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Introduction

Invasive insects have profound and lasting effects on

the food webs of recipient habitats, and how food

webs respond to the introduction of an exotic species

has important implications for the ultimate establish-

ment and integration of these invasives. One way

that resident food webs confront invasion by exotic

species is through biotic resistance, in part through

predation of the invader (Parker et al. 2006; Nunez

et al. 2008; Harwood et al. 2009). The success of an

invader depends in part on its defensive capabilities

against predation. But, predator diversity within

even the most disturbed subterranean arthropod

communities is significant (Duelli and Obrist 1998;

Downie et al. 1999; Duelli et al. 1999; Lundgren

et al. 2006, 2009b; Juen and Traugott 2007), and

predators rely differentially on a given herbivore

within these systems. Thus, a key aspect of the inva-

sion process is how predator constituents of a food

web are relatively affected by the defensive capabili-

ties of an invasive pest.
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Abstract

Defensive characteristics of organisms affect the trophic linkages within

food webs and influence the ability of invasive species to expand their

range. Diabrotica v. virgifera is one such invasive herbivore whose preda-

tor community is restricted by a larval haemolymph defence. The effec-

tiveness of this haemolymph defence against a range of predator

functional and taxonomic guilds from the recipient biota was evaluated

in a series of experiments. Eight predator species (Carabidae, Lycosidae,

Formicidae) were fed D. v. virgifera 3rd instars or equivalent-sized mag-

gots in the laboratory, and the mean times spent eating, cleaning their

mouthparts, resting and walking following attacks on each prey were

compared. Prey species were restrained in five Hungarian maize fields

for 1 h periods beginning at 09:00 and 22:00 hours. The proportion of

each species attacked and the number and identity of predators consum-

ing each prey item were recorded. All predators spent less time eating D.

v. virgifera larvae than maggots in the laboratory, and four of the eight

predator species spent more time cleaning their mouthparts. The differ-

ential responses in the predator species indicate differences in suscepti-

bility to the D. v. virgifera haemolymph defence. The predator

communities (numerically dominated by Tetramorium caespitum) in the

field showed clear diel patterns in their foraging behaviour, and D. v. vir-

gifera was consumed by fewer predators than maggots. The defence of D.

v. virgifera may partly explain how invasive insects that are exposed to

an extensive predator community overcome biotic resistance to the

invasion process.
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Haemolymph-based defence (Happ and Eisner

1961; de Jong et al. 1991; Peck 2000; Boevé and

Schaffner 2003; Müller and Arand 2007; Vleiger

et al. 2007) in an invasive insect is one physiological

factor that influences the biotic resistance to inva-

sion, and ultimately the trophic connectedness

within even endeamic food webs. These haemol-

ymph defences can act against predators by making

the prey species sticky, toxic, or distasteful (Pasteels

et al. 1983; Bowers 1992; Laurent et al. 2005).

Because of the intense predation pressure experi-

enced in soil-based food webs (Lundgren et al. 2006)

and reduced mobility of immature stages of herbivo-

rous insects (relative to the adult stage), there is

often a disproportionate number of subterranean,

herbivorous insects that possess chemical defences

against predation (Pasteels et al. 1983). One group of

insects that is particularly well known for both their

herbivorous lifestyle and their chemical haemol-

ymph-based defences are beetles in the Chrysomeli-

dae (Pasteels et al. 1982, 2004; Dettner 1987; Hilker

et al. 1992; Laurent et al. 2005). The intricacies of

how these anti-predator defences influence biotic

resistance to invasion by exotic insects remains to be

well established.

As an invasive pest of international importance,

Diabrotica virgifera virgifera LeConte (western corn

rootworm; Coleoptera: Chrysomelidae) shapes the

maize ecosystem through its consumption of maize

root systems. Recent research has revealed that pred-

ator taxonomic and feeding guilds consume D. v. vir-

gifera immatures to varying degrees under field

conditions (Lundgren et al. 2009c; Toepfer et al.

