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Introduction

Ecological services
Biodiversity provides several benefits, termed ecologi-

cal or ecosystem services, which are essential for human 
survival (Millennium Ecosystem Assessment, 2005). The 
continued increase in the human population is accompa-
nied by marked modifications of natural areas resulting in a 
reduction in biodiversity, which usually negatively affects 
the services provided (Carpenter et al., 2009). Urbanisa-
tion is a major cause of pollution, habitat loss, extinction 
and impoverished biodiversity through homogenization 
and invasions (McKinney, 2002). However, even if the 
consequences of these effects are known, the quantifica-
tion of ecological services is difficult and changes in the 
numbers of useful organisms are often used as a proxy for 
the level of services they provide (Isbell et al., 2011). The 
relationship, however, is not necessarily straightforward, 
with additional, controversial aspects linked to sampling, 
rarity, intra-guild relationships and the selection of reliable 
indicators (Hilty & Merenlender, 2000). Considering the 
environmental and economic importance of the well-being 
of ecosystem services for humans, it is important to iden-
tify and accurately measure ecosystem services (Layke et 
al., 2012; Liss et al., 2013).
Predation

Predation by natural enemies is one of the ecological ser-
vices (de Groot et al., 2002), and changes in the composi-
tion and density of natural enemy groups (usually restrict-
ed to one or a few taxonomic categories) in response to 
urbanisation are numerous (Magura et al., 2010). However, 

assessing changes in the ecological function of pest control 
by natural enemies is neither common nor easy. Attacks by 
predators on invertebrate prey are usually cryptic and rare-
ly leave any evidence, making its quantification difficult. 
Visual observation may be complicated, and even when 
possible, the presence of the observer may affect the activ-
ity of the predators. When other methods are used, such as 
examination of gut contents, or radioactive labelling of the 
prey, distinguishing between “real” predation and scaveng-
ing or secondary predation is difficult or impossible; the 
spread of the radioactive label may also be related to non-
predatory events (Kidd & Jervis, 2007). One way of meas-
uring predation intensity is to use sentinel prey (O’Neal et 
al., 2005), which relies on placing prey items in a habitat, 
and infers predation pressure from their rate of disappear-
ance. Suitable prey are the immobile stages of insects such 
as eggs (Wilson et al., 2004) or pupae (Rowe et al., 2013), 
or immobilised insects (e.g. aphids glued on a card, Öst-
man et al., 2001). The disadvantage of this method is that 
the prey usually disappears and the identity of the predator 
is rarely discernible. Dummy prey can also be used, which 
is not removed and the marks of the attempted predation 
can be used to identify the predator (Howe et al., 2009). 
While it is not usually possible to quantify predation inten-
sity in this way (Brodie, 1993), it is useful for comparing 
predation pressure in various habitats (Howe et al., 2009). 
Studies often indicate a high predation pressure, especially 
in tropical habitats (Loiselle & Farji-Brener, 2002; Posa 
et al., 2007; Howe et al., 2009), but there are few records 
from the temperate regions; published studies using dum-
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eyespots (Hossie & Sherratt, 2012). The 115 baits per sampling 
occasion were fixed to a suitable substrate lying on the ground 
(i.e. a dead leaf or dry branch) using super glue, exposed for 
24 h, after which they were examined in the field using a hand-
held magnifying glass (12 ×). Chewing insects left characteristic 
mandible marks, ants numerous fine mandible marks, and small 
mammals their tooth marks (Fig. 1). Birds left characteristic beak 
marks (not illustrated). These marks were usually recognisable 
in the field, but in case of doubt, additional inspection was made 
in the laboratory using a stereomicroscope (Leica MS5, 0.63–4 × 
magnification).

