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herbivore-rich trees also through olfactory detection of vol-
atile organic compounds (VOCs; Amo et   al. 2013). Th is 
is a relevant results since insectivorous birds are thought 
to be even more readily benefi cial than insects to plants 
since avian predators can respond quickly and can consid-
erably reduce herbivore load or damage to plants (Van Bael 
et   al. 2003). However, birds can also play a role of possible 
potential intraguild predators because they can feed on 
various predatory arthropods and ants (Mooney 2007). 

 Ants are recognized as another important predator of 
herbivorous insect in many ecosystems, tropical forests par-
ticularly (H ö lldobler and Wilson 1990). Th eir recruitment 
by herbivore damage-induced plant volatiles (HIPVs) is 
known to increase rapidly following an attack by herbivo-
rous insects on a host plant (Agrawal 1998). Th ese examples 
involved ants that had obligate relationships with their host 
plants and were thus more eff ective protectors than more 
common, opportunistic ants having facultative mutualistic 
relationships with plants (Heil and McKey 2003). 

 Both insectivorous birds and ants are important preda-
tors in most terrestrial communities, and the overall preda-
tion of caterpillars is determined to a large extent by their 
combined eff ects (Mooney 2007). Yet the strength of trophic 
cascades between plants, herbivores and with ants or birds 
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  Parasitic and predatory arthropods and insectivorous birds 
are among natural enemies of the herbivorous insect which 
can prevent plants from being severely damaged by herbi-
vores. Recent studies show that plants suff ering from an 
attack by herbivores can actively reduce the number of 
herbivorous insects by attracting predators; this phenom-
enon, known as  ‘ plants crying for help ’ , is due to a tri-
trophic interaction, in which the damaged plants are more 
attractive for natural enemies of herbivores. Th ere is some 
evidence that predators have evolved to fi nd their prey by 
detecting the herbivores or by detecting the signals that the 
infested plant emits. 

 Such a response has been documented for caterpillars 
and their parasitic wasps (Klemola et   al. 2012). Th ere are 
also reports on the increased attraction of predatory nema-
todes (Rasmann et   al. 2005), mites (Takabayashi and Dicke 
1996), fl ies (Hulcr et   al. 2005), true bugs (Mochizuki 
and Yano 2007) and thrips (Shimoda et   al. 1997) to plants 
suff ering from herbivory. 

 Behavioural experiments showed that birds could use 
visible feeding marks on plant leaves and changes in refl ec-
tance as cues to fi nd insect herbivores (M ä ntyl ä  et   al. 2004, 
2008a, Boege and Marquis 2006, M ü ller et   al. 2006). More 
recent work then showed that birds could discriminate 
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 Signals given off  by plants to alert predators to herbivore attack may provide exciting examples of coevolution among 
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as predators can be quite variable both within (Mooney 
and Linhart 2006) and among communities (Shurin et   al. 
2002). Th e predation pressure experienced by a herbivore 
is thus a combined result of the local abundance of 
predators and their preferences for particular herbi-
vores and/or their particular host plants (Perfecto and 
Vandermeer 1996, Richards and Coley 2007). 

 Th e elevational diversity and abundance gradient is 
one of the most striking biogeographic patterns on Earth 
(Rahbek 1995), and the role of multitrophic biotic inter-
actions is a pervasive theme in eff orts to understand these 
elevational gradients (Schemske et   al. 2009). Elevational 
trends in predation pressure are poorly known in the trop-
ics since most of the studies have focused on lowland forest 
(Novotny and Basset 2005), and relatively few studies have 
investigated biotic interactions along the entire elevational 
gradient (Schemske et   al. 2009). Only few studies describe 
how predators, prey, and their interactions vary with eleva-
tion (Samson et   al. 1997, Rodr í guez-Casta ñ eda 2012, 
Tvardikova and Novotny 2012). Th erefore, parallel studies 
about predator diversity and abundance are needed to obtain 
clear evidence about the predation pressure that herbivores 
may experience. 

 Here we use artifi cial caterpillars exposed on plants across 
a complete tropical elevational gradient (200 – 3700 m a.s.l.) 
in Papua New Guinea to investigate predation pressure 
by two key predatory groups, ants and birds, and study 
their response to 1) simulated herbivory on tropical trees, 
2) elevation, and 3) abundance of ants and birds in the 
studied forests. 