2009). In part, predation intensity is driven by the

spatio-temporal occurrences of D. virgifera and mem-

bers of its predator community (Lundgren et al.

2009b,c). But a recent discovery has shown that

D. v. virgifera larvae possess predator-repellent prop-

erties in their haemolymph (Lundgren et al. 2009a)

which are unrelated to the previously identified cu-

curbitacin-based defences discussed by Tallamy et al.

(2005). The larval defence of D. v. virgifera is based

on offensive chemistry and the haemolymph’s ten-

dency for rapid coagulation on predator mouthparts

(Lundgren et al. 2009a). Here, in addition to describ-

ing the diverse predator community present during

the day and night in Hungarian maize fields, specific

experiments were designed to (i) investigate whether

predators are differentially affected by the haemol-

ymph defence of D. v. virgifera in the laboratory, and

(ii) substantiate that D. v. virgifera are attacked less

intensively than maggots of C. vicina of equal size in

Central European maize fields, in part because the

former are defended from predation by their hae-

molymph. Thus, the current research is a first step

in addressing how the D. v. virgifera haemolymph

defences affect the strength of trophic interactions

that this pest has with its predator community

within maize agroecosystems.

Methods

Breadth of predators affected by D. v. virgifera

haemolymph defence

Eight species of field-collected predators commonly

found in European cornfields were selected; these

predators represent a range of different feeding ecol-

ogies and natural histories present in the habitats of

D. v. virgifera larvae. Chewing predators with differ-

ent dietary specializations included Carabus monilis

Fabricius (Carabidae), Harpalus pensylvanicus (DeG-

eer) (Carabidae), Harpalus rufipes (DeGeer) (Carabi-

dae), Poecilus cupreus (L.) (Carabidae), Pterostichus

anthracinus (Panzer) (Carabidae) and Pterostichus mel-

anarius (Illiger) (Carabidae). Sucking predators were

represented by Trochosa ruricola (DeGeer) (Aranae:

Lycosidae). Ant workers were classified as a separate

feeding category (described below). Predators were

captured from maize fields in northwestern Switzer-

land using dry pitfall traps (except H. pensylvanicus,

which was collected from farmland in Brookings,

SD, USA). Following collection, they were main-

tained in the laboratory in dampened field soil and

fed moistened cat food (Iam’s Original with Chicken,

The Iam’s Company, Cincinatti, OH, USA).

Each of these predators was fed a D. v. virgifera 3rd

instar or an equivalent-sized (based on mass) surro-

gate prey item (Calliphora vicina L. maggot; Diptera:

Calliphoridae), and their feeding behaviours were

monitored. Pterostichus anthracinus was fed 2nd instar

D. v. virgifera and equivalent-sized maggots, as 3rd

instars were too large for this predator to consis-

tently attack. Harpalus pensylvanicus received maggots

of Sarcophaga bullata Parker (Diptera: Sarcophagidae),

a native North American fly of similar larval biology

to the European C. vicina. These maggots were deter-

mined to be a suitable prey for a wide range of pre-

dators, and functioned as a control to observe

predator behaviour under ideal circumstances.

Twenty-four hours prior to the assay, predators were

isolated into empty 100 mm diameter Petri dishes,

where they were starved with only water to ensure

hunger at the time of the assay (C. monilis was

starved for 48 h, due to their large size and ability to

withstand starvation). At the time of the assay, a
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predator was placed into a clean and empty Petri

dish that contained either a 3rd instar D. v. virgifera,

or a maggot of equivalent size. Each predator was

observed for 10 min or until it attacked the prey

item. The amounts of time devoted to eating, clean-

ing of mouthparts, resting, and walking were

recorded for 2 min following the initial predation

event. Cleaning of mouthparts was defined as wiping

the mouthparts with the palps or legs to clear the

oral cavity of congealed haemolymph, or wiping of

the mouthparts on the dish. Observations were

ceased after this period, because this was the mini-

mum duration it took to entirely consume the mag-

got prey (D. v. virgifera were seldom entirely

consumed). An exception to this is that the amount

of time spent eating the D. v. virgifera larvae over the

entire 10 min observation period was also recorded

as a measure of a predator’s likelihood to revisit the

D. v. virgifera after the initial attack and repulsion.

Predators that did not attack a prey item within

10 min were discarded from the analysis. Sample

sizes for each treatment and each predator are

presented in table 1.

