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Abstract

Among the aphidophaga guild present in alfalfa [Medicago sativa L. (Fabaceae)], coccinellids forage
on aphids most of the time on the foliage and carabids on the ground. The result of their combined
effect can be synergistic, additive, or antagonistic, but this may depend on the prey density and inter-
acting predatory species. In this study, we first determined, under laboratory conditions, the relative
tendencies of Therioaphis trifolii (Monell), Acyrthosiphon pisum (Harris), and Aphis craccivora Koch
(all Hemiptera: Aphididae) to drop in the presence and absence of two predators: Eriopis connexa
(Germ) and Hippodamia variegata (Goeze) (both Coleoptera: Coccinellidae). These experiments
showed that T. trifolii and A. pisum dropped more frequently than A. craccivora, and dropping was
more frequent in the presence of H. variegata. We also determined the functional responses to aphid
densities of five beetle species (Coleoptera: Carabidae) commonly found in alfalfa fields in Chile. All
carabid species consumed aphids, with Trirammatus aerea (Dejean) being one of the most voracious.
Then, we tested the hypothesis that the interactions between both coccinellid species and T. aerea
would be antagonistic at low prey densities, because of competition or intraguild predation, and syn-
ergistic as prey density increases. For this, we recorded aphid consumption when predators were
alone, or in combinations of a foliar and a ground predator, for five prey densities. For all predators
and combinations, aphid consumption increased continuously with aphid density, and more prey
were eaten when a foliar- and a ground-foraging predator were combined than when either predator
was present. But, contrary to our expectations, we found that the interaction of these foliar- and
ground-foraging predators was additive for all prey densities. Our results suggest that coexistence of
these species would not interfere with aphid biological control in alfalfa.

Introduction

The efficiency of natural enemies in controlling herbivo-
rous insects may depend on intraguild interactions. If two
species of natural enemies compete for the same prey, prey
upon each other (i.e., intraguild predation), or interfere in
their foraging behaviour, the interaction between natural
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enemies will be antagonistic, and fewer prey than expected
will be killed by their combined action (e.g., Rosenheim
et al., 1993). If the foraging activity of one species of natu-
ral enemy alters the behaviour or feeding niche of the prey,
making it more susceptible to attack by another species
(i.e., predator facilitation; Soluk, 1993), the interaction
between natural enemies will be synergistic and more prey
will be killed when both species are present than the sum
of their individual impacts (e.g., Losey & Denno, 1998a,b,c,
1999). If two species of natural enemies do not interact,
then their combined effect on the prey population will be
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additive and equal to the sum of their individual impacts
(e.g., Chang, 1996).

Among aphidophagous predators, negative interactions
occur, with fewer aphids consumed when more than one
species of natural enemies co-occur (Lucas, 2005). Never-
theless, when aphids are in the presence of a combination
of foliar- and ground-foraging predators, like coccinellids
and carabids, synergism may occur. This is because aphids
escape from coccinellids by dropping from their host plant
to the ground, where they become more susceptible to
attack by carabids, resulting in higher consumption rates
than when no coccinellid predators are present (Losey &
Denno, 1998a,b,c, 1999; Grez et al., 2007). Additionally,
this predator avoidance behaviour has also other sub-
lethal consequences like reduction in feeding time, and
consequently lower reproduction and population growth
(Nelson, 2007).

Laboratory trials carried out at a constant aphid density
demonstrated that a higher proportion of Aphis craccivora
Koch (Hemiptera: Aphididae) dropped from alfalfa plants
[Medicago sativa L. (Fabaceae)] in the presence than in the
absence of coccinellids, and that the interaction among
Eriopis connexa (Germ), Hippodamia variegata (Goeze),
and Adalia bipunctata (L.) (all Coleoptera: Coccinellidae)
with Notiobia cupripennis (Germar) and Metius flavipes
Dejean (both Coleoptera: Carabidae) were additive or syn-
ergistic, but never antagonistic (Grez et al., 2007).