 To our knowledge, predation rate by ants or birds has 
not been studied along a comparable elevational gradient in 
the tropics. In a previous study, we observed that the fre-
quency of bird attacks on artifi cial caterpillars in lowlands 
(200 m a.s.l.) was lower than at higher elevation (1700 m 
a.s.l.) while ants caused more attacks in lowlands than at 
higher elevations (Tvardikova and Novotny 2012). Ants are 
generally thermophilic, and their diversity rapidly decreases 
with increasing distance from the equator and with increas-
ing elevation (Samson et   al. 1997). On the other hand, 
homoeothermic birds do not show such rapid decrease in 
diversity and abundance towards higher elevations (McCain 
2009). Th is means that they could become key predator at 
the higher elevations, where ants are less abundant; however, 
we need replicated studies of predation rates across long or 
preferably complete elevational tropical gradients to test this 
hypothesis. 

 Direct studies of predation rates are scarce, particularly 
in comparison to the studies of herbivory or parasitism, 
because predation is a momentary event that is particularly 
diffi  cult to observe in tropical forests. Th erefore, preda-
tion has also been documented by stomach content analy-
sis, using both morphological and molecular methods of 
analysis (Symons and Beccaloni 1999). Alternatively, pre-
dation pressure can be estimated from attack rates on baits, 
such as tuna baits for ant predation, or artifi cial caterpillars 
for bird predation (Posa et   al. 2007, Howe et   al. 2009). 
However, it should be kept in mind that such methods do 
not measure the abundance of many predatory ant species 
which a) do not recruit nestmates and b) are not attracted 
to dead matter.   

 Material and methods 

 Our study was performed along an elevational transect on the 
slopes of Mt Wilhelm (4509 m a.s.l.) in the Central Range 
of the Papua New Guinea. Th e complete tropical elevational 
gradient spanned from the lowland fl oodplains of the Ramu 
River (200 m a.s.l., 05 ° 44 ′ S, 145 ° 20 ′ E) to the timberline 
(3700 m a.s.l., 05 ° 47 ′ S, 145 ° 03 ′ E). Th e transect comprised 
eight study sites, starting from 200 m a.s.l. and evenly spaced 
at 500 m elevational increments. Th e experiments were 
conducted throughout the wet season (20 April – 20 June 
2012  –  successively at sites 3700, 3200, 2700, 2200, 
200 m a.s.l.  –  and 15 September – 15 October 2012  –  succes-
sively at sites 1700, 1200, 700 m a.s.l.) to eliminate possible 
changes in rainfall regime that can aff ect biotic interactions 
(Connahs et   al. 2011). 

 Prior to the experiment, we selected 30 experimental trees 
from 2 – 3 locally common species at each elevation (listed in 
Supplementary material Appendix 1, Table A1), which had 
at least 30 accessible saplings with leaves between 2.5 and 
4 m above ground. Selected species did not produce any 
exudate, sugar droplets, had similar leaf size, did not have 
any ant nests, and were growing new leaves, largely without 
herbivore damage. All selected saplings had also similar size 
and leaf density. We used either 10 saplings from each of 
three species, or 15 saplings from two species at each eleva-
tion. We tried to fi nd trees with low herbivory damage on 
old leaves, and avoided trees with damage on young leaves. 

 We used artifi cial caterpillars exposed on the study trees 
to monitor attacks by natural enemies. Caterpillars were 
made from natural-looking dark green colour modelling 
clay (Koh-I-Noor Hardtmuth, Ceske Budejovice, Czech 
Republic), which is malleable, oil-based and non-toxic. 
We modelled artifi cial caterpillars by pressing the plasti-
cine through a syringe to ensure that each caterpillar had 
an absolutely smooth surface. Artifi cial caterpillars were 
15 mm long and 3 mm in diameter, matching in body size 
locally common crambid and tortricid caterpillars, and also 
matching the median caterpillar size in the entire caterpillar 
community (Novotny and Basset 1999), as well as the size 
of caterpillar most commonly taken by birds (Tvardikova 
2013). Th is method has been successfully used in previous 
studies (Posa et   al. 2007, Richards and Coley 2007, Remmel 
et   al. 2011, Tvardikova and Novotny 2012). 

 Each experiment was conducted along a single 2250 m 
long transect at each study site. Th irty sampling points, rep-
resented by individual trees, were spaced at approximately 
75 m intervals along transect. Th is spacing ensured that 
the experimental trees could be considered independent, as 
the transmission of VOCs between two plants requires air 
contact of up to 60 cm in fi eld conditions (Karban 2007). 
Ten artifi cial caterpillars were randomly (between inner and 
outer leaves) placed on each tree, between 2.5 and 4 m above 
the ground. Artifi cial caterpillars were pinned on the distal 
half of young leaves such that the head of pin was hidden in 
modelling clay and going through the leaf. Actual caterpil-
lars present on sapling were removed from the trees prior to 
experiment so they did not bias the herbivore density. We 
exposed about two caterpillars per m 2  of leaf area at each 
elevation, which are natural densities of live caterpillars con-
stant across all studied sites (Novotny unpubl.). A subset of 
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leaves on every second experimental tree were cut by scissors 
so that 5% of original leaf area was damaged and removed, 
simulating herbivory. Th e damage by scissors (simulating 
herbivory feeding pattern) was repeated daily (resulting 
in 5% of leaf area removed every 24 h from each tree) to 
ensure that potential attraction of leaf damage to preda-
tors remained constant for the duration of experiment. Th e 
overall experimental damage to leaves was thus increasing 
from 5 to 25% of leaf area in the course of the experiment. 
Previous studies showed that only fresh leaf damage attracted 
ants (Karban 2007). Leaves for experimental herbivory were 
randomly selected from the entire sapling. 

