds of predators, such as their species structures and
the effects of prey dispersal (Church et al., 1997; Beau-
champ, 2002), vegetation structure (Gunnarsson, 1996) or
seasonal changes (Lang et al., 1999; Lill & Marquis,
2001; Lichtenberg & Lichtenberg, 2003).

In addition to the aforementioned factors affecting the
accumulative risk of predation in space and time, many
authors note that the risk of predation is greater when
prey is abundant (e.g. Crawley, 1975; Turchin et al.,
1999; Abrams & Ginsburg, 2000; Lombaert et al., 2006).
They found that predation risk affects prey behaviour and
leads to avoidance and dispersal of the prey (Jeffries &
Lawton, 1984, Berdegue et al., 1996; recently, Skelhorn
et al., 2011; Gonthier, 2012). On the other hand, there is a
lack of information confirming that the distribution in
space of the attacks by predators is patchily distributed
even though the searching patterns of predators are well
known.

It is clear from the above that there are very few multi-
factorial models that include various predators and the
interactions between factors and those published are
mainly for tropical rainforests and there are no similar
studies for temperate ecosystems. Our goal, therefore,
was to identify the significant factors affecting predation
on insects on the leaves of trees and then develop a com-
plex model for assessing the predation risk. We tested the
following ecological variables: (a) tree species (15 tree
species with varying herbivore species abundances and
diversities), (b) habitat (forest interior and edge), (c) time
of day, and (d) time of year.

MATERIAL AND METHODS

Study site

This field study on predation was carried out in a lowland
floodplain forest within the Poodri Protected Landscape Area
(total, 300 ha; 18°03–13´E, 49°42–48´N; Northern Moravia,
Czech Republic). The area included three fragments of primary
floodplain forest in close proximity to the regional capital of
Ostrava along a 20-km embankment of the meandering River
Odra. The area is characterized by flooded meadows and a
number of shallow ponds. The forest vegetation consists of
Quercus, Ulmus, Tilia, Prunus and Fraxinus.

Field experiment

Our sampling design was that previously suggested for com-
paring the predation risk between temperate floodplain forest
and tropical lowland rainforest (Novotny et al., 2006). For the
experiments, 15 locally common species of woody plants (Acer
campestre L., Acer platanoides L., Alnus glutinos (L.) Gaertn.,
Alnus incana (L.) Moench., Carpinus betulus L., Corylus avel-
lana L., Fraxinus excelsior L., Padus avium Mill., Populus
tremula L., Quercus robur L., Sambucus nigra L., Swida san-
guinea (L.) Opiz., Tilia cordata Mill., Ulmus glabra Huds., and
Ulmus laevis Pallas) typical of floodplain forests in the tem-
perate region, were selected.

The ecological attributes of the above woody plants (i.e. the
abundance and diversity of herbivores as well as the abundance
and frequency of the trees) were adopted from our plant–herbi-
vore study performed simultaneously with the predation experi-
ments. Only those folivorous insects that were feeding were
hand-collected from the foliage of 15 species of trees
throughout the 1999–2001 growing seasons. This resulted in

150 m2 of foliage being inspected per species of tree. The esti-
mates of the species richness and frequency of woody plants
were based on total number of woody stems in 62 25 × 25 m
quadrats (for details, see Novotny et al., 2006).

Predation risk was estimated by recording whether bait placed
on leaves is attacked or missing (see Olson, 1992; Novotny et
al., 1999). The bait consisted of live larvae (last instar; size,
1–1.5 cm) of the blowfly Calliphora vicina Robineau-Desvoidy
(Diptera: Calliphoridae). These larvae are palatable and very
vulnerable to attack (Lundgren et al., 2009) and thus previously
used as model artificial palatable prey in several predator–prey
experiments (Wilson et al., 1990; Lundgren et al., 2009;
Remmel et al., 2009). Further, the last instars are of a suitable
size for both vertebrate and invertebrate predators (Lang et al.,
1999).

