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While native species' interactions underlie coevolution, non-native species might benefit from their

novel cues and a lack of recognition, resulting in potential competition advantages in interactions. In
predator—predator interactions for example, non-native predators bearing novel cues might experience
reduced interference. However, non-native predators might experience similar interference if their cues
are similar to those of native predators, such as in congeneric species. Here, we studied aggressive re-
sponses by ants towards several native and non-native lady beetles, and in turn compared the responses
of these lady beetle species to ants. We expected strongest ant aggression towards coevolved native
North American lady beetles, intermediate aggression towards non-native, congeneric lady beetles (due
to potential cue similarities) and least aggression towards the non-native Harmonia axyridis. A similar
ranking was expected for the lady beetle responses to ants. Furthermore, we analysed cuticular hydro-
carbons (CHCs) of all lady beetle species and tested for similarities of CHCs between congeneric native
and non-native species in the genera Coccinella and Hippodamia. Overall, similar ant aggression towards
different lady beetle species could not be attributed only to cue similarities between them, suggesting
that ants might additionally respond to different defensive traits of lady beetles. Surprisingly, we found
CHC similarities not only between congeneric native and non-native lady beetles, but also between non-
native H. axyridis and both Hippodamia species. Despite similar ant aggression, reaction behaviour of the
native Coleomegilla maculata was relatively strong compared to that of non-native lady beetles, sug-
gesting a low tolerance towards ant attacks. In particular, during times of food scarcity, non-native lady
beetle species that are tolerated by ants might have an advantage over less-tolerated native lady beetles.
Future field studies on ant—lady beetle—aphid interactions are required to shed light on ant tolerance

and competitive advantages of non-native lady beetle species.
© 2023 The Authors. Published by Elsevier Ltd on behalf of The Association for the Study of Animal
Behaviour. This is an open access article under the CC BY license (http://creativecommons.org/licenses/
by/4.0/).
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Predator—predator interactions can shape prey and predator
population dynamics (Sih et al., 1998). For example, if the foraging
activity of one predator enhances the predation success of another
predator, this interaction will increase the suppression of prey
populations (Losey & Denno, 1998). Alternatively, prey populations
may benefit from antagonistic interactions between predators,
such as intraguild predation or predator-induced foraging disrup-
tion, which can bring about changes in predator populations
(Rosenheim et al., 1995; Polis et al., 1989). Intraguild interference
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describes temporally and spatially coinciding predators competing
over a shared resource, in which direct predator interactions limit
the access to a resource (Putman & Putman, 1994). These in-
teractions can decrease fitness of a subordinate predator by, for
example, aggressive predatory encounters (Eccard & Ylonen, 2002).

Non-native predators can destabilize native communities by
changing their structure and function (Wagner & Van Driesche,
2010). For example, the invasion of the Argentine ant, Line-
pithema humile, altered the native ant community structure
(Sanders et al., 2003) and ant diversity in North America (Human &
Gordon, 1997). This invasive ant species had further consequences
for adjacent trophic levels, for example reduced seed dispersal of
native plant species by native ants (Bond & Slingsby, 1984). The
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interference with coevolved interaction networks can lead to novel
interactions (Carthey & Banks, 2014; Verhoeven et al., 2009). The
lack of coevolution between non-native predators and native prey
can result in missing cue recognition and consequently lack of
antipredator behaviours by native prey (Banks & Dickman, 2007;
Carthey et al., 2017; Sih et al., 2010). For example, flightless birds in
New Zealand do not flee from invasive mammalian predators and
thus suffer heavy predation (Blackwell, 2005). Similarly, non-native
predators might remain undetected by native competitors in
intraguild interactions. Consequently, non-native predators are
expected to be stronger competitors for shared prey than native
predators, which might contribute to their invasion success (Banks
& Dickman, 2007; Cox & Lima, 2006; Sih et al., 2010).