Nevertheless, the outcome of predator—predator inter-
actions may depend on prey availability. Antagonistic
interactions may appear at low prey densities (Lucas
et al, 1998; Jakobsen et al., 2004), whereas synergism
frequently occurs at higher prey densities (Losey & Den-
no, 1998a; Chang & Eigenbrode, 2004). For example,
Losey & Denno (1998a) found that at initial densities
lower than 40 aphids per cage, the observed consump-
tion when both predators were present was slightly
higher than the expected consumption, but at higher
aphid densities, the observed consumption was much
higher than expected.

In this laboratory study, we first determined the tenden-
cies of Therioaphis trifolii (Monell), Acyrthosiphon pisum
(Harris) (both Hemiptera: Aphididae), and A. craccivora
to drop in the presence and absence of coccinellids E. con-
nexa and H. variegata. We also determined the functional
responses to aphid densities of five carabid species com-
monly found in alfalfa fields in Chile. These experiments
allowed us to choose an aphid species that presented a fre-
quent dropping behaviour and a carabid species with high
aphid consumption for the study of predator interactions
under different prey densities. Thus, we tested the effect of
density of A. pisum on the interactions among Triramma-
tus aerea (Dejean) (Coleoptera: Carabidae), E. connexa

and H. variegata. We expected that the interactions
between these predator species would be antagonistic at
low aphid densities, but synergistic at high densities.

Materials and methods

Comparative dropping behaviour of three aphid species exposed to
two coccinellid species

For evaluating the dropping behaviour of A. pisum,
A. craccivora, and T. trifolii, in the presence and absence of
coccinellids, we used insects collected 14 days in advance
from alfalfa fields near Santiago (Chile; 33°40’S, 70°35'W)
that were maintained at 20 °C and L16:D8 in growth
chambers (Bioref P+L, Santiago, Chile). Using insects col-
lected from the field may add unknown sources of variabil-
ity but also reflects the scenarios under which these
interactions might occur.

Following Losey & Denno (1998b), we placed a small
transparent plastic vial filled with moist sand in the middle
of a plastic bowl (23 ¢cm in diameter and 3 cm deep), in
the centre of which we placed two alfalfa stems (15 cm
high) upright. The vial and the interior ring of the plastic
bowl were ringed with fluon (BioQuip Products; Rancho
Dominguez, CA, USA) to prevent fallen aphids from
climbing back onto the plant. We added 30 conspecific
aphids (fourth and fifth instars) to the stems and left them
undisturbed for 30 min. Then, we added (1) a single adult
of E. connexa, (2) a single adult of H. variegata, or (3) no
predator (control). Coccinellids were held without food
for 24 h before the experiments. All experimental arenas
were individually covered with a screened cage (22 X 22 x
27 cm) and left near a window shelf. After 1 h, we
removed the cages and counted the aphids on the stems
and in the bowls to determine the proportion of the aphids
that dropped to the ground [no. aphids in bowl/(no.
aphids in bowl + no. aphids on stems)]. Also, with a chro-
nometer, we estimated the time each coccinellid spent
moving around the stems during the hour that the experi-
ment lasted. Trials including each species of aphid, coccin-
ellids, and controls were replicated 10 times, between 9
May and 3 June 2008, using a complete randomized facto-
rial design.

The effect of aphid species, predator treatment, and their
interaction on the proportion of dropped aphids (arcsine
Vx transformed) was analysed using analysis of variance
(ANOVA). Treatment means were compared using
Tukey’s honestly significant difference (HSD) test (o =
0.05). The average movement times of the coccinellid
species were compared with a t-test. Finally, the relation-
ship between coccinellid movement time and the propor-
tion of dropped aphids was analysed with non-parametric
Spearman correlation in STATISTICA 7.0 (StatSoft, 2001).