In each experiment (sample), 25 living larvae were pinned
onto each tree for 30 min (one larva per twig separated by a
minimum distance of about 25–30 cm) at breast height using
entomological pins inserted into veins on the upper surface of
leaves. Attaching larvae by pins to leaf veins prevents them
from accidental falling off leaves and makes the removal of the
pins by invertebrate predators impossible. The pins were
marked with small coloured tags to avoid missing those that
were accidentally dislodged. Baits continued to move actively
throughout the duration of the experiment. After 30-min, during
which we moved away from the tree upon which the test was
performed, the presence of predators or missing larvae were
recorded (the proportion of larvae attacked per tree was used as
a response variable). The experimental sites were systematically
changed during the course of the year to eliminate the possi-
bility of birds learning to find larvae by searching for tags.
Based on our experiences from a preliminary study in 2001 and
other published experiments (Lichtenberg & Lichtenberg,
2003), pins that disappeared (confirmed after carefully
searching for baits on the ground and nearby vegetation) were
assumed to reflect bird predation. On the other hand, ants and
wasps, which were the most frequently recorded invertebrate
predators, were always observed feeding on the baits.

In total, 300 experiments with 7500 baits were conducted
from May–September 2002 between 09:00 to 18:00 h. The fol-
lowing factors were recorded in each experiment: time of day
(Hour), time of year (Day), species of woody plant (Species)
and habitat (MicHab, i.e. forest interior or edge). Samples that
were more than 20 m away from the edge of the forest were
regarded as being in the interior of the forest. To maximise the
balance in the design, the experiments were replicated twice
each month for each species of tree species and type of habitat.

Data analysis

As a patchy dispersal is very often recorded in nature because
resources are not uniformly distributed (Potthoff et al., 2006),
we expected that the dispersal of predator attacks would follow
a negative binomial distribution. Thus, the index of dispersion
(the variance-to-mean ratio), Morisita’s index of dispersion and
goodness of fit to a negative binomial distribution with aggrega-
tion parameter k estimated by maximum likelihood were used to
identify the patterns in the distribution of the attacks (Krebs,
1999). Index values significantly higher than 1 (or 0 for
Morisita’s index) indicated clumped (patchy) distributions. The
dispersal of the attacks was analysed separately for each combi-
nation of habitat (interior, edge), month and time interval (2 h
per interval) to distinguish between spatial and temporal distri-
butions. For this reason, we used additional data from 2001 (not
applicable for the other analyses due to the low number of repli-
cations for each combination). This approach allowed us to
increase the number of samples for each combination and
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improve the validity of the results. However, we had to omit
some combinations because of the low number of attacks.

Generalized additive models (GAM) were used to investigate
the effect of the factors studied on the probability of attack. For
those cases when the response variable was a probability and the
model indicated overdispersion (the dispersion index was
approximately 1.7 for our data), a quasibinomial distribution
gave more reasonable results. The numerical variables Hour and
Day were smoothed by using thin plate regression splines
(Wood, 2006). The basis dimensions for both the terms were
selected manually (k = 4 for Hour and k = 6 for Day) using the
generalized cross validation (GCV) criterion, which is one of
the best ways of estimating smoothing parameters. This crite-

rion was also used for manual selection of the best parameters in
the additive models (for more details, see Wood, 2006). All fac-
tors tested were added sequentially to the model using GCV and
Cp Mallow’s statistics criteria for model parameter selection
(Mallows, 1973; Hocking, 1976) and the best fitting model com-
parisons (the lowest Cp and GCV values indicated the most par-
simonious model).

The final model of the probability of attack was constructed
based on the GCV, and Mallow’s Cp ranking statistics. Both cri-
teria are based on the maximum parsimony approach recently
suggested for model selection, but mixing of criterion-based
selection with standard measurement of significance is not rec-
ommended (Anderson, 2008).

All analyses were performed using R software 2.14.0 (R core
development team, 2011) and several specific libraries: lattice
0.20-0 (Deepayan, 2008), vegan 2.0-1 (Oksanen et al., 2011),
gam 1.04.1 (Hastie, 2011) and vcd 1.2-12 (Meyer et al., 2011).