A different procedure was applied to assess the

effectiveness of the haemolymph defence against the

group response of ants, a dominant predator in Cen-

tral European farmland (see table 2 and Results sec-

tion). A large number of Tetramorium caespitum (L.)

(Hymenoptera: Formicidae) workers was removed

from a Hungarian maize field, and maintained in a

plastic tub on sugar water and moistened cat food

for several weeks. For the assay, 15 worker ants

were placed into a 100 mm diameter plastic Petri

dish containing either a 3rd instar D. v. virgifera or

an equivalent-sized C. vicina maggot. The arenas

were watched constantly for 10 min, and the

maximum number of ants attacking the prey item

was recorded during each minute of observation.

A total of 15 assays were conducted for each

treatment.

Larval defence of D. v. virgifera under field conditions

Predation rates on sentinel D. v. virgifera larvae and

C. vicina maggots were measured in five convention-

ally managed maize fields near Hodmezovasarhely in

southern Hungary in 2007 and 2008. In 2007, three

replicate plots each located in separate fields were

sampled on 3-July. This time period corresponded

closely with the 3rd stadium of D. v. virgifera (Toep-

fer and Kuhlmann 2006). The first of these fields

(located at N 46.445�, E 20.345�; latitude, longitude)

was commercially managed (with little non-crop

vegetation), and of approximately 65 ha in size. The

second field (located at N 46.439�, E 20.341�) was

similar in size, and was commercially managed,

although it was weedier than Field 1. The third field

(located at N 46.439�, E 20.338�) was smaller in size

(2.1 ha) than the other two. A square grid of 40 sta-

tions, four rows of 10 stations with each station

Table 1 The mean � SEM time until first attack on Diabrotica v. virgifera larvae or Calliphora vicina maggots, and percent of predators’ time

spent eating, and cleaning their mouthparts during the subsequent 120 s

Predator

Time eating (%) Time cleaning (%) Duration to 1st attack (s)

D. v. virgifera Maggot D. v. virgifera Maggot D. v. virgifera Maggot

Pterostichus anthracinus 70.21 � 8.79 (20) A 94.91 � 5.09 (19) 10.75 � 5.19 0 261 � 36 177 � 28

v2
1 = 5.75, P = 0.02 v2

1 = 4.11, P = 0.04 v2
1 = 2.80, P = 0.10

Pterostichus melanarius 59.28 � 12.46 (15) AB 100 � 0 (14) 12.00 � 6.34 0 281 � 41 267 � 40

v2
1 = 8.13, P = 0.004 v2

1 = 4.15, P = 0.04 v2
1 = 0.08, P = 0.77

Poecilus cupreus 44.09 � 9.19 (23) BC 86.11 � 8.25 (15) 51.74 � 8.70 0 148 � 27 177 � 27

v2
1 = 9.09, P = 0.003 v2

1 = 17.46, P < 0.001 v2
1 = 0.11, P = 0.74

Carabus monilis 43.97 � 13.00 (13) AC 91.81 � 5.38 (17) 25.77 � 9.40 0 400 � 42 211 � 36

v2
1 = 8.60, P = 0.003 v2

1 = 9.33, P = 0.002 v2
1 = 8.95, P = 0.003

Harpalus rufipes 19.17 � 7.04 (16) CD 87.84 � 6.43 (17) 55.00 � 8.79 0 140 � 24 275 � 42