However, the success of non-native predators can depend on
their similarity to native species. Non-native predators might not
benefit from having cue novelty if they possess similar cues as their
native counterparts and therefore elicit similar antipredator
behaviour (Sih et al., 2010). The combined analysis of cue similarity
and interference interactions between congeneric native and non-
native species could provide insights into the true ‘novelty’ of a
taxonomically related species and their role in non-native habitats
(Sih et al., 2010). Based on the evolution of intraspecific signals,
pheromone blends of species can evolve gradually by minor
changes in components, resulting in similarities between closely
related species. Alternatively, pheromones can underlie saltatory
shifts and major changes in pheromone compositions compared to
their antecedents (reviewed in Symonds & Elgar, 2008; Menzel
et al., 2017). Magro et al. (2010) found that the tracks (chemical
substances released while walking) of different lady beetle species,
which can serve, for example, as an intraspecific oviposition-
deterring pheromone, were more similar between closely related
species of the same genera, compared to species from different
genera. This suggests phylogenetic conservatism (Symonds & Elgar,
2008). The tracks of lady beetles consist of cuticular hydrocarbons
(CHCs) and are similar, if not identical, to the CHC composition on
lady beetles' elytra (Kosaki & Yamaoka, 1996; Geiselhardt et al.,
2011). Research on aphid—lady beetle, as well as ant—lady beetle,
interactions further indicates that CHCs of lady beetles might serve
as predator/competitor cues and mediate interspecific communi-
cation (Ninkovic et al., 2013; Bucher et al., 2021).

Lady beetles are predators of aphids and coccids and have
therefore been globally introduced as biological control agents for
pest control (Harmon et al., 2007). Invasive lady beetle species are
associated with a decline in native lady beetle species. This was
shown for the Asian Harmonia axyridis in Europe and North
America (Roy et al., 2016) and the European Coccinella septem-
punctata in North America (Evans, 2000). Compared to many native
Coccinellids, both species are relatively large in body size, highly
fecund and voracious (Kajita & Evans, 2010; Elliott et al., 1996; Hoki
et al., 2014; Unlii, Obrycki, et al., 2020; Unlii, Terlau, et al. 2020).
Moreover, both species are often superior to native lady beetles in
intraguild interactions such as resource competition or intraguild
predation (Obrycki et al. 1998; Michaud, 2002; Alyokhin & Sewell,
2004; Ware et al., 2009). Most studies have focused on intraguild
interactions between lady beetle species (e.g. Lucas, 2013; Moser &
Obrycki, 2009) and far less is known about interactions between
ants and lady beetles (Majerus et al., 2007).

Ants frequently tend and/or prey on aphids and thus represent
competitors for lady beetles (Way, 1963). In lady beetle—ant in-
teractions, aggression of ants towards lady beetles, as well as
defensive behaviours of lady beetles upon ant attacks, varies
strongly among species (see Bucher et al., 2021; Finlayson et al.,
2009). Chemical cues consisting of CHCs play a key role for intra-
and interspecific communication in ants (Binz et al., 2014; Greene &
Gordon, 2003; Wiist & Menzel, 2017). Previous studies

demonstrated that cuticular hydrocarbons of parasitoid and pred-
ator species can serve as interspecific cues, inducing aggressive
behaviour in ants (Dettner & Liepert, 1994; Pasteels, 2007; Bucher
et al,, 2021). A lack of cue recognition of non-native lady beetles
with distinct chemical cues might result in lower aggression
behaviour by ants compared to native lady beetle species. Lady
beetles possess behavioural strategies to respond to ant interfer-
ence, such as flying or running away (Bradley, 1973; Finlayson et al.,
2009). These behaviours can reduce the effect of an ant attack but
might further indicate reduced competition strength over ant-
tended aphids compared to more ‘ant-tolerant’ lady beetles. For
example, disturbances in feeding activity of lady beetles by ant
aggression can be energetically costly, by reducing time spent
foraging and feeding (Finlayson et al., 2009). Specifically, compe-
tition over ant-tended aphids occurs when food resources for lady
beetles are scarce (Sloggett & Majerus, 2000). Relatively few studies
have investigated the reaction of native and non-native lady beetle
species to ant attacks, which could serve as a competitive advan-
tage in exploiting food resources in times of scarcity (Bucher et al.,
2021; Finlayson et al., 2009; Pell et al., 2008). Thus, competitive
foraging and feeding advantages over native lady beetle species,
involving ant-tended prey might contribute to the invasion of non-
native lady beetle species (Finlayson et al., 2009).