RESULTS

A total 119 of the 7500 baits (1.6%) were attacked by
predators, meaning that on average, 0.4 baits were
attacked per experiment (standard deviation (SD) = 0.85;
standard error (SE) = 0.05; maximum = 6 baits per
experiment). The dominant groups of predators were
birds (59.7%), ants (13.4%), Heteroptera (11.8%),
Mecoptera (5.9%) and wasps (4.2%). Several other
groups were recorded occasionally (spiders and carabid
beetles). The maximum predation risk, measured as the
average number of baits attacked per experiment, was
recorded on Corylus avellana (0.75), Tilia cordata (0.7)
and Quercus robur (0.65) and the minimum on Ulmus
laevis (0.20) and Sambucus nigra (0.20) (Fig. 1).

Predation risk correlated neither with the abundance
and frequency of particular species of trees nor with
abundance and diversity of insect herbivores (Pearson’s
correlation coefficient was the highest for abundance of
herbivores, r = 0.43; p > 0.1).
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Fig. 1. The mean (± SE) of the number of attacks recorded
per experiment on the different species of woody plants studied.
ACC – Acer campestre; ACP – Acer platanoides; ALG – Alnus
glutinosa; ALI – Alnus incana; CAB – Carpinus betulus; COA
– Corylus avellana; FRE – Fraxinus excelsior; PAA – Padus
avium; POT – Populus tremula; QUR – Quercus robur; SAN –
Sambucus nigra; SWS – Swida sanguinea; TIC – Tilia cordata;
ULG – Ulmus glabra; ULL – Ulmus laevis.

Fig. 2. The observed (dark grey) and theoretical negative binomially distributed (light grey) frequencies of attacks per tree plotted
on a logarithmic scale (left), the probability density (empirical density function) of the standardized Morisita’s indices (middle) for
each combination of temporal and spatial variables (positive values indicates a patchy distribution), and a box plot comparing the
standardized Morisita’s indices for the edge and interior of the forest (right).



The results of all the tests used for determining the pat-
tern of the attacks were consistent with our prediction of
patchy dispersal. We found the variance-to-mean ratio of
attacks per experiment to be significantly greater than 1 (I
= 1.793, 2

299 = 536.0, p < 0.0001) and the Morisita’s
index to be 2.98 (standardized Morisita’s index =
0.5026); further, the goodness-of-fit test (maximum like-
lihood estimate of k = 0.506, 2

2 = 0.011, p = 0.995) did
not support a rejection of a negative binomial distribution
(Fig. 2). Such outcomes can result from a patchy dispersal
in time (attacks occur mainly within specific time inter-
vals). However, we observed similar results for the pat-
tern of distribution of attacks for each combination of the
temporal and spatial variables. Nearly 75% of the stan-
dardized Morisita’s indices calculated were positive (indi-
cating a patchy dispersal). Negative indices (indicating a
uniform dispersal) and indices equal to 0 (indicating a
random dispersal) were found only for samples with a
low number of attacks and the most frequent were for
samples recorded in autumn.

The best fitting GAM model chosen by forward selec-
tion included three terms: microhabitat, time of day and
day of the year (Table 1). All terms in the final model
have weak but significant statistical support from the

analysis of deviance (p-valueMicHab = 0.096, p-valueHour =
0.067, p-valueDay = 0.049). In contrast, we could not reject
the hypothesis of an identical risk of predation on all spe-
cies of woody plants. The final model predicts the risk of
predation is highest at the edge of forest during late
August and early September between 13:00–15:00 h (Fig.
3).

Despite the overall low number of records of predation,
we performed separate analyses for invertebrate and ver-
tebrate predators, and found apparent temporal differ-
ences between predation by arthropods and birds. This
was confirmed by the lack of a correlation between the
two groups (Pearson’s correlation coefficient r = –0.22, t
= –0.99, df = 19, p-value = 0.3349). A peak in predation
by birds was recorded during the morning in May and
June while arthropods dominated in July between the
hours of 09:00 to 11:00 and 15:00 to 17:00 (Fig. 4).