v2
1 = 19.41, P < 0.001 v2

1 = 20.38, P < 0.001 v2
1 = 6.09, P = 0.01

Harpalus pensylvanicus 7.86 � 3.10 (14) D 79.64 � 9.17 (14) 67.61 � 7.69 0 235� 44 254 � 49

v2
1 = 20.72, P < 0.001 v2

1 = 23.68, P < 0.001 v2
1 = 0.01, P = 0.93

Trochosa ruricolis 54.44 � 12.69 (15) AC 100 � 0 (16) 6.83 � 4.63 0 172 � 49 57 � 13

v2
1 = 10.82, P = 0.001 v2

1 = 3.42, P = 0.06 v2
1 = 1.60, P = 0.21

Sample sizes are denoted in parentheses in the columns indicating time spent eating. Percentage values within the columns indicating time spent

eating by D. v. virgifera followed by different letters are significantly different from one another. Contrasts between the prey items for each behav-

iour are statistically represented beneath each comparison.
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spaced 5 m apart, was established at the margin of

each field.

In 2008, two replicate plots located in separate

fields were sampled on three dates (20-June,

24-June, and 2-July). These dates approximately

correspond to the occurrence of 1st, 2nd and 3rd in-

stars of D. v. virgifera during 2008 (Toepfer and Kuhl-

mann 2006). The first of these maize fields (located

at N 46.438�, E 20.343�) was approximately 10 ha in

size; the second field (located at N 46.437�, E

20.350�) was approximately 15 ha in size. In each

plot, a square grid of 25 stations, five rows of five

stations with each station spaced 3 m apart, was

established at the margin of each field.

At each station (marked by flags), a set of sentinel

larvae was placed in the fields at approximately

09:00 (day) and 22:00 (night). Each set consisted of

a 3rd instar D. v. virgifera and a C. vicina maggot of

similar size. The posterior segment of each prey item

was impaled on a size 0 insect pin, which was then

stuck into a 2-cm ball of clay. Larvae restrained in

this manner can live for at least several hours, and

seldom escape; for example, C. vicina maggots were

known to over time pupate and eclose while

impaled on a pin! At each station, the clay balls that

the prey were stuck into were buried at or just

beneath the soil surface at the base of maize plants.

The two prey species were separated by the inter-

row distance at each station (approximately 0.75 m;

their placement at each station was randomly

assigned).

After being left in the field for 1 h, the condition

of the prey at each station was checked. Quietly, an

observer would approach each station, and record

whether the larva was alive and well, dead and

present, missing from the pin, or in the act of being

eaten. Flashlights were employed for the night sam-

ples. When predators were observed feeding on the

prey, representatives were captured for identifica-

tion. The number of predators feeding at a prey

item was noted. A prey item was regarded as

‘‘attacked’’ if it was dead, missing, or in the act of

being eaten.

Data analysis

In the laboratory assays, Kruskal–Wallis non-para-

metric anova were used to compare the non-normal

mean proportions of time spent eating, walking, rest-

ing, and cleaning between treatments fed maggots or

D. v. virgifera larvae; this test was also used to com-

pare the non-normal mean times to initial attack on

the two prey types by each predator species. The

amount of time spent eating D. v. virgifera larvae

over 2 and 10 min observations among species was

compared using parametric anova (this data con-

formed to the assumptions of the model). The maxi-

mum number of ants attacking prey per minute

were compared between the two prey treatments

using rm-anova, with prey species as the between

subject comparison, and 10 levels of time as the

within-subject variable.