 We exposed 10 artifi cial caterpillars per tree, i.e. a total of 
300 caterpillars along the transect at each study site, of which 
150 placed on trees with artifi cial herbivory damage and 150 
on undamaged trees. Each caterpillar was inspected (by fi rst 
two authors and one fi eld assistant who had previous experi-
ence with the method, and access to photo reference collec-
tion) at 24-h intervals for fi ve consecutive days and carefully 
examined for characteristic attack marks (Supplementary 
material Appendix 1, Fig. A3 – A4; Tvardikova and Novotny 
2012, see also  � tvardikova.weebly.com/downloads �  for 
attack mark collection obtained by off ering the caterpillars to 
potential predators captured along the gradient). Probationary 
blind test showed, that authors and assistants correctly iden-
tifi ed 94% attack marks at coarse level (bird, arthropod and 
mammal) and 80% arthropod attack marks at more precise 
level (ant, wasp, other arthropod; Supplementary material 
Appendix 1, Fig. A5). 

 Caterpillars attacked by two diff erent predators (n    �    23) 
in same day were treated as two independently attacked cat-
erpillars. Missing caterpillars were excluded from the analyses 
as their status could not be ascertained. All missing caterpil-
lars and caterpillars with marks of attack were replaced by 
new ones, pinned to approximately the same locations (Posa 
et   al. 2007, Howe et   al. 2009). Th e caterpillars were not 
pinned to exactly the same place to decrease the chance that 
ants/birds learn to avoid an inedible larva.  

 Bird sampling 

 We surveyed bird communities by two types of census at 
each elevation  –  point counts and mist-netting. Point counts 
(15 min/point) were carried out at 16 points regularly spaced 
along the 2250 m long transect between 5:45 to 11:00 am. 
We conducted fi ve point-count surveys during the dura-
tion of experiment with caterpillars. Further, we mist-netted 
birds into a 200 m long line of nets for 3 d (using nets 2.5 m 
high    �    12 – 18 m long, mesh 16 mm) from 5:30 am to 5:30 
pm daily, with regular checks every 20 min. We classifi ed all 
recorded species into feeding guilds and strategies, and used 
the number of insectivorous species occurring in understory 
and mid-story at each elevation for the analysis. 

 We recorded 33 639 bird individuals of 238 bird species 
across eight elevational sites on the slope of Mt Wilhelm. 
Altogether, 236 species and 25 240 individuals were recorded 
during point-counts, 1354 individuals of 105 species were 
mist-netted. In total, 118 bird species was identifi ed as 
insectivorous, and their species richness showed a plateau 
between 200 and 1700 m a.s.l. (50 – 46 bird species) and 

then decreased to 18 insectivorous bird species at the tree 
line (3700 m a.s.l.). Th e most common insectivorous bird 
species were grey-streaked honeyeater  Ptiloprora perstriata  
(811 records, 2200 – 3700 m a.s.l.), large scrubwren  Sericornis 
nouhuysi  (759 records, 1700 – 3700 m a.s.l.), friendly fantail 
 Rhipidura albolimbata  (716 records, 1700 – 3700 m a.s.l.), 
buff -faced scrubwren  Sericornis perspicillatus  (594 records, 
1700 – 2700 m a.s.l.), mountain mouse-warbler  Crateroscelis 
robusta  (573 records, 1200 – 3700 m a.s.l.). See Tvardikova 
(2013) for further details.   

 Ant sampling 

 We surveyed ant communities occurring on experimental 
trees by observation and hand collection, as well as using 
tuna baits. Observation of ant activity was performed prior 
to the exposure of caterpillars. Th e trunk of each tree was 
examined for 10 min, all foraging ant individuals were 
counted and voucher specimens were taken for identifi ca-
tion. Commercial canned tuna was used in baits, which is a 
standard method in the studies of foraging ant communities. 
One tea spoon of tuna was placed as bait under a stripe of 
gauze at breast height at each experimental tree. Baits were 
inspected one and three hours following their exposure. All 
ants present were counted and voucher specimens for each 
species were collected without disturbing the remaining 
ants. We used a combination of two methods, to eliminate 
for known fact, that not all ant species are attracted to bait 
(V é le et   al. 2009). Results of another two studies conducted 
at the same sites were used to discuss accuracy of our results 
(T. Fayle  –  pitfall traps, tuna baits, M. Leponce  –  canopy 
baits, beating; pers. comm.).   