Here, we tested the strength of intraguild interactions between
two native North American ant species, Lasius neoniger and Myr-
mica americana, and native and non-native lady beetle species. Our
species set consisted of three native North American lady beetle
species, Coleomegilla maculata, Coccinella novemnotata and Hippo-
damia convergens, two non-native congeneric European lady beetle
species, C. septempunctata and Hippodamia variegata, and the non-
native Asian lady beetle species, H. axyridis. We expected the
highest aggression by ants towards coevolved native lady beetles,
intermediate aggression towards non-native, congeneric lady
beetles (due to potential cue similarities) and lowest aggression
towards non-native H. axyridis. We simultaneously assessed lady
beetle reaction upon contact with ants. For the reaction of lady
beetles upon ant attack, we expected a similar pattern as for ant
aggression; the strongest reaction by coevolved lady beetles, an
intermediate reaction by non-native congeneric species and the
lowest reaction by non-native H. axyridis. In addition, we analysed
the CHC composition on lady beetles’ elytra. We expected species-
specific CHC profiles, but similarities of CHCs between congeneric
native and non-native lady beetle species.

METHODS
Study Species

Ants were collected at agricultural field margins at the North
Farm research field station of the University of Kentucky (Lex-
ington, KY, U.S.A.) from May to June 2018. We excavated ant col-
onies with brood from the ground and kept them in a terrarium
(23.0 x 153 cm and 16.5cm high; L neoniger) or buckets
(38.1 x 26.67 cm; M. americana). Colonies of L. neoniger colonies
and M. americana were maintained in the laboratory (22 + 1 °C and
25 + 1 °C, respectively, and light 16:8 h light:dark). We used three
L. neoniger colonies and two M. americana colonies for the aggres-
sion experiments with lady beetles. Ant colonies were supplied
daily with honey and water and fed weekly with freeze-killed
crickets and grasshoppers, collected from the research field sta-
tion. Adult Col. maculata, C. septempunctata and H. axyridis were
collected at the same locality as the ants (North Farm, Lexington,
KY, US.A) in alfalfa, soybean and corn fields from May to
September 2018. Hippodamia variegata was collected from an alfalfa
field in Le Roy, IL, U.S.A. in May and June. Hippodamia convergens
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was purchased from Rincon Vitova Insectaries, Ventura, CA, US.A.,
in April 2018. Coccinella novemnotata larvae were purchased from
the Lost Ladybug Project, Cornell University, Ithaca, NY, U.S.A., since
no individuals were found in Kentucky. Lady beetle larvae were
kept separately in glass vials until they developed into adults. The
adult lady beetles were sorted by species and stored in plastic
boxes. They were provided with water and fed ad libitum with pea
aphids, Acyrthosiphon pisum, and thawed Ephestia kuehniella eggs
and kept in chambers (22 + 1 °C, light 16:8 h light:dark). For the
chemical analysis of CHCs, lady beetles were separated by species
and freeze-killed (—7 + 1 °C) in petri dishes (9.4 x 1.6 cm). Voucher
specimens were preserved in ethanol (70%) and stored at —7 + 1 °C
at the Department of Entomology (Animal Pathology Building), at
the University of Kentucky.

Aggression Experiments

We used a round petri dish (9.4 x 1.6 cm) as an experimental
arena for the ant aggression bioassays. Fluon was applied on the
petri dish wall to prevent ants from leaving. Three individuals from
one ant colony were randomly collected, placed inside the petri
dish and acclimatized for 15 min prior to the start of the experi-
ments. A single adult lady beetle was placed into the petri dish and
lady beetle and ant behaviours were quantified over 3 min. The
following ant aggression behaviours were quantified: chasing,
grasping, biting and stinging (stinging for M. americana only; see
Bucher et al., 2021). Lady beetle reaction was quantified as turning
on back, flailing legs, fluttering wings, backing, running away and
flying away (see Finlayson et al., 2009). Aggression or reaction
behaviours that lasted longer than 3 s were quantified as new be-
haviours to put more weight on long-lasting interactions. We
compared six lady beetle species in combination with two ant
species with at least 19 replicates per species combination,
resulting in 243 replicates (122 L. neoniger interactions, 121
M. americana interactions). All behavioural assays were recorded
with a video camera (LUMIX DMC-FZ300, Panasonic Corporation,
Kadoma, Osaka, Japan) mounted on a tripod. Videos were analysed
in slow motion if interactions and behaviours occurred too quickly
to be visually quantified during the experiments. Experiments were
conducted in the laboratory at 26.8 + 0.1 °C and artificial light.