Table 2 Ants and total numbers of predators observed feeding on Diabrotica virgifera larvae or Calliphora vicina maggots during day and night

sampling periods in Hungarian maize fields during 2007 and 2008

Predator species1

No of feeding on No of feeding during

Grand totalD. v. virgifera C. vicina Day Night

2007 Tetramorium

caespitum

(Hymenoptera:

Formicidae)

90 � 22 231 � 81 195 � 62 126 � 42 963

Annual total per plot;

mean � SEM

96 � 21

(289 total

specimens;

14 species)

238 � 81

(713 total

specimens;

11 species)

198 � 61

(595 total

specimens;

4 species)

136 � 70

(407 total

specimens;

18 species)

1002 total

specimens

(21 species)20 species

2008 Tetramorium

caespitum

17 � 5 58 � 1 8 � 4 67 � 8 150

Annual total per plot;

mean � SEM

25 � 7

(50 total

specimens;

8 species)

66 � 2

(135 total

specimens;

8 species)

12 � 4

(23 total

specimens;

4 species)

80 � 8

(162 total

specimens;

9 species)

185 total

specimens

(11 species)11 species

Grand total;

mean � SEM

28 species 339 848 618 569 1187
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In the field observations, the mean (log+1) pro-

portions of maggots and D. v. virgifera larvae attacked

per plot during 2007 and 2008 were compared using

two-factor anova (year and prey species as factors).

The log number of predators found consuming each

prey species per plot during 2007 and 2008 was

compared using two-factor anova (year and prey

species as factors). Likewise, the log+1 mean propor-

tions of both prey items (pooled) consumed per plot

and the log number of predators attacking both prey

items per plot were compared during the day and

night sample periods using two-factor anova (year

and time period as factors).

Results

Breadth of predators affected by D. v. virgifera haemol-

ymph defence

Although feeding durations on D. v. virgifera larvae

were reduced for all predators relative to those fed

maggots, the predators were repelled to different

degrees. This was evidenced by the significantly dif-

ferent amounts of time spent eating by the different

predator species during the 2 min directly after the

first attack (fig. 1). Predators displayed different pro-

pensities for returning to the D. v. virgifera larva after

their initial attack, as is evidenced by the duration

spent eating over the entire 10 min observation per-

iod (fig. 1). Specifically, Pt. anthracinus, Pt. melanarius,

Po. chalcites, and Tr. ruricola spent additional time eat-

ing after the initial attack, while C. monilis, H. pensyl-

vanicus, H. rufipes, and Te. caespitum did not return to

the D. virgifera prey (figs 1 & 2).

Of the other parameters/behaviours monitored,

cleaning was the most consistently affected by prey

type. All predators spent significantly more time

cleaning their mouthparts when fed D. v. virgifera

larvae relative to control maggots (table 1). How-

ever, only three of the seven species (H. rufipes,

H. pensylvanicus, and Poecilus cupreus) spent more

than 50% of their time cleaning their mouthparts

following attack of D. v. virgifera larvae (table 1).

None of the predators attacking maggots cleaned

their mouthparts. Of the seven species of predator,

only two species attacked one prey more quickly

than the others. Harpalus rufipes attacked maggots

more quickly than D. v. virgifera and the opposite

pattern was observed in C. monilis (table 1). For the

most part, predators fed D. v. virgifera or maggots

often spent similar amounts of time walking (C. mon-

ilis: v2
1 = 0.58, P = 0.45; H. rufipes: v2

1 = 0.33,

P = 0.57; Po. cupreus: v2
1 = 2.09, P = 0.15: Pt. melana-

rius: v2
1 = 8.11, P = 0.004; Pt. anthracinus: v2

1 = 4.62,

P = 0.03; Tr. ruricola: v2
1 = 2.20, P = 0.14), and rest-

ing (C. monilis: v2
1 = 3.17, P = 0.08; H. rufipes:

v2
1 = 2.19, P = 0.14; Po. cupreus: v2

1 = 1.53, P = 0.21;

Pt. melanarius: v2
1 = 0.93, P = 0.33; Pt. anthracinus:

v2
1 = 0, P = 1.00; Tr. ruricola: v2

1 = 9.14, P = 0.003).