 Statistical analyses 

 Th e data across fi ve experimental days were lumped together 
because daily number of attack was low and did not dif-
fer between days (Kruskal – Wallis, H4    �    7.05, p    �    0.13, 
n    �    150  –  H 4     �    9.26, p    �    0.06, n    �    150). Prior to analyses, 
we excluded all unidentifi ed attack attempts (1%) and lost 
caterpillars (2%) from the analysis. Th e eff ect of elevation and 
herbivory on the incidence of attacks was tested by ANOVA 
with nested design and two within-category eff ects. All 30 
sampling trees were nested in each of the eight experimen-
tal sites. Percentages of caterpillars attacked at each sampling 
tree were arcsine transformed to meet conditions of normal-
ity. Presence or absence of herbivory was used as the fi rst 
within-sampling eff ect and the type of predator (birds, ants, 
wasps or other insect) as the second within-sampling eff ect. 
Tukey post hoc tests were performed to inspect diff erences 
between elevational sites and predator taxa. Further, numbers 
of caterpillars attacked by various predators were regressed 
against the abundances of predators or their species richness. 
All analyzes were conducted in Statistica 9 (StatSoft 2010).    

 Results 

 We exposed a total of 2400 caterpillars for fi ve days, result-
ing in 12 000 caterpillar-days of exposure, during which we 
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individuals recorded at each site (R 2     �    0.78, F 1,6    �     21.63, 
p    �    0.003, n    �    8; Fig. 3). Number of attacks on caterpil-
lars on control trees was dependent on the number of 
bird species (R 2     �    0.63, F 1,6    �     10.14, p    �    0.01, n    �    8) but 
not with the number of bird individuals (R 2     �    0.47 F 1,6    �       
5.41, p    �    0.06, n    �    8). Birds attacked relatively more cat-
erpillars compared to ants only at elevations above 1700 m 

identifi ed 1790 attack attempts. Number of attack attempts 
for trees with herbivory was generally higher (median    �    5) 
than on trees without herbivory (median    �    3) across the 
whole gradient. Mean predation along the whole gradient 
was 10    �    SE 0.8% d  � 1 . 

 Th e percentage of attacked caterpillars was signifi cantly 
higher (eff ect of elevation, Table 1) in the lowland for-
ests (14.3    �    SE 5.4% d  � 1  of all attacks at 200 m a.s.l. and 
16.6    �    SE 4.3% d  – 1  at 700 m a.s.l.), and decreased with 
elevation towards 1.8    �    SE 1.1% d  � 1  at 3700 m a.s.l.. Th is 
pattern was observed for both trees with and without her-
bivory (Fig. 1). In total, trees damaged by herbivory had 
signifi cantly more attacked caterpillars (eff ect of herbivory, 
11.4    �    SE 1.2% d  � 1 ; Table 1) than trees without herbivory 
(8.9    �    SE 1.3% d  � 1 ; Fig. 1). Th is pattern did not change 
across the gradient (interaction herbivory and elevation, 
Table 1). However, the number of attacks on trees with her-
bivory was signifi cantly higher on trees without herbivory at 
only the fi ve lower elevations (200, 700, 1200, 2200 m a.s.l.; 
Fig. 1), but not at the higher elevations. 

 Th e majority of all recorded attacks on caterpillars were 
made by birds (52%), and ants (38% of recorded attacks). 
Attacks of birds and ants showed signifi cant results (Fig. 2), 
and drove observed patterns. Th e attacks by other predators 
(wasps    �    4%, all other insect    �    6%) were low. Neither eleva-
tion (Tukey post-hoc test results for other insect: p    �    0.304, 
wasps: p    �    0.06) nor herbivory (other insect: p    �    0.51, 
wasp: p    �    0.08) had signifi cant eff ect on the number of their 
attacks. Both ants and birds attacked caterpillars exposed 
on trees with artifi cial herbivory damage signifi cantly more 
than caterpillars exposed on trees without damage (results of 
Tukey post-hoc tests for birds and ants; Fig. 2). Caterpillars 
on trees with herbivory damage across all elevations were 
attacked more by ants than by birds (ANOVA; ants: 
SS    �    175.98, F    �    12.027, p    �    0.001; birds: SS    �    32.46, 
F    �    7.31, p    �    0.007; Fig. 2). 