Preparation of Species-specific Cue Solutions

Elytra of one freeze-killed lady beetle per sample were
immersed in 1.0 ml hexane for 10 min so that CHCs were dissolved.
We sampled seven C. maculata, eight C. novemnotata, six
H. convergens, six C. septempunctata, seven H. variegata and seven
H. axyridis individuals. We concentrated all samples under a gentle
flow of nitrogen and injected them into a 7890A gas chromatograph
coupled to a 5975C mass spectrometer (Agilent Technologies Inc.,
Santa Clara, CA, US.A.) in the splitless mode at 250 °C. We used
helium as carrier gas (1.2 ml/min) and a capillary column (Phe-
nomenex Zebron ZB5-HT Inferno, 30 m x 0.25 um x 0.25 pm) as
stationary phase. Oven temperature was 60 °C for 2 min, then this
was increased to 200 °C by 60 °C/min, followed by an increase to
320°C by 4 °C/min, where it remained constant for 10 min. We
used an ionization current of 70 eV and scanned molecular frag-
ments from 40 to 650 m/z. Data were acquired using the software
MSD Chem Station E.02.02 (Agilent Technologies). We analysed all
hydrocarbons with a chain length >C20 and an average abundance
of at least 0.5%; the abundance of all hydrocarbons <C20 totalled
less than 1% of the total. Substances were identified based on
retention time and diagnostic ions. The relative abundances of
CHCs of lady beetles were calculated and used for further analysis
(see Bucher et al., 2021).

Ethical Note

Our research followed the ASAB/ABS Guidelines for the Use of
Animals in Research. Both ant species, L. neoniger and M. americana,
the native North American lady beetle species C.a maculata,
H. convergens, C. novemnotata and the non-native
C. septempunctata, H. variegata and H. axyridis are not listed as
threatened species and require no licence to be studied. All species
were maintained under optimal laboratory conditions and were
provided with food on a regular schedule. Lady beetles were freeze-
killed prior to chemical extractions.

Statistical Analysis

To analyse differences in aggression or reaction behaviour, we
applied generalized linear mixed models (GLMMs). We calculated
the frequency of aggression behaviours of ants and reaction be-
haviours of lady beetles and we refer to this as aggression or re-
action strength. The response variables were aggression frequency
or reaction frequency, the independent fixed variables were ant
species (overall model only), lady beetle species, lady beetle sex
and the interaction between ant species (overall model only), lady
beetle species and lady beetle sex. In addition, we added ant colony
identity as a random effect. Owing to complex interactions, data for
the two ant species were subsequently analysed separately. Owing
to zero inflation and overdispersion, we used zero-inflated negative
binomial models to analyse the data (glmmTMB package, Brooks
et al., 2017). Dispersion and zero inflation were estimated with
model diagnostics of the DHARMa package (Hartig, 2021). The
differences between aggression and reaction strength between
lady beetle species were analysed via ANOVA (chi-square test, type
2; car package, Fox & Weisberg, 2019), followed by pairwise com-
parisons using estimated marginal means (EMMs) with multiple
comparison adjustments (Bonferroni correction; emmeans pack-
age, Lenth, 2021).

We applied a PERMANOVA to test whether the CHC composition
differed between lady beetle species (999 permutations, command
adonis, R-package vegan, Oksanen et al., 2020), followed by a post
hoc test with a Bonferroni correction (RVAideMemoire package,
Hervé, 2021). We calculated the Bray—Curtis distances of the rela-
tive abundances of all hydrocarbons (dependent variable) in the
multivariate analysis. All statistical analyses were conducted using
R version 3.5.2 (R Development Core Team, 2018).