The only exceptions to this pattern is that Tr. rurico-

la, Pt. melanarius and Pt. anthracinus fed D. v. virgifera

larvae spent significantly more time walking or rest-

ing than those fed maggots. Mean � SEM percent of

times spent walking by D. v. virgifera-fed and mag-

got-fed Pt. melanarius were 27.72 � 0.94 and 0%,

respectively; percent of times spent walking by D. v.

virgifera-fed and maggot-fed Pt. anthracinus were

16.46 � 6.03 and 3.68 � 3.68%, respectively. Troch-

osa ruricola fed D. v. virgifera or maggots spent mean

SEM of 35.50 � 11.18 and 0% of their time resting,

respectively.

The formicid, Te. caespitum, attacked the maggots

much more intensively than the D. v. virgifera larvae

(rm- anova results; treatment: F1,28 = 76.48,

P < 0.001; time: F9,252 = 15.57, P < 0.001; treat-

ment · time: F9,252 = 10.87, P < 0.001) (fig. 2). More

ants attacked the maggots, and they sustained their

attack for longer periods of time. After an initial

attack on D. v. virgifera by an individual, we

observed the attacking ant antennating with several

Fig. 1 A comparison of predators’ propensity to return to D. v. virgif-

era 3rd instars over a 10 min observation period under laboratory

conditions. The amount of time spent eating was recorded for the first

2 min post-attack interval, and for the entire 10 min observation per-

iod. All bars represent mean values, error bars represent SEM. Sam-

ples sizes for the 2 min observations are listed in table 1; sample

sizes for the 10 min observations are presented as arabic numerals

above the bar.
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of the other workers, and few additional attacks

were subsequently observed by any of the ants.

Larval defence of D. v. virgifera under field conditions

In 2007, there were 1002 predators found at 202

(42%) sentinel prey after 1 h of their placement. In

2008, 182 predators were found consuming 74 (14%)

sentinel prey (table 2). A total of 28 species was found

consuming the prey items (19 species consumed the

D. v. virgifera larvae; 15 species consumed C. vicina

maggots; table 2). Tetramorium caespitum (Formicidae)

dominated the predator communities during both

years. Approximately 33.76 � 8.68 and 26.44 �
6.83% of maggots and D. v. virgifera larvae per plot

were attacked, respectively.

There was significantly more predators found

attacking the maggots than D. v. virgifera larvae, and

more predators were found attacking the larvae per

plot during 2007 than in 2008 (fig. 3). Predation

was less common during 2008 than during 2007,

but there was no significant difference in the fre-

quencies of predation per plot on the two prey spe-

cies during either year (prey: F1,6 = 2.80, P = 0.15;

year: F1,6 = 64.27, P < 0.0001; interactions: F1,6

= 0.73, P = 0.73).There were strong diel activity pat-

terns of predators, but these patterns were distinctly

different between study years. Nocturnal predator

communities were more species rich than the diur-

nal communities (table 2, Supplementary material).

Mean � SEM frequencies of predation per plot dur-

ing the day and night were 28.08 � 9.52 and

32.08 � 5.66%, respectively. In addition to fewer

predators being captured during 2008 than during

2007, there were significant differences in the num-

ber of predators attacking during the day and night,

but these patterns were different during 2007 and

2008 (fig. 4). When day-active ants were excluded

from the analysis, diel predation patterns were con-

sistent between years; the mean � SEM number of

7
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Fig. 2 The attack intensity of the ant Tetramorium caespitum (n = 15

ants per experimental unit) on Diabrotica v. virgifera 3rd instars and

Calliphora vicina maggots of equivalent size over a 10 min observa-

tion period. The y-axis represents the maximum number of simulta-

neous attackers observed per 1 min period. Sample sizes were

15 ants per treatments, dots indicate the mean, and error bars

indicate SEM.

Fig. 3 The number of predators (mostly ants) found attacking Diabro-

tica v. virgifera 3rd instars and Calliphora vicina maggot (n = 537 each

species) in five Hungarian maize fields (n = 5 plots). Bars represent

mean number of predators found attacking sentinel prey items, and

error bars represent SEM. Means between treatments are significantly

different (a = 0.05).