 Birds attacked the highest number of caterpillars at 700 
m a.s.l. when predation on both the control trees and her-
bivory trees was summed, and also only when herbivory trees 
were considered. Th e predation rate of birds was dependent 
on number of insectivorous bird species (R 2     �    0.82, F 1,6    �       
28.62, p    �    0.002, n    �    8) and abundances of insectivorous 
birds recorded (R 2     �    0.78, F 1,6    �     21.36, p    �    0.003, n    �    8; 
Supplementary material Appendix 1, Fig. A2). Th e number 
of attacks on caterpillars exposed on leaves with herbivory 
was signifi cantly dependent on the number of bird spe-
cies (R 2     �    0.80, F 1,6    �     24.39, p    �    0.002, n    �    8) and bird 

  Table 1. Effects of elevation (8 sites, 200 – 3700 m a.s.l., 500 m eleva-
tional increment), and herbivory (present or absent), and predator 
(bird, ant, wasp, other insect) on the incidences of attack on cater-
pillars. Repeated-measures ANOVA with two within effects.  

SS DF MS F p

Elevation 5.06 7 0.72 100.36  �    0.001
Herbivory 0.41 1 0.41 61.11  �    0.001
Herbivory  �  Elevation 0.11 7 0.01 1.39 0.085
Predator 5.45 3 1.81 284.55  �    0.001
Predator  �  Elevation 3.58 21 0.17 26.68  �    0.001
Herbivory  �  Predator 0.06 3 0.02 3.87 0.009
Herbivory  �  

Predator  �  Elevation
0.28 21 0.01 2.32  �    0.001

  Figure 1.     Mean percentage ( �    0.95 CI) of caterpillar attacks by all 
predators during 5 d of exposition on one tree with (n    �    75) or 
without (n    �    75) simulated herbivory at each elevational site. Sites 
with signifi cantly diff erent rates of attacks between trees with and 
without herbivory are marked by asterisks ( *  *  * p    �    0.001, 
 * p    �    0.05; Tukey post-hoc test). Elevations with signifi cantly 
diff erent incidence of attack (p    �    0.05) are denoted by diff erent 
letters; capital letters    �    trees with herbivory, small letters    �    trees 
without herbivory (Tukey post-hoc test).  

  Figure 2.     Mean percentage ( �    0.95 CI) of caterpillar attacks by ants 
and birds recorded during 5 d of exposition on one tree with 
(n    �    75) or without (n    �    75) simulated herbivory. Sites with sig-
nifi cantly diff erent rates of attacks by ants and birds are marked by 
asterisks ( *  *  * p    �    0.001,  *  * p    �    0.01,  * p    �    0.05). Diff erences in the 
attack rates on caterpillars between trees with and without her-
bivory for birds: 200 m  –  p    �    0.43, 700 m  –  0.01, 1200 m  –  0.03, 
1700 m  –  0.1, 2200 m  –  0.001, 2700 m  –  0.15, 3200 m  –  0.23, 
3700 m  –  0.78, and ants: 200 m  –  0.008, 700 m  –  0.008, 1200 m 
 –  0.01, 1700 m  –  0.2, 2200 m  –  0.02, 2700 m  –  0.15, 3200 m  –  no 
variance, 3700 m  –  no variance. Results of Tukey post-hoc test from 
repeated measures ANOVA are presented.  
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daily predation rate makes caterpillars present on trees with 
herbivory much more susceptible to predation during their 
life-time. Th e trend is signifi cant both for ants and birds at 
many elevations, but the response to herbivore is particularly 
strong by ants. 

 Th e phenomenon of induced attraction of carnivorous 
arthropods by plants in response to herbivory is now well 
accepted (Takabayashi and Dicke 1996). Leaf damage may 
be a stronger inducer of ant activity than sole presence of 
herbivore (Agrawal 1998): study reports as much as a fi ve-
fold increase in ants on damaged leaves 12 min after her-
bivorous damage, and twofold increase in ants on damaged 
leaves after 24 h, compared to simple undamaged control 
leaves. Similarly, Romero and Izzo (2004) reported three 
times more ants on young leaves with damage compare to 
undamaged leaves. 

 Decreasing predation rate with elevation leads to the 
prediction of a higher incidence of anti-predatory defences, 
such as chemical or behavioural, in the lowlands, particularly 
against ants (Schmidt 1990). Th e linear relationship between 
the abundance of predators and the attack rate on caterpillars 
suggests that predator/prey ratio remains approximately con-
stant along the elevational gradient.  Š ipo š  and Kindlmann 
(2012) conclude that even with a constant predator-to-prey 
ratio, increasing vegetation complexity lower attack rate on 
prey. We agree that vegetation complexity could lower attack 
rate. However, we think that it will aff ect birds (as large, fl y-
ing animals) very diff erently from ants (as small, fl ightless 
animals). Also our result implies that the effi  ciency of preda-
tors in fi nding their prey does not change with elevation, 
despite observed decrease in vegetation complexity with 
elevation (Tvardikova 2013), or to predators that are chemi-
cally oriented to prey on short distances, despite they can be 
visually oriented to prey on larger distances. 