Comparative aphid consumption by five carabid species

To select the carabid species for the following experiments,
we compared aphid consumption of the five more abun-
dant species of carabids found in alfalfa fields in Chile
[mean body length in mm (+ SEM) is given within
parentheses]: N. cupripennis (11.55 + 0.24), T. aerea
(13.21 + 0.39), Trirammatus striatula (Fabricius) (13.44 +
0.32), Tetragonoderus viridis Dejean (6.49 *+ 0.20), and
Calosoma vagans (Dejean) (21.23 £ 0.38). All insects were
collected 14 days in advance from alfalfa fields near Santi-
ago, and maintained in a growth chamber, food-deprived.
In glass Petri dishes (10 mm diameter) with moist filter
paper, we added one adult carabid with 5, 10, 20, or 40
individuals (a mixture of fourth and fifth instars) of the
aphid A. pisum. This aphid was selected because of its fre-
quent dropping as demonstrated in the previous experi-
ment (see Results), and also in other studies (Losey &
Denno, 1998a,b; Nelson & Rosenheim, 2006; Nelson,
2007; Francke et al., 2008). Each aphid density was repli-
cated 10 times in a complete randomized design. After
24 h in a growth chamber (at 20 °C and L16:D8), we
removed the predator and counted the remaining aphids
in each Petri dish to estimate the number of aphids that
were eaten by each carabid. Data were arcsine \Vx trans-
formed and analysed using a two-factor ANOVA with
carabid species and aphid density as factors. Treatment
means were compared with Tukey’s HSD test (o0 = 0.05).

Effect of prey density on intraguild interactions among foliar- and
ground-foraging aphidophagous predators

To evaluate the effect of aphid prey density on the interac-
tion among foliar- and ground-foraging predators
through their aphid consumption, we used experimental
arenas similar to those used to evaluate aphid dropping,
but in this case, the bowls were filled with sand to simulate
a natural substrate for carabids. Based on our previous
results reported here, the species used for this experiment
were the aphid A. pisum, the coccinellids E. connexa and
H. variegata, and the carabid T. aerea. In each arena, we
carefully added aphids to the alfalfa stems to have five prey
density treatments (5, 10, 20, 40, or 80 late-instar aphids)
and kept them inside a clip cage for 12 h, to allow their set-
tlement on the plant, before adding the predators. Thereaf-
ter, the clip cages were removed and 24-h-starved adult
predators were added, generating three predator treat-
ments: (1) predation from the foliar forager (one E. con-
nexa or one H. variegata), (2) predation from the ground
forager (one T. aerea), and (3) predation from one foliar +
the ground forager. Experiments were carried out inde-
pendently for the combinations including E. connexa and
H. variegata. To accommodate our experiments to the
time when each coccinellid species is abundant in the field,
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experiments were run between 17 November 2008 and 15
January 2009 (spring-early summer) for the predator com-
binations including E. connexa, and between 16 March
2009 and 14 April 2009 (fall) for those including H. varieg-
ata. Thus, each experiment followed a 5 X 3 randomized
factorial design, with five aphid densities and three preda-
tor combinations, and was replicated 10 times.

The experimental arenas were left in a growth chamber
at 20 °C and L16:D8, and after 24 h, we removed the pre-
dators and counted the remaining aphids on the stems and
in the bowls. Predator consumption was estimated by sub-
tracting the final from the initial numbers of aphids in each
experimental arena (discounting the newly born aphids).

The effect of aphid density, predator treatment, and
their interaction on the number of aphids eaten [log
(x + 1) transformed] was analysed using a factorial
ANOVA. The effect of aphid density on dropping, in the
no-predator treatment, was compared with ANOVA.
Treatment, means for the experiments were compared
using Tukey’s HSD test (o0 = 0.05).

To determine whether the interaction between the pred-
ator species studied was antagonistic, additive, or synergis-
tic, the observed predation when both predators were
present was compared with the predation expected follow-
ing Soluk (1993):

Cs = Naph (Pcoc + Pear — Peoc X Pcar)> (1)

where Cg is the combined expected number of prey con-
sumed, Ny, is the initial aphid number, and P, and P,
are the probabilities of an aphid being consumed by a
coccinellid or a carabid, respectively, over the 24-h interac-
tion period (number of aphids consumed/initial aphid
number). This equation accounts for lack of independence
in capture probabilities, because in finite populations, the
capture of one prey by either predator lowers capture
probability by the other (Soluk, 1993). Expected and
observed values for each prey density were compared with
a two-tailed paired t-test, because we did not have any pre-
vious information on how these species of coccinellids and
carabids would interact (synergistically or antagonisti-
cally). All statistical analyses were carried out in STATISTI-
CA 7.0 (StatSoft, 2001) and MINITAB (2000).