DISCUSSION

Our experiments on predation revealed that the distri-
bution of attacks on bait attached to leaves was clumped,
with no significant differences between species of trees
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0.107356.741.1903MicHab + Hour + Day

0.100357.231.1917Hour + Day

0.080361.211.2046MicHab + Day

0.057365.371.2182MicHab + Hour

0.070362.791.2098Day

0.028369.821.2328MicHab

0.037370.671.2358Hour

0.059390.201.3039Species

0.000377.701.2594Null

DevExplCpGCVModel

TABLE 1. Values of the statistics used in the selection of the
best GAM model (GCV – generalized cross validation; Cp –
Mallow’s Cp; DevExpl – explained deviance).

Fig. 3. A contour plot with predicted probabilities of attack
by predators (grey scale on the right) for the most parsimonious
model, including type of habitat (left, forest edge; right, forest
interior), time of day and time of year.

Fig. 4. A comparison of the mean (± SE) of the number of attacks recorded that were attributed to birds and arthropods at different
times of the day in different months of the season (right-closed intervals).



but an important effect of habitat (higher predation risk at
the edge than in the interior of the forest), time of the day
and season. The important predators were birds and ants,
but the frequency of their attacks varied during the year
and was dependent on their seasonal activity (cf. epigeic
predators, Šipoš et al., 2011).

The analyses of the spatial distribution of attacks indi-
cate that rates of predation in patches with equal densities
of prey differed. This probably reflects random search for
the first prey and then systematic searching in the sur-
rounding area. Such behaviour is often mentioned as
typical of birds and ants (Church et al., 1997; Beau-
champ, 2002). On the other hand, these results should be
interpreted cautiously, because very few attacks were
recorded and we did not distinguish between these two
groups in the analyses of the spatial distributions of the
attacks.

As expected, our data did not provide a basis for
rejecting the hypothesis of a non-random distribution of
attacks on the different species of woody plants. This
result is also supported by the non significant correlations
between the average predation risk and features of the
different species of trees (abundance, frequency, and
number of herbivores and their diversity). Unlike parasi-
toids (Iwao et al., 2001), true predators probably have not
evolved close interspecific interactions with plants in for-
ests in temperate regions (Olsson et al., 2001) but have in
tropical rainforests (Basset, 1995, 1996; Novotny et al.,
1999). Significant differences were found only for those
species like ants, which have a mutualistic relationship
with plants (Janzen, 1966; Floren & Linsenmair, 1997;
Fiala et al., 1994; Di Gusto et al., 2001).

The greater predation risk at the edge of the forest (Fig.
5) predicted by our final model, was previously recorded
for the same predators as we studied (Olson, 1992; Hae-
mig, 1999; Lichtenberg & Lichtenberg, 2003; Valladares
et al., 2006). This may be due to a greater abundance and
activity of insects (mostly herbivores) and more favour-
able microhabitat conditions at the edges of forests (Mur-
cia, 1995; Didham et al., 1996; Cadenasso & Pickett,
2000; Zheng & Chen, 2000; Wirth et al., 2008). Moreo-
ver, wasps can have a notable effect at the edges of forest

because it is warmer there than in forests (Steward et al.,
1988; Lichtenberg & Lichtenberg, 2003).

Despite the fact that we could not include the entire
range of diurnal and seasonal differences in predatory
activity (see Fig. 3), our model did indicate three peaks of
predation risk during the course of the growing season
and two during the day. There are only a limited number
of incidental records of the diurnal variation in the preda-
tion risk (Barton, 1986; Novotny et al., 1999; Berger &
Wirth, 2004) and our model cannot predict the risk of
predation either at night or early in the morning when
there is a peak in the incidence of predation by birds (e.g.
Hutto, 1981). However, a greater incidence predation
early in the morning was partially apparent in the predic-
tion of our model (i.e., the decline in the rate of predation
that occurred after the expected early morning peak) and
particularly notable was a shift in peak predation during
the course of the year (Fig. 3, dark grey areas at the
bottom of the left figure). Montllor & Bernays (1993)
state that the high predation risk recorded at midday is
due to the greater activity of invertebrates then because
both the temperature and relative humidity are high at that
time. At night the expectation is that the foraging activity
of ants and other invertebrate predators is likely to be
very low in ecosystems in temperate regions (Bernstein,
1979; Traniello, 1989). Moreover, for predators that ori-
entate visually (including insectivorous birds) searching
for prey is less effective at night. However, there is little
experimental data on this, because recording attacks by
predators at night is difficult. Novotny et al. (1999) used
termites (Microcerotermes biroi) as bait to determine the
risk of herbivorous insects being killed by predators
during day and night in Papua New Guinea rainforests.
They record marked differences in the composition of
predators, but the differences in the probabilities of being
attacked were not significant. Their results differ from
those of Berger & Wirth (2004) who used exclosure
experiments and revealed that the predation pressure on
phasmids in rainforest in Panama was significantly higher
at night than during the day (p-value < 0.001).