 Th e results of experiments with artifi cial caterpillars 
have to be interpreted with caution, as clay caterpillars 

a.s.l. (Fig. 2). In an alternative test, the missing caterpillars 
were treated as if predated by birds, but it had no signifi cant 
infl uence on the results (F 1,23998     �    0.56, p    �    0.45). 

 Ants attacked the largest number of caterpillars at lower 
elevations whilst only 4 caterpillars (0.3%) were attacked 
by ants at 2700 m a.s.l. during whole experiment. No ant 
attacks were observed at 3200 and 3700 m a.s.l. Th e num-
ber of caterpillars attacked by ants was signifi cantly depen-
dent on number of trees infested by ants at each elevation 
(direct observations R 2     �    0.91, F 1,6     �    64.95, p    �    0.001, 
n    �    8; exposition of tuna baits for three hours R 2     �    0.94, 
F 1,6     �    113.68, p    �    0.001, n    �    8; Fig. 4). 

 Th e caterpillar attacks by ants was also signifi cantly 
dependent on the number of ant individuals sampled 
from those trees (observed or present on tuna baits) but 
explained low proportion of variability in caterpillar 
attacks (observations R 2     �    0.63, F 1,6     �    10.34, p    �    0.038, 
n    �    8; tuna baits R 2     �    0.80, F 1,6     �    25.37, p    �    0.002, 
n    �    8; Fig. 4). Ant abundance decreased with elevation 
from 200 to 2700 m a.s.l. (tuna baits: number of trees with 
ants    �     – 0.0077    �    elevation    �    22.436, n    �    8; R 2     �    0.97; 
number of individuals    �     – 954.3ln(elevation)  �    1584.5, 
R ²     �    0.91; n    �    8).   

 Discussion 

 Our results demonstrate the importance of leaf damage as a 
signal of herbivore presence for ants and birds, the two most 
important groups of predators in tropical forests. Th e eff ect 
of herbivory is probably important along the entire eleva-
tional gradient, although the number of attacks observed 
above 2200 m a.s.l. was too low for rigorous tests. We 
reported approximately two times higher daily predation on 
trees with damaged leaves than on control trees, which cor-
responds to other studies reporting on the eff ect of herbivory 
on predation or attractiveness of predators to herbivore 
infested plant (Kessler and Baldwin 2001). Two times higher 

  Figure 3.     Th e number of trees with ants present infl uences signifi -
cantly the number of caterpillars attacked by ants during whole 
experiment (A). Th e abundance of ants on experimental trees 
measured at tuna baits on trees with and without experimental 
herbivory together did infl uence the number of attacks less 
signifi cantly (B).  

  Figure 4.     Number of caterpillars attacked by birds during the 
whole experiment correlated with number of bird individuals 
present at site. Total predation by birds    �    133.2721    �    0.0423    �    
x  –  1.9595E-5    �    x^2, on control trees    �    56.0379  –  0.0016    �   
 x  –  2.3571E-6    �    x^2, and on experimental herbivory trees    �   
 75.3329    �    0.0394    �    x  –  1.5667E-5    �    x^2 (left y-axis). Individu-
als of insectivorous birds observed    �    596.5814    �    0.4444    �    
x  –  0.0001    �    x^2 (right y-axis).  
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 We used mechanical damage to simulate herbivory on 
foliage and this may be a less effi  cient cue to predators than 
the damage done by herbivores feeding (Turlings et   al. 
1990), therefore underestimating the signifi cant eff ect of 
predators observed in this study. From the literature it is 
unclear for how long would a tree with high leaf damage 
remain attractive to predators. Bolter et   al. (1997) reported 
that wounds healed rapidly after cutting, and their attrac-
tiveness to herbivores disappeared shortly after cutting the 
leaves. In other experiments, emissions of compounds that 
attracted predators and parasitoids waned within min-
utes after mechanical clipping, but remained 1 – 3 d after 
actual chewing damage or application of insect regurgitant 
(Turlings et   al. 1995). In contrast, Karban (2007) reported 
that mechanically clipped shoots attracted predators for 
up to 6 d following clipping. In order to compensate for 
lower effi  ciency of mechanical damage, we decided to 
repeat it daily during our experiments. We expected that 
response to damage is systemic, and undamaged leaves of 
injured plants also emit terpenoids based signals (Turlings 
and Tumlinson 1992). Future studies of how ants respond 
to VOCs released by damaged plants across elevation are 
needed to understand what infl uences predation by ants 
across elevation. 