Results

Dropping behaviour of three aphid species exposed to two coccinellid
species

In the presence of both coccinellid species, T. trifolii
showed the highest frequency of dropping (mean *
SEM = 33.1 *+ 3.6%), followed by A. pisum (21.6 +4.0%)
and A. craccivora (5.3 + 1.5%; aphid species effect:
F, g1 = 22.4, P<0.001). Dropping was also affected by
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Figure 1 Proportion of Acyrthosiphon pisum, Aphis craccivora, . o

and Therioaphis trifolii dropping off alfalfa stems in the absence
(Control) and presence of two foliar-foraging predators (Eriopis
connexa and Hippodamia variegata). Different letters over bars
denote significant differences (Tukey’s HSD test: P<0.05).

predator treatment (F,g; = 52.8, P<0.001), with few
aphids dropping when no predators were present
(1 £ 0.4%), and more aphids dropping in the presence of
H. variegata (24 + 3.8%) than E. connexa (16 £ 2.7%)
(Tukey’s HSD test: P<0.05). There was also a significant
interaction between aphid species and predator treatment
(F481 = 8.01, P<0.001), where A. pisum and T. trifolii fol-
lowed the general trend described, but A. craccivora
showed low dropping frequency, even in the presence of
the predators (Figure 1).

Predator movement on alfalfa stems during the experi-
ment (1 h) differed marginally between coccinellid species,
with H. variegata moving on average 22.6 = 1.9 min and
E. connexa 17.1 £ 2.2 min (t-test: t =-1.96, d.f. =1,
P = 0.054). Also, there was a positive significant correla-
tion between the proportion of aphids dropped (all three
species combined) and coccinellid movement (Rg = 0.42,
P<0.001).

Aphid consumption by five carabid species
All carabid species consumed aphids, but the number
eaten varied among predator species (Fy;50 = 51.7,

0 5 10 15 20 25 30 35 40 45
Prey density (no. aphids/cage)
Figure 2 Mean (£ SEM) number of aphids eaten in 24 h at dif-
ferent prey densities (5, 10, 20, and 40 aphids per cage), by five
common carabid species (Notiobia cupripennis, Trirammatus
aerea, Trirammatus striatula, Tretragonoderus viridis, and Caloso-
ma vagans) found in alfalfa fields in central Chile. Different letters
denote significant differences between species within the same
aphid density (Tukey’s HSD test: P<0.05).

P<0.001), aphid density (F5 150 = 98.2, P<0.001), and their
interaction (F;, 59 = 4.7, P<0.001; Figure 2). On average,
the species that ate significantly more aphids were T. stria-
tula, T. aerea, and C. vagans (ca. 15 aphids in 24 h),
whereas T. viridis and N. cupripennis ate ca. six aphids,
even at high prey densities (Figure 2). Trirammatus stria-
tula, T. aerea, and C. vagans increased their consumption
when aphid density increased, up to 25-30 prey items at
40 aphids offered. Notiobia cupripennis consumption was
highest at a density of 20 aphids per cage. Consumption by
T. viridis was similar across all prey densities (Figure 2).

Effect of prey density on intraguild interactions among foliar- and
ground-foraging aphidophagous predators

Aphid consumption was significantly affected by prey den-
sity and predator treatment, when both E. connexa and
H. variegata were the foliar predators (Table 1, Figure 3).

Table 1 Analysis of variance results for the effects of aphid density (5, 10, 20, 40, and 80 individuals per cage), predator treatment, and their
interaction on daily aphid predation rate, when Eriopis connexa or Hippodamia variegata was the foliar predator

E. connexa H. variegata
Source of variation d.f. MS F P MS F P
Aphid density 4 553.402 2.955 <0.001 643.665 5.311 <0.001
Predator 2 3527.615 18.835 <0.001 3766.152 31.073 <0.001
Density*predator 8 67.113 0.358 0.941 349.123 2.880 <0.001
Error 135 187.289 121.203
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Figure 3 Mean (+ SEM) number of aphids eaten in 24 h by foliar
and ground predators under different predator treatments (foliar
predator alone, ground predator alone, and both predators in
combination) at different Acyrthosiphon pisum densities (5, 10,
20, 40, and 80 aphids per cage). Also shown is the expected com-
bined effect of predators based on equation 1. (A) Trirammatus
aerea with Eriopis connexa, (B) T. aerea with Hippodamia
variegata.