Fig. 4 Diel predation patterns on Calliphora vicina and Diabrotica v.

virgifera sentinel larvae in Hungarian maize fields (mostly by ants).

Observations were conducted from 9 to 10 AM (day) and from 10 to

11 PM (night) in early July of both years. Sample sizes are presented

above the bars for each year. Bars represent the mean number of

predators captured attacking the sentinel prey per field (error bars

represent SEM). There was a significant effect of sample year, diel

period, and interaction (a = 0.05).
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predation events observed per plot during the day

and night were consistent among years 3.2 � 0.66

and 11.2 � 1.56, respectively (sample period:

F1,6 = 21.08, P = 0.004; year: F1,6 = 0.95, P = 0.37;

sample period · year: F1,6 = 0.48, P = 0.51).

Discussion

Although all predators were repelled by D. v. virgifera

larvae in the laboratory, this defence functioned to

varying degrees in the different predators. First, the

different predators spent differential amounts of time

eating D. v. virgifera during the initial 2 min after the

first attack (table 1). Predators invariably fed on

maggots for longer than they did on D. v. virgifera.

The haemolymph defence was particularly repulsive

to H. pensylvanicus, H. rufipes, and Te. caespitum. We

observed that the coagulation and chemical aspects

of the haemolymph defence operated with varying

effectiveness in the different predators. For example,

although repelled by the defence, C. monilis, Pt. mel-

anarius, and the fluid-feeding Tr. ruricola and Te.

caespitum did not spend significantly different

amounts of time cleaning their mouthparts after

consuming maggots and D. v. virgifera larvae, sug-

gesting that coagulation of the D. v. virgifera larvae

was an ineffective defensive tactic against these pre-

dators. The other predators spent significantly more

time cleaning their mouthparts when fed the D. v.

virgifera larvae. Predators also varied in their propen-

sity to return to D. v. virgifera larvae over the 10 min

observation period. Carabus monilis, H. pensylvanicus,

H. rufipes and Te. caespitum did not return to D. v. vir-

gifera after their initial repulsion, whereas Pt. anthrac-

inus, Pt. melanarius, and Po. cupreus (all voracious

generalist predators) returned to eat D. v. virgifera

larvae soon after their initial response.

The idiosyncratic behaviours practiced by different

predators are difficult to quantify, but clearly under-

lie the results uncovered in this assay. For example,

the large (>2 cm in length) C. monilis pierced the

larva with their relatively long mandibles, and the

haemolymph of D. v. virgifera never came in contact

with the oral cavity; the beetles simply dropped the

D. v. virgifera larva and did not return to it. This

behaviour led to a minimal feeding duration, and lit-

tle cleaning of the mouthparts; moreover, it suggests

chemoreceptors located on the external mouthparts

are important in the decision of whether to ingest

a food item. In contrast to C. monilis, Tr. ruricola

seldom left the D. v. virgifera larva unattended;

even between feeding bouts they kept a leg near the

prey item and repeatedly bit it over the 10 min

observation period; presumably the attendance was

to ensure it would not escape. Incidentally, previous

research in the laboratory and field have shown

that sucking predators like wolf spiders are better

adapted to preying upon D. v. virgifera under field

conditions than chewing predators, and consume

more D. v. virgifera tissue over a 5 min feeding period

than some chewing carabids (Lundgren et al.

2009c). Finally, after the initial attack by Te. caespi-

tum, a message was somehow conveyed to the

remaining workers (either by the attacking ant, or

by volatile infochemicals within the haemolymph),

and few additional attempts were made to attack

the D. v. virgifera larva. Because of their incredible

effects on their environments (Hölldobler and

Wilson 1990; Beattie and Hughes 2002), ants are

often the target of haemolymph defences in insects

(Boevé and Schaffner 2003; Petre et al. 2007), but

laboratory results are seldom reinforced under field

situations.