 It is worth noting that a daily mortality rate of 1, 5 and 
20% over the 3-weeks caterpillar lifespan would produce 
overall mortality of respectively 19, 66 and 99%. However, 
such extrapolations and conclusions should be taken dis-
cretely, as a natural caterpillar would probably have chemi-
cal or mechanical (hairs) defence, it could hide or change 
its movement behaviour. We assume that the predation 
rate observed in this study is plausible since it corresponds 
to what is available from the literature in both temper-
ate climate in Kentucky, USA (78%; Choate and Rieske 
2005) and in tropics in Campinas, Sao Paulo, Brazil (68%; 
Gomes-Filho 2003). Further, even if our experiments using 
models of caterpillars did not provide an estimate of natural 
predation rates, the relative number of predation incidents 
should be comparable among habitats (Howe et   al. 2009) 
for individual species of generalist predators. 

 Schwenk et   al. (2010) did not fi nd any eff ect of eleva-
tion on bird predation of arthropods between 290 and 780 
m a.s.l. in White Mountains of New Hampshire, while we 
found higher predation rate at 1700 m than at 200 m a.s.l. 
in Papua New Guinea (Tvardikova and Novotny 2012). Th is 
was consistent with the pattern observed in the present study, 
where the highest predation by birds was in mid-elevations 
(700 – 1700 m a.s.l.). Th e higher abundances of insectivorous 
birds in mid-elevations, and the relatively gradual decrease of 
their abundances have been observed in many other studies 
(McCain 2009). Th ese suggest that birds drive the predation 
rates of caterpillars at elevations, where ants are relatively 
rare (i.e. 1700 m a.s.l.; Fig. 2). Th us, relative importance of 
predation of ants is more important towards the lowland 
forests (200 – 1700 m a.s.l.) and it decreases with elevation; 
whereas bird predation becomes more important at mid-
elevations (1700 – 2700 m a.s.l.). 

 We observed a dramatic drop in abundance of ants at high 
elevations which correlated with the predation rate observed. 
Th is result substantiated previous studies which observed 
markedly reduced species richness and abundance of ants at 

provide only visual cues to their natural enemies; hence it 
does not test for predators react to defensive or deterrent 
behaviours (Gentry and Dyer 2002). Ants often attack any-
thing unusual or artifi cial in their territory (e.g. clay cat-
erpillars), and the method doesn ’ t allow us to distinguish 
the attempted predation from other attacks. It is therefore 
possible that number of attacks by ants is mainly index of 
their abundance. Further, insect feeding on plants under 
natural conditions leaves other traces that could reveal them 
to natural enemies (Gentry and Dyer 2002). Such traces 
could be visual (e.g. excrements, leaf damage) or chemical 
(i.e. plant volatiles, which could be both general and species 
specifi c; Turlings et   al. 1995). Specifi c clues could be very 
diff erent for individual natural enemies and, and likely dif-
ferent enemy taxa handle live insect prey in diff erent ways 
(H ö lldobler and Wilson 1990, Dyer 2002). Th e design of 
our study is undoubtedly biased towards generalist preda-
tors that queue out on visual and mechanical plant damage. 
Th e method we used could therefore lead to the exclusion of 
important specialist predators. 

 Overall, this method provides results that are probably 
conservative and interpretation of the results is not without 
problems. Authors of previous studies employing the same 
method stated that the number of predation incidents are 
relative (Brodie 1993) and thereby comparable among habi-
tats, provided experimental set-ups are similar (Howe et   al. 
2009). However, we should keep in mind that not only the 
interaction (bird – caterpillars, ant – caterpillar) varies along an 
elevational gradient, but also the identity of plants, birds and 
ant all change. And of course, if these were real caterpillars, 
they would change too. 

 On the other hand, several assessments have found the 
method to be a valid surrogate for real prey (Gonzalez-
Gomez et   al. 2006, Low et   al. pers. comm.). Incidence 
of attack on our artifi cial caterpillars (exposed on leaves 
with and without herbivory) per 24 h was similar to inci-
dence of attack measured on genuine exposed caterpillars 
in exclosure experiments (7.5    �    6.7%, median    �    5.8%, 
nine studies from both tropical and temperate habitats  –  
Remmel et   al. 2011; and consistent with the results from 
our previous study which used the same artifi cial caterpil-
lars  –  Tvardikova and Novotny 2012). Manipulative stud-
ies using artifi cial caterpillars recorded similar daily attack 
rates of 11.1% (Richards and Coley 2007) in a lowland 
seasonal forest in Panama, 13.7% in semi evergreen low-
land dipterocarp forest in the Philippines (Posa et   al. 2007), 
and 5.8 – 52.4% in three studies from various tropical areas 
(Remmel et   al. 2011). 