Consistent with the results of Holmes et al. (1979), Lill
& Marquis (2001) and Lichtenberg & Lichtenberg (2003)
and our unpublished data from the previous year (not
used because of an unbalanced design for species and
daytime), we recorded a greater predation risk at the
beginning of May (using extrapolation, we estimated that
the peak occurred at the end of April), with birds at that
time the most important predators, at the end of June it
was birds and ants and at the end of August wasps, as
colonies of these insects were large and very active (Mac-
Donald & Matthews, 1981; Stamp & Bowers, 1996).

Measuring the risk of predation is technically difficult
and it is likely that the method used and the features
measured could have biased the results. For this reason,
exclosure and predator removal experiments are generally
regarded as the best way of estimating the real effect of
predation (absolute predation risk). However, it is impor-
tant to note that our experiments were performed under
identical conditions for each factor combination and that,
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Fig. 5. The mean (± SE) of the number of attacks recorded on
trees at the edge and interior of the forest.



it is thus possible to correlate relative differences in the
number of attacks with predator activity within a study
site (Novotny et al., 1999). Another issue usually dis-
cussed is the most suitable bait (Kaspari & Joern, 1993;
Berger et al., 2006). For generalist predators like birds
and ants, size (Lang et al., 1999; Di Giusto et al., 2001;
Mänd et al., 2007; Remmel & Tammaru, 2009; Remmel
et al., 2011), palatability (Skelhorn & Rowe, 2006; Lund-
gren et al., 2009), mobility (Eubanks & Denno, 2000) and
colour (Church et al., 1997) are the main characteristics
determining the probability of a bait being attacked. The
most widely used baits in studies in tropical forest are ter-
mites, which are highly palatable prey for ants and all the
other important predators of herbivorous insects in the
tropics (Olson, 1992; Leponce et al., 1999; Novotny et
al., 1999). However, the baits most widely used in eco-
systems in temperate regions are caterpillars (Bernays,
1997; Lill & Marquis, 2001; Lichtenberg & Lichtenberg,
2003). The larvae of Calliphora vicina, which we used in
our experiments, are probably analogous to termite baits
used in the tropics (see Lundgren et al., 2009). A very
important characteristic is that the larvae attached to
leaves are highly active and therefore likely to attract
predators that orientate visually when searching for prey.
It is known that the mobility of prey can increase their
risk of predation by beetles (e.g. Marston et al., 1978;
Eubanks & Denno, 2000) and spiders (Reichert & Law-
rence, 1997). Finding prey by responding to visual stimuli
is recorded for birds (Beauchamp, 2002) and wasps (Ber-
nays, 1997). In most cases, the mobility of the prey seems
to be more important than its nutritional quality (Bernays,
1997; Eubanks & Denno, 2000; Beauchamp, 2002).
Although Calliphora larvae are not herbivores, the range
of predators we recorded attacking them does not differ
from the predator composition recorded in the previously
cited experiments that used caterpillars. The low fre-
quency of bird predation recorded by Lichtenberg &
Lichtenberg (2003) may be because they did not include
in their results the baits that disappeared and the baits
were attached to the undersides of the leaves.

Despite these difficulties, our complex model of the
risk of insects being killed by predators in forests in tem-
perate regions is based on the results of very simple
experiments using baits that are suitable for most insec-
tivorous generalists. We consider this method to be very
useful and believe that it is suitable for use as a standard
method for directly measuring predation risk in the future.
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