RESULTS
Aggressive Behaviour of Ants

Ant aggression differed depending on the lady beetle species,
but this also depended on the ant species (lady beetle species:
GLMM: x?s, 216=21.84, P<0.01; ant species: X% 216=0.37
P = 0.54; interaction: xzs, 216 = 24.86, P < 0.01). Therefore, the re-
sponses of the two ant species were analysed separately. Overall,
there was no effect of lady beetles' sex on aggression strength of
ants (le. 216 = 0.17, P = 0.68), despite a three-way interaction of ant
species, lady beetle species and sex (x%s, 216 = 13.23, P = 0.02). No
other interactions were significant (ant species*lady beetle sex: x?;,
216 =198, P=0.16; lady beetle species*lady beetle sex: Xzs,
216 = 6.40, P = 0.27).

Aggression of the ant species L. neoniger differed between lady
beetle species (GLMM: x25‘ 107 = 18.73, P<0.01). There was no
overall effect of beetle sex ( x21, 107 = 1.47, P < 0.23) but there was an
interaction between lady beetle species and sex (X25, 107 = 11.87,
P = 0.04). Owing to the interaction, we tested differences between
males and females of lady beetle species separately. The aggression



24

strength towards female lady beetles did not differ interspecifically
(EMM pairwise comparisons (EMMpc): all P> 0.12), but did differ
interspecifically between male lady beetles: L. neoniger ants were
less aggressive towards male, non-native C. septempunctata and
native C. novemnotata compared to the native C. maculata (EMMpc;
P=0.02 and P = 0.03, respectively) and the non-native H. axyridis
(EMMpc: P=0.02 and P = 0.02, respectively). The remaining in-
teractions between male lady beetles and L. neoniger did not differ
in aggression strength (EMMpc: all P > 0.07; Fig. 1). Aggression of
the ant M. americana differed between lady beetle species (GLMM:
x25,106 =27.86, P<0.01). It was higher towards the native
C. novemnotata than towards the non-native species
C. septempunctata, H. axyridis, H. variegata and the native
H. convergens (EMMpc: P < 0.01), but not higher than towards the
native C. maculata (EMMpc: P = 0.42). No further differences in
aggression strength of M. americana appeared between the
remaining lady beetle species (EMMpc: P> 0.17; Fig. 1). There was
no effect of lady beetles’ sex (GLMM: xzmog =0.45, P=0.50) or of
the interaction between lady beetle species and sex ( x25,105 =743,
P=0.19).

Behavioural Reactions of Lady Beetles

Reaction strength of lady beetles in interactions with ants
differed between lady beetle species (GLMM: X25, 216 = 34.18,
P < 0.01) without an effect of sex (x21, 216 = 2.03, P=0.15) or ant
species (le' 216 = 1.59, P = 0.21). There was no interactive effect of
ant species and lady beetle species (xzs_ 216 = 9.12, P=0.10), ant
species and lady beetle sex (x%1 216 = 0.14, P = 0.71) or lady beetle
species and lady beetle sex (x25_ 216 = 2.57, P=0.77) on lady beetle
reaction. However, there was a three-way interaction of ant species,
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lady beetle species and lady beetle sex (xzs, 216 = 12.58,P=0.03) on
lady beetle reaction.

In interactions with the ant species L. neoniger, lady beetle re-
action strength differed interspecifically (GLMM: x25,106: 19.28,
P < 0.01). The non-native C. septempunctata showed lower reaction
strength towards L. neoniger than the native lady beetle species
C. maculata (EMMpc: P < 0.01), H. convergens (EMMpc: P < 0.05)
and the non-native H. variegata (EMMpc: P = 0.02). The remaining
lady beetle species did not differ in their reaction strength towards
L. neoniger (EMMpc: P> 0.14; Fig. 1). There were no differences
between lady beetle sexes (GLMM: X21,106 =0.32, P=0.57) and no
interactive effect of lady beetle species and sex (x25,106:6.]1,
P = 0.30) on reaction strength.

In interactions with the ant species M. americana, the reaction
strength differed between lady beetle species (GLMM:
x25,106:27.86, P <0.01). There was no effect of lady beetle sex
(X25,106 =045, P=0.50) or the interaction between lady beetle
species and sex (x25,106 =743, P=0.19) on reaction strength. The
native lady beetles C. novemnotata and C. maculata showed higher
reaction strength towards M. americana than the non-native
H. axyridis (EMMpc: P=0.02 and P < 0.01, respectively). Further-
more, the reaction strength of the native lady beetle C. maculata
was higher than that of the non-native C. septempunctata (EMMpc:
P < 0.01). No further differences in reaction strength occurred be-
tween the remaining lady beetle species in M. americana in-
teractions (EMMpc: P > 0.16; Fig. 1).