 Experimental damage on leaves in our study attracted 
ants as well as birds. Recruitment of arthropods by HIPVs 
(Agrawal 1998) as well as mechanical damage (Turlings et   al. 
1990) is well known for long time. Recent study (Amo et   al. 
2013) revealed that also birds use the volatiles to locate their 
prey. In previous experiments, birds were attracted to infested 
trees despite they could not see the herbivore-damaged leaves 
(M ä ntyl ä  et   al. 2004, 2008b, Amo et   al. 2013). In these stud-
ies trees emitted also systematic volatiles induced by caterpil-
lar herbivory. In contrast, in our study, birds were attracted 
to trees with damaged leaves obtained by a mechanical dam-
age which alone does not have to lead to emission of some 
specifi c chemicals (Turlings et   al. 1995). 
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291: 2141 – 2144.  

  Klemola, T. et   al. 2012. Larval parasitism rate increases in 
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defences?  –  Ecol. Lett. 7: 915 – 918.  

  M ä ntyl ä , E. et   al. 2008a. From plants to birds: higher avian preda-
tion rates in trees responding to insect herbivory.  –  PLoS One 
3: e2832.  

  M ä ntyl ä , E. et   al. 2008b. Low light refl ectance may explain 
the attraction of birds to defoliated trees.  –  Behav. Ecol. 19: 
325 – 330.  

  McCain, C. M. 2009. Global analysis of bird elevational diversity. 
 –  Global Ecol. Biogeogr. 18: 346 – 360.  

  Mochizuki, M. and Yano, E. 2007. Olfactory response of 
the anthocorid predatory bug  Orius sauteri  to thrips-infested 
eggplants.  –  Entomol. Exp. Appl. 123: 57 – 62.  

  Mooney, K. A. 2007. Tritrophic eff ects of birds and ants on a 
canopy food web, tree growth, and phytochemistry.  –  Ecology 
88: 2005 – 2014.  

  Mooney, K. A. and Linhart, Y. B. 2006. Contrasting cascades: 
insectivorous birds increase pine but not parasitic mistletoe 
growth.  –  J. Anim. Ecol. 75: 350 – 357.  

  M ü ller, M. S. et   al. 2006. Tri-trophic eff ects of plant defenses: 
chickadees consume caterpillars based on host leaf chemistry. 
 –  Oikos 114: 507 – 517.  

  Novotny, V. and Basset, Y. 1999. Body size and host plant spe-
cialisation: a relationship from a community of herbivorous 
insects from New Guinea.  –  J. Trop. Ecol. 15: 315 – 328.  

  Novotny, V. and Basset, Y. 2005. Host specifi city of insect herbiv-
ores in tropical forests.  –  Proc. R. Soc. B 272: 1083 – 1090.  

  Perfecto, I. and Vandermeer, J. 1996. Microclimatic changes and 
the indirect loss of ant diversity in a tropical agroecosystem. 
 –  Oecologia 108: 577 – 582.  

  Posa, M. R. C. et   al. 2007. Predation on artifi cial nests and 
caterpillar models across a disturbance gradient in Subic Bay, 
Philippines.  –  J. Trop. Ecol. 23: 27 – 33.  

  Rahbek, C. 1995. Th e elevational gradient of species richness: 
a uniform pattern?  –  Ecography 18: 200 – 205.  

  Rasmann, S. et   al. 2005. Recruitment of entomopathogenic nema-
todes by insect-damaged maize roots.  –  Nature 434: 732 – 737.  

  Remmel, T. et   al. 2011. Quantifying predation on folivorous insect 
larvae: the perspective of life-history evolution.  –  Biol. J. Linn. 
Soc. 104: 118.  

  Richards, L. A. and Coley, P. D. 2007. Seasonal and habitat diff er-
ences aff ect the impact of food and predation on herbivores: a 
comparison between gaps and understory of a tropical forest. 
 –  Oikos 116: 31 – 40.  

higher elevations (Samson et   al. 1997), most likely resulting 
in a decrease in predation pressure on herbivorous insect. 
Th e number of trees and baits occupied by ants proved to be 
better correlated with predation rates than the total abun-
dance of ants in the samples. It appeared that abundance of 
ant individuals infl uences only the number of bites into one 
caterpillar, and not the number of predated caterpillars. 

 In conclusion, our study demonstrates 1) the large 
importance of plant damage as a cue of herbivore presence 
for predators (particularly true for ants but also observed in 
birds) 2) decreasing attack rate of predators with increasing 
elevations in tropical forests, and 3) a transition in preda-
tor dominance from ants in the lowland forests to birds at 
the mid to high elevations. Further, the change in dominant 
predator group with elevation could lead to dramatic changes 
in anti-predation strategies of herbivores, and the structure 
of local food webs, along elevational gradient.              
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