Data analysis
The study period was divided into three seasons (spring, sum-

mer and autumn) following the “quartile method” by Fazekas et 
al. (1997). The number of caterpillars collected in each season 
was comparable (491, 456 and 451, respectively). When a cat-
erpillar was bitten by more than one type of predator, it was in-
cluded as two independent predation events. Multiple marks by 
the same type of predator were categorised as a single predation 
event. A few (n = 28, 2.0%) caterpillars were lost; we were un-
able to identify the predator in 1.9% of the attacks. Due to their 
low values, data on predation by birds and unknown predators (n 
= 30) were not analysed as a separate category, resulting in the 
1368 caterpillars included in the analysis. We tested the probabil-
ity of survival along the urbanisation gradient using the site as a 
random component in a generalized linear mixed model, calcu-
lated using the package “lme4” in R version 3.0.2 (R Core Team, 
2013). As the random component did not affect the model, we re-
duced and adapted it to a logistic regression with “binomial” error 
distribution (link = logit). Subsequently we checked if outliers or 
collinearity affected the model using the package “car”. Graphs 
were made using the “lattice” package (Sarkar, 2008).

Results

General results
Of the 1398 artificial caterpillars, 50% were attacked by 

predators. Chewing insects other than ants were responsi-
ble for 26.8% of the attacks on the artificial caterpillars. 
The other main predators were small mammals (with an 

my prey usually focus on predation by birds (e.g. Mäntylä 
et al., 2008).
Aims

Urbanisation affects the diversity and density of vari-
ous groups of predators, including birds (Chace & Walsh, 
2006), ground beetles (Magura et al., 2010) and spiders 
(Alaruikka et al., 2002; Horvath et al., 2012). However, 
it can only be speculated what the consequences of these 
structural changes on ecological functioning might be. In 
order to better understand the consequences of increas-
ing urbanisation on the natural incidence of predation by 
ground active predators, we used the dummy caterpillar 
method (Howe et al., 2009) along an urbanisation gradi-
ent in Denmark. As natural habitats may offer better condi-
tions (i.e. favourable temperature regimes, natural refuges) 
for predators we tested the hypothesis that the incidence 
of predation will diminish along a gradient of increasing 
urbanisation, with the highest rates recorded in forest, and 
lowest in patches of forest in urban parks, which corre-
sponds to Gray’s increasing disturbance hypothesis (Gray, 
1989). 

Material and Methods

Study area
Our study area was in and around the city of Sorø (55°26´N; 

11°34´E; UTM: PG64), 80 km south-west of Copenhagen (Zea-
land, Denmark), along an urbanisation gradient selected according 
to the Globenet protocol (Elek & Lövei, 2005). The urbanisation 
gradient included rural, suburban and urban areas, each of which 
originated from a primary forest of beech (Fagus sylvatica) and 
was characterized by an increasing built-up area (0%-20%-40%) 
but no difference in soil characteristics (Howe & Engaard, 2006). 
The rural area (160 ha) was ca. 3 km west of the town centre, bor-
dered by Lake Sorø and almost completely dominated by beech, 
that persisted, although gradually decreasing in abundance in the 
other habitats. Small patches of pine (Pinus sylvestris) and other 
deciduous trees occurred near the forest roads. The seasonal un-
derstory of herbaceous plants consisted of Anemone silvestris, A. 
ranunculoides, and Leucojum vernum. The suburban area (30 ha) 
was originally a wet forest area, now under forestry management, 
and close to an old cemetery. The urban area (25 ha), located 4 
km from the suburban area, was an isolated park adjacent to the 
lake visited by many people during the year. Here the incidence 
of beech was lower; other trees, mostly yew (Taxus baccata) and 
silver lime (Tilia argentea) were more common. In each stage of 
the gradient, we selected four sites, each at ≥ 50 m from the next, 
which were further subdivided into two patches, 20 m apart. A 
prey patch had five individual caterpillars placed 5 m apart, which 
amounts to a total of 115 caterpillars per sampling occasion (the 
only exception was one site in the urban forest fragment, which 
had only one prey patch instead of two) and 1426 caterpillars 
during the course of this experiment. This was repeated thirteen 
times at approximately fortnightly intervals from the end of April 
until the end of October 2010. 