Chemical Analysis of Lady Beetle Elytra CHCs

The CHC composition on lady beetles' elytra differed between
species (pseudo-F5 34 =36.92, P < 0.01), but not between males
and females of the same species (pseudo-F;, 34 =0.89, P=0.41).
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Figure 1. (a, b) Aggression strength (predicted mean + 95% confidence interval) of the two ant species (a) Lasius neoniger and (b) Myrmica americana confronted with female and
male lady beetles. (¢, d) Reaction strength (predicted mean + 95% confidence interval) of lady beetles towards (c) L. neoniger and (d) M. americana (native species depicted in black:
C. nov = Coccinella novemnotata, H. con = Hippodamia convergens and Col. mac. = Coleomegilla maculata; non-native lady beetle species depicted in red: C. sep = Coccinella sep-
tempunctata, H. var = Hippodamia variegata, Har. axy = Harmonia axyridis). Owing to an interactive effect of lady beetle sex in lady beetle—Lasius neoniger interactions, we separately
tested for differences in ant aggression towards female and male lady beetles. Different letters indicate statistical differences between species based on EMmeans post hoc test with

multiple comparison adjustments (Bonferroni correction; P < 0.05).
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Moreover, the CHC composition of all lady beetle species was
species specific (pairwise comparison: P < 0.04; Fig. 2).

Congeneric species had similar substance class compositions
(Figs. 2 and 3). The elytra of the genus Coccinella were predomi-
nantly composed of n-alkanes and monomethyl alkanes, followed
by di- and trimethyl alkanes (multivariate distance of centroids
between Coccinella species based on Bray—Curtis distances: 0.28).
In comparison, the elytra of the genus Hippodamia had high pro-
portions of alkenes, followed by alkadienes and n-alkanes (multi-
variate distance of centroids: 0.38). In addition, the elytra of the
non-native H. axyridis were characterized by the same compound
classes as the genus Hippodamia. Moreover, strong similarities
appeared between H. axyridis and non-native H. variegata (multi-
variate distance of centroids: 0.22) and H. axyridis and native
H. convergens (multivariate distance of centroids: 0.35). The elytra
of the native C. maculata had high proportions of n-alkanes, mon-
omethyl alkanes followed by dimethyl alkanes highly dissimilar to
the elytra of H. axyridis, H. variegata and H. convergens (multivariate
distance of centroids: 0.80, 0.81 and 0.70, respectively). Although
the substance classes on the elytra of the native C. maculata were
similar to those of the Coccinella species, the differences in chain
length of hydrocarbons revealed dissimilarities in CHC composition
(multivariate distance of centroids of C. novemnotata and
C. septempunctata to C. maculata: 0.75 and 0.67, respectively; Figs. 2
and 3).

DISCUSSION

Our findings revealed species-specific CHC compositions and
similarities of CHCs between congeneric native and non-native
North American lady beetle species. The aggression of both ant
species, L. neoniger and M. americana, towards lady beetles was
relatively similar. Overall aggression of ants towards congeneric
native and non-native lady beetles of the genera Coccinella and
Hippodamia and lady beetles' reaction strength did not differ, with
the exception of higher aggression strength of M. americana to-
wards the native lady beetle species C. novemnotata than towards
the non-native C. septempunctata. The reaction behaviour of the
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*@K + Col. maculata
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Figure 2. Ordination plot (nonmetric multidimensional scaling (NMDS) with
Bray—Curtis dissimilarity) based on the relative abundance of CHCs on elytra of native
and non-native lady beetle species (depicted in black and red, respectively). Each in-
dividual is represented by one symbol.

native lady beetle C. maculata was higher than that of both non-
native H. axyridis and C. septempunctata, despite similar aggres-
sion strength of the ant species M. americana. Moreover, the reac-
tion behaviour of the native lady beetle C. maculata was relatively
high compared to that of the non-native C. septempunctata in in-
teractions with the ant species L. neoniger.