For all predators and combinations, aphid consumption
increased continuously with aphid density.

In both experiments, predator combination affected
aphid consumption (Table 1), with more prey eaten when
a foliar- and a ground-foraging predator were combined,
than when either predator was alone (Figure 3). When
predators were alone, E. connexa consumed fewer aphids
than T. aerea (mean = SEM number of aphids eaten
across densities was 3.6 £ 0.8 vs. 6.5 = 1.4, respectively;
Figure 3A), but H. variegata ate more prey than T. aerea
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(7.2 £ 0.8 vs. 4.3 £ 0.7, respectively; Figure 3B; Tukey’s
HSD: P<0.05 for both). For H. variegata, there was a
significant density*predator interaction (Table 1), con-
suming the same number of prey as when both predators
were combined at densities of 10 and 20 aphids per cage.
This did not occur when E. connexa was used as the foliar
predator (Figure 3).

Foliar- and ground-foraging predators interacted in an
additive way at all prey densities, because the observed
aphid predation when predators were combined was
statistically similar to the expected consumption, for
experiments with either E. connexa or H. variegata as the
foliar predator (Table 2, Figure 3).

Discussion

Coccinellids induced aphid dropping, but this behaviour
varied according to aphid and coccinellid species, which
agrees with previous studies (e.g., Nelson & Rosenheim,
2006). The different aphid dropping behaviour may reflect
alternative evolutionary strategies for avoiding predator-
induced mortality. On the one hand, species with frequent
dropping, such as T. trifolii and A. pisum, avoid direct
contact and mortality from foliar-foraging predators
(Francke et al., 2008), although this defensive behaviour
has costs (Roitberg & Myers, 1979; Losey & Denno, 1998b;
Nelson & Rosenheim, 2006; Nelson, 2007). In species with
less frequent dropping, like A. craccivora and Aphis gossypii
Glover (Nelson & Rosenheim, 2006; Grez et al., 2007),
aggregation might be a successful strategy to counteract
predation from foliar-foraging predators.

Aphid dropping behaviour was altered in the presence
of coccinellids, suggesting that this behaviour is a response
to predator cues. When no coccinellids were added to the
plants, all aphid species presented very infrequent drop-
ping, but when coccinellids were present, T. trifolli and
A. pisum drop more. When pooling the data for all aphid
species, a higher dropping behaviour was found in the
presence of H. variegata, which was more mobile than
E. connexa. Francke et al. (2008) also observed that more
aphids dropped when the coccinellid Harmonia axyridis
Pallas increased its movement on the plant. The higher
dropping in the presence of H. variegata may result not
only in an increase in predation probability from ground-
foraging predators but also in a higher exposure to other
negative effects like lower nutrient intake and increased
mortality caused by adverse abiotic ground conditions
(Roitberg & Myers, 1979; Losey & Denno, 1998b; Nelson
& Rosenheim, 2006; Nelson, 2007). This suggests that
interaction between carabids and coccinellids should be
more intense when H. variegata is the foliar-foraging
predator. But not all carabid species would represent the
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Table 2 Results of comparisons between observed and expected mean (+ SEM) consumption of aphids by Trirammatus aerea combined
with either Eriopis connexa or Hippodamia variegata at different densities of Acyrthosiphon pisum. All treatments were replicated 10 times.

Expected values were obtained from equation 1

Predator combination Aphid density Observed Expected t P (two-tailed)

T. aerea—E. connexa 5 20+04 1.6 £0.5 0.97 0.36
10 4.1+09 44+ 0.6 -0.32 0.76
20 92115 8.4+ 1.2 0.59 0.57
40 11.9 £ 2.2 10.3 = 1.6 0.04 0.54
80 234+ 3.1 20.6 = 4.5 0.80 0.45