Although D. v. virgifera larvae experienced reduced

predation in Hungarian maize fields, the haemol-

ymph defence did not entirely preclude predators

from consuming this herbivore. A similar number of

predator species attacked sentinel D. v. virgifera lar-

vae and C. vicina maggots in maize fields, and a simi-

lar frequency of these prey items were attacked per

field. However, substantially more ants were found

attacking the C. vicina maggots during both years of

study. One explanation for this pattern is that once

the D. v. virgifera larva is attacked, the attacking

predator is sometimes repelled and leaves the prey

item. Predators that attack the C. vicina maggots

remain feeding, and are thus more abundant on the

prey item 1 h after placement when observations

were made. Indeed, this very case was observed dur-

ing one nocturnal observation, when a H. rufipes was

seen running from the D. v. virgifera station across

the row to the maggot station, where it began to

feed. Tetramorium caespitum was by far the most

abundant predator attacking both prey items,

although they attacked the maggots more intensively.

This result shows a degree of contrast with the labo-

ratory results, which revealed that Te. caespitum was

strongly repelled by D. v. virgifera larvae. The repel-

lency may have been intensified within the Petri

dish laboratory assay because of increased contact

among the workers, or the constraining of poten-

tially volatile infochemicals within the enclosed

arena. Although, we recognize that maggots and

D. v. virgifera larvae differ in many ways that

could affect their suitability as prey (e.g. reaction to

attack, nutrition, general mobility, etc.), the field
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observations are in line with the hypothesis that D.

v. virgifera larvae are defended against predation by

their haemolymph defence, but also suggest that lab-

oratory assays provide a more severe estimate of the

intensity of this effectiveness than is realized under

natural conditions.

Our data support the hypothesis that diverse and

abundant arthropod predator communities within

agroecosystems are maintained in part by the tempo-

ral partitioning of the diel cycle (Park 1941; Luff

1978; Dennison and Hodkinson 1984; Lundgren

et al. 2006, 2009b; Weber et al. 2009). In both sam-

ple years, the predator community was more diverse

during the night than during the day, but relative

predation patterns during the day and night observa-

tions shifted from year to year. Several lines of evi-

dence suggest that patterns in predation and in

predator community structure over the diel cycle

were driven by weather and the weather-affected

abundance and activity patterns of Te. caespitum.

Observations on predation from 2007 support the

current understanding that Te. caespitum is primarily

day active (Deffernez et al. 1990). This species is a

strong competitor, and other predator species may

have restricted their foraging to night hours to

reduce direct competitive interactions with Te. caespi-

tum. Temperatures during the sample periods in

2008 were often above 30�C (S. Toepfer, personal

observation), and we believe this reduced foraging

and disrupted normal foraging patterns in Te. caespi-

tum. Diel and seasonal foraging patterns in ants are

particularly well documented as being influenced by

temperature (Pol and Lopez de Casenave 2004;

Drees et al. 2007). Field data from Hungary rein-

forces the importance of considering both the day

and night active predator communities when explor-

ing key interactions of predators and a given prey

item (Pfannenstiel 2005).

Defensive characteristics of specific members

within a food web affect its connectedness, and ulti-

mately influence many of the ecological processes

(e.g. top-down management of herbivore popula-

tions, nutrient cycling, etc.) underway in most sys-

tems. It is clear that the haemolymph defence of

D. v. virgifera influences the relative strengths of tro-

phic linkages that ultimately influence its ability to

invade new regions. Not only was the haemolymph

of D. v. virgifera larvae repellent to all predators

tested in the laboratory assays (but to varying

degrees), it likely contributed to the observed

reduced predation of this species under field condi-

tions. Subterranean D. v. virgifera immatures suc-

cumb to predation by a community of belowground

predators, but species and functional guilds vary in

the degree to which they exploit this prey resource

(as demonstrated by Lundgren et al. 2009c). Future

research will help to address how these defences

contribute to the success of D. v. virgifera as a colo-

nizer and invader, and develop ways that land man-

agers can overcome these defences in search of

sustainable, ecologically based pest management.
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