The lady beetle species tested had a species-specific CHC
composition on their cuticle (elytra). This agrees with previous
studies on the composition of CHCs of lady beetles (Kosaki &
Yamaoka, 1996; Magro et al., 2010; Geiselhardt et al., 2011;
Bucher et al., 2021). As expected, similarities were visible between
substance classes of conspecific native and non-native lady beetle
species of the genera Coccinella and Hippodamia. Interestingly, the
non-native H. axyridis had similar compound classes to the two
Hippodamia species (Fig. 3).

Cue similarities between native and non-native species can
result in similar interaction outcomes (Sih et al., 2010). In addition
to similar cues of H. axyridis and the two Hippodamia species, our
findings show similarities in aggression strength of ants towards
the lady beetles H. axyridis and the native H. convergens and the
non-native congeneric H. variegata, as well as similar reactions of
lady beetles. This is in line with a recent European study, showing
that the aggression behaviour of the ant L. niger (congeneric to
L. neoniger) did not differ between the chemically similar non-
native H. axyridis and the native H. variegata (Bucher et al., 2021).
Thus, the potential ‘novelty advantage’ of the non-native H. axyridis,
based on a lack of chemical cue recognition and reduced aggression
by native ants, might diminish, due to cue similarities to the native
lady beetle H. convergens.

Aggression strength of L. neoniger ants did not differ between
non-native and native Coccinella species, nor between both Hip-
podamia species. Here, similar cues of congeneric lady beetle spe-
cies might explain similar aggression strength of ants (Sih et al,,
2010). Surprisingly, M. americana was more aggressive towards
native C. novemnotata than towards the chemically similar non-
native C. septempunctata, both native and non-native Hippodamia
species and non-native H. axyridis. Thus, in addition to cue simi-
larities, further traits are likely to be involved in lady beetle
recognition. Majerus et al. (2007) reviewed traits involved in
ant—lady beetle interactions: lady beetles' behaviour, size and de-
fences, as well as ants' size, aggressiveness and density. The mul-
timodality of cues involved in lady beetle—ant interactions might
further explain interaction outcomes. Lady beetles have aposematic
defence strategies in the form of their red coloration (elytra),
methoxypyrazine odours and species-specific toxic alkaloids
(Bezzerides et al., 2007; Glisan King & Meinwald 1996; Moore et al.,
1990; Sloggett et al., 2011), which might elicit aggression and/or
repellence in ants. This could partially explain the low aggression
behaviour towards some lady beetles. For example, Tursch et al.
(1971) isolated the alkaloids coccinelline and precoccinelline from
C. septempunctata and measured ant repellence. Still, the ant-
repelling properties of species-specific alkaloids in other lady
beetle species require further research.

Interestingly, in Europe the aggression strength of L. niger
(congeneric to L. neoniger) was lower towards the invasive
H. axyridis than towards C. septempunctata (Bucher et al., 2021).
Similar to ant—lady beetle interactions in Europe, we found dif-
ferences in aggression behaviour of the congeneric L. neoniger to-
wards H. axyridis and C. septempunctata (and C. novemnotata), but
only between male beetles. This might be explained by sex-specific
differences. For example, a study of the aposematic system in
H. convergens showed that the red coloration of lady beetles, a vi-
sual cue for unpalatability, is positively correlated with the amount
of toxic alkaloids in females. In contrast, the amount of methox-
ypyrazine and alkaloids was negatively correlated, regardless of
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Figure 3. Overview of the CHC profiles of the different lady beetle species. The bars represent the mean relative abundance of CHCs grouped by CHC class (see colour code) and
chain length on elytra of native and non-native lady beetle species. (a) Native species: Coccinella novemnotata, Hippodamia convergens and Coleomegilla maculata; (b) non-native

species: Coccinella septempunctata, Hippodamia variegata and Harmonia axyridis).

lady beetle sex (Wheeler et al., 2015). However, we did not inves-
tigate chemical or visual differences within species, which could
contribute to a better understanding of sex-specific differences in
ant aggression. Interestingly, C. septempunctata produces 2-
isopropyl-3-methoxy-pyrazine, found to be involved in intraspe-
cific attraction (Al Abassi et al., 1998) and serves in combination
with the cuticular hydrocarbon n-C23, as aggregation pheromone
in H. convergens (Wheeler & Cardé, 2014). The methoxypyrazines of
coccinellids underlie semiochemical parsimony by both warding off
predators and serving as an aggregation pheromone (Al Abassi
et al., 1998). Here, the malodorous methoxypyrazines (Wheeler
et al., 2015) could function as an odour cue, triggering aggression
and/or repellence of ants. Overall, the differences in ant aggression
could be explained by differences in synergistic effects/the inter-
action of multiple cues used to identify a potential threat (or
competitor), since some defence traits are species-specific (and/or
sex-specific), while others are common to lady beetles.