The dummy caterpillar method
The artificial caterpillars were made of light green plasticine 

(Smeedi plus, V. nr. 776609, Denmark), using a modified garlic 
press, which produced a cylindrical shape (Howe et al., 2009), 
but 15 mm long and 3 mm thick as used by Tvardikova & No-
votny (2012). Green colour was chosen because predators react 
to aposematic warning colouration or defensive signals, such as 

Fig. 1. Marks made by different predators on artificial caterpil-
lars: “a” and “b” – chewing insects, “c” – ants, “d”  – mammal. 
The pictures “a”, “b” and “c” were taken using a digital colour 
microscope camera Leica DFC450 and “d” a Canon Ixus 60 cam-
era.
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overall “predation rate” of 12.1%), ants (10.5%), and birds 
(0.43%).
Predation along the urbanisation gradient

There were different incidences in the predation of the 
artificial caterpillars by the different predators in the differ-
ent stages of urbanisation (Fig. 2). In the forest, the cater-
pillars were mostly attacked by chewing insects (52.1%); 
ants (4.7%) and small mammals (4.9%) had a low rate of 
attack. In the fragments of forest in suburban areas the 
most common marks found belonged to small mammals 
(22.2%), followed by ants (11.3%), and chewing insects 
(10.1%). In the patches of forest in urban parks, marks in-
flicted by ants (16.4%) and chewing insects (16.4%) were 
more common than those made by small mammals (8.1%). 
The seasonal incidence of predation by each of the preda-
tors in these different habitats differed (Fig. 3). The inci-
dence of predation by chewing insects in the forest habitats 
increased from spring to autumn. That of small mammals 
in the suburban area was highest in summer, followed by 
a decline during autumn, and that of ants in the urban area 
highest in spring, after which it gradually declined. The 
level of urbanisation affected the probability of being at-
tacked. Caterpillars were significantly more likely to be 
attacked in the forest than in either of the two other stages 
of urbanisation (odds ratio = 2.19, 95% CI = 1.92–2.46 
and odds ratio = 1.93, 95% CI = 1.68–2.18, respectively, 

p < 0.001 for both). There was no significant difference in 
predation pressure between the suburban vs. urban areas. 
The stage of urbanisation and season had a significant ef-
fect on caterpillar “survival” (Table 1), with higher values 
recorded in urban and suburban areas than in forest (value 
= 0.801, p = 0.000 and value = 0.670, p = 0.000, respec-
tively).
Predation during the season

When the stage of urbanisation was not taken into con-
sideration, the incidence of predation by each of the main 
types of predator varied little from spring to autumn (Fig. 
4). Marks made by ants and mammals were usually more 
frequently recorded during spring and summer than in au-
tumn, while for chewing insects, the frequency was higher 

Fig. 2. Percentage predation recorded for the three main preda-
tor groups (ants, chewing insects, mammals) along an urbanisa-
tion gradient at Sorø, Denmark, 2010.

Fig. 3. Percentage predation recorded for the three main preda-
tor groups (ants, chewing insects, mammals) along an urbanisa-
tion gradient in three seasons at Sorø, Denmark, during 2010. 
The seasons are indicated on the horizontal axes and urbanisation 
stage inside each box. 

Table 1. The effect of the level of urbanisation on the inci-
dence of “predation” on artificial caterpillars at Sorø, Denmark, 
during spring-autumn of 2010, analysed using a generalized lin-
ear model. Incidence of predation in the forest and during autumn 
served as bases for comparison.

Value S.E. Z value Significance
(Intercept) –0.315 0.121 –2.596 0.009
Suburban 0.670 0.131 5.104 0.000
Urban 0.801 0.137 5.848 0.000
Spring 0.225 0.134 1.682 0.093
Summer –0.481 0.136 –3.536 0.000

Fig. 4. Percentage predation recorded for the three main preda-
tor groups (ants, chewing insects, mammals) in the three seasons 
studied at Sorø, Denmark, 2010.
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in summer and autumn than spring (Table 2). However, 
when the stage of urbanisation was considered, the inci-
dence of predation by the different predators during the 
year differed (Fig. 3). Survival was significantly affected 
by season, being lowest in summer (value = –0.481, p = 
0.000) and slightly higher in spring (value = 0.225, p = 
0.093) than in autumn.