T. aerea— H. variegata 5 27+04 1.6 +0.3 2.05 0.07
10 43+ 05 54+ 0.5 —1.34 0.21
20 79 £ 09 10.2 £ 1.2 —1.88 0.09
40 11.6 £ 1.5 13.0 £ 0.8 —1.00 0.34
80 239 +24 216+ 1.3 0.97 0.35

same risk for aphids. In our study, the number of aphids
consumed by carabids varied greatly among species, with
T. striatula, T. aerea, and C. vagans consuming signifi-
cantly more than T. viridis and N. cupripennis. In general,
larger species ate more aphids than smaller species, but this
was not always the case. For example, N. cupripennis is a
large carabid, but had one of the lowest consumption rates.
Furthermore, the functional response of carabids to aphid
density varied among species, with the three more vora-
cious species increasing their consumption as prey density
increased, whereas the other two species showed some
increase in consumption only up to 20 aphids.

In the experiments with alfalfa stems, when aphids were
presented to the predators alone or in combination, con-
sumption increased with aphid density in all cases, with
both coccinellids and the carabid showing a type II func-
tional response. Consumption of aphids when presented
on alfalfa stems to predators alone varied according to
predator species, independent of aphid density. In the
experiment with T. aerea and E. connexa, run in spring-
summer, the carabid ate more aphids than the coccinellid,
whereas in the experiment with T. aerea and H. variegata,
in the fall, the coccinellid ate more aphids than the carabid.
In the latter experiment, H. variegata showed high con-
sumption rates, but also T. aerea lowered its consumption
when compared with the spring experiment. The different
consumption rates of T. aerea in the two experiments may
be attributed to different physiological states and activities
between the times of year. It is also interesting to note that
the high aphid consumption by H. variegata occurred in
spite of aphid dropping behaviour, which if precluded
could be even higher, as it has been experimentally demon-
strated for H. axyridis (Francke et al., 2008). This suggests
that H. variegata might be efficient in controlling
A. pisum, but this needs to be demonstrated under field
conditions where other factors may modulate its efficiency.

When foliar- and ground-foraging predators were com-
bined, more aphids were consumed than when either of
the coccinellid species were alone, which agrees with previ-
ous studies with coccinellids and carabids (Losey & Den-
no, 1998a,b, 1999; Grez et al., 2007). Nevertheless, in these
experiments, observed and expected aphid consumption
rates (Soluk, 1993) were similar, implying that the interac-
tion between these predators was additive. This contrasts
with the observations of Losey & Denno (1998a,b, 1999)
who found a synergistic interaction between the coccinel-
lid Coccinella septempunctata L. and the carabid Harpalus
pennsylvanicus DeGeer, using A. pisum as a prey. Further-
more, present results partially agree with those of a similar
experiment, combining three coccinellid species (E. con-
nexa, H. variegata, and A. bipunctata) with two carabid
species (N. cupripennis and M. flavipes), using A. craccivo-
ra as a prey (Grez et al., 2007). These authors found that in
most combinations, interactions among these predators
were additive, and only in two synergistic. All these results
suggest that in alfalfa, coccinellids and carabids do not
interact negatively, and thus, their combination might not
be detrimental for aphid biological control, although this
needs to be proven under controlled field experiments.

We predicted that relationships between predators
could be mediated by prey density, being antagonistic at
low densities, because of competition or intraguild preda-
tion, and synergistic as prey density increases. Neverthe-
less, in this study, the additive relationship found between
coccinellids and carabids was not affected by aphid density,
even though it varied greatly (between 5 and 80 aphids).
This could be explained in part by the low frequency of
intraguild predation among the species studied, where
only on two occasions, the carabid was found predating on
the coccinellids on the ground (once with each species),
and it was observed at intermediate prey densities (20 and
40 aphids). Probably, intraguild predation was rare



because these carabids do not fly and were never found
foraging on plants, even when it has been described that
carabids may occasionally climb into short alfalfa plants
(Snyder & Ives, 2001). Additionally, coccinellids were
rarely found on the ground, lowering the probability of
direct contact with carabids.

In summary, dropping behaviour depended on the
aphid and foliar-foraging species, and this behaviour was
more frequently observed in the presence of more mobile
coccinellid. When foliar- and ground-foraging predators
were combined, the interaction was additive at all aphid
densities, suggesting that the coexistence of these species
might not hinder aphid biological control in alfalfa.
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