Discussion

Although there are records in the literature of the inci-
dence of predation at ground level in a temperate region 
(Sipos et al., 2012), there is no information on the inci-
dence of predation by different guilds of predators. Most 
of the studies carried out in the northern hemisphere using 
dummy prey have focused on predation by birds, with some 
studying defensive mechanisms such as countershading 
(Speed et al., 2005; Rowland et al., 2007). In our study we 
did not focus on any particular predator, but exploited the 
characteristic signs left by different predators in the malle-
able surface of the artificial caterpillars. The most common 
marks were those made by ground-active insects, ants and 
small mammals. The highest incidence of predation was 
by ground-active insects, as is recorded in other studies us-
ing artificial caterpillars (Faveri et al., 2008; Howe et al., 
2009; Tvardikova & Novotny, 2012). We believe that most 
of the chewing insect bites were made by ground beetles 
(Carabidae), the most common predators in the area (Elek 
& Lövei, 2007). There were remarkably few attacks by 
birds, which are commonly recorded in tropical areas (Loi-
selle & Farji-Brener, 2002; Howe et al., 2009). However, 
these studies, although using artificial caterpillars, were 
carried out in different habitats using different arrange-
ments (artificial caterpillars were fixed to leaves and not 
on the ground), and therefore differences in the incidence 
of predation may reflect different hunting strategies (Mar-
tin, 1987). Nevertheless, in our study, risk of predation was 
generally high, and this may have influenced habitat selec-
tion by potential prey. It is unknown whether potential prey 
can assess this risk and whether it influences their behav-

iour. We expected that due to the many different predators 
in forest areas, the highest incidence of predation would be 
recorded there, but this prediction was only partially sup-
ported. We found differences in the incidence of predation 
along the urbanisation gradient. In particular, the incidence 
of predation by ants and mammals was lowest in forest, 
despite the lower anthropogenic disturbance there, indi-
cating that some predators may be favoured by human ac-
tivities. However, like the trend in diversity and density of 
different taxonomical groups along urbanisation gradients 
(Magura et al., 2008), the effects of human disturbance on 
the incidence of predation may be related to the feeding or 
habitat preference of the guilds of predators studied. We re-
corded considerable differences in the incidence of preda-
tion when both season and stage of urbanisation were con-
sidered. This may indicate that abiotic factors differently 
influence the ecological services recorded in the different 
stages of urbanisation. Judged by the incidence of preda-
tion, suburban areas were favoured by small mammals in 
all the seasons studied. The same was true for chewing in-
sects in forest and ants in urban areas, with the exception of 
spring and autumn, respectively. While the method is easy 
to use and useful in several situations (Howe et al., 2009), 
further refinements are needed. It is important to determine 
the optimal placement of the sentinel prey, and enlarge the 
catalogue of the different marks to identify a larger number 
of potential predators. For measuring ecological services in 
habitats subject to anthropogenic effects, it is important to 
control and quantify the conditions and intensity of these 
processes when assessing the effects of humans on non-
human city dwellers, and develop countermeasures to pre-
serve the irreplaceable services provided by biodiversity.
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Table 2. The number of artificial caterpillars attacked along the urbanisation gradient in three seasons by each category of predator: 
“ants”, “ground-active insects” and “small mammals”. Note that if an artificial caterpillar was attacked by more than one type of preda-
tor, it was counted in both categories.

Habitat/season
The number of artificial caterpillars attacked by No. of “unhurt”

artificial caterpillars
Total number of artificial 

caterpillars exposedAnts Ground-active insects Small mammals
Forest 23 256 24 199 491
Spring 11 51 7 104 173
Summer 8 89 5 64 166
Autumn 4 116 12 31 163
Suburban 55 49 108 276 486
Spring 25 14 38 96 173
Summer 24 19 48 67 158
Autumn 6 16 22 113 157
Urban 69 69 36 252 421
Spring 32 10 14 91 147
Summer 33 33 14 62 142
Autumn 4 26 8 99 137
Grand Total 147 374 168 727 1398
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