Furthermore, the defensive strategies of lady beetles might also
influence lady beetles' reaction strength; an efficient defence
strategy, such as ant repellence, might be in line with tolerance to-
wards ant attacks. Based on our findings, the native C. maculata
shows relatively high reaction strength compared to non-native lady
beetles, despite similarities in strength of ant aggression, indicating
low ant tolerance. Additionally, our results show low reaction
strength of both non-native C. septempunctata and H. axyridis;
however, ant aggression was similarly low, making it rather difficult
to suggest ant tolerance from our experiments. In Europe, Bucher
et al. (2021) demonstrated that the reaction of the native
C. septempunctata was higher towards L. niger and Myrmica rubra
than that of the non-native H. axyridis, despite similar aggression
strength of M. rubra, but a comparatively lower aggression strength
of. L. niger towards H. axyridis. This could indicate a lower ant
tolerance of native C. septempuncta in Europe compared to non-
native H. axyridis. Interestingly, C. septempunctata coexists with
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Formica rufa and consequently has shown intermediate ant toler-
ance in previous studies in its native European range which could be
explained by the species-specific chemical protection of
C. septempunctata to deter predators (Bhatkar, 1982; Sloggett &
Majerus, 2000; Tursch et al., 1971). In addition, a higher tolerance
of H. axyridis towards the ant species Solenopsis invicta compared to
that of H. convergens, has been documented (Dutcher et al., 1999).
Ant—lady beetle interference over aphids mostly occurs when food
is scarce; therefore, ant-tolerant lady beetle species could have a
facilitated access to aphids compared to less tolerant lady beetles, in
times of food scarcity. The ‘dietary shift’ to ant-tended aphids during
a shortage of resources could be explained by an essential need for
sufficient resources to survive overwintering (Sloggett & Majerus,
2000). According to a field study by Sloggett and Majerus (2000)
interspecific differences between lady beetle species in F rufa
tending aphid colonies occurred not only during aphid scarcity, but
also during periods of aphid abundance. Both non-native
C. septempunctata and H. axyridis are among the most voracious
species tested (Unlii, Obrycki, et al., 2020; Unlii, Terlau, et al. 2020),
suggesting a high predation pressure on ant-tended aphids under
natural conditions, if both species show ant tolerance. Thus, the ant
tolerance of non-native lady beetles might enable them to feed on
ant-tended colonies, throughout the season. Although the dietary
flexibility of native lady beetles, such as C. maculata might include
other available food resources during times of aphid scarcity (Evans,
2009), it is possible that the dietary needs of larger non-native lady
beetle species could be a crucial driver of mutual competition on
ant-tended aphids. Future field studies on ant—lady beetle—aphid
interactions involving H. axyridis and C. septempunctata in the native
and non-native range might shed light on ant tolerance and
competitive advantages of non-native lady beetle species (Pell et al.,
2008). Additionally, species interactions in the field underlie spatial
and temporal variation and differ between environments (Poisot
et al. 2012, 2015). Here, the interactions between the tested native
lady beetle and ant species, which are relatively common across
agricultural fields (Gordon, 1985; Helms IV et al., 2021), could vary in
the frequency of encounters due to missing spatial and/or temporal
co-occurrence. This raises intriguing questions regarding the
competition of various lady beetle species on aphid-tended re-
sources in the field and should be addressed in the future.

Conclusion

In contrast to our hypothesis, the aggressiveness of ants and the
reaction of lady beetles did not reflect the pattern of cue similarity
between lady beetle species. This tentatively suggests that addi-
tional cues are likely to be involved in lady beetle recognition. Our
chemical analyses demonstrated that lady beetles have species-
specific chemical cues and that species of the same genus (Cocci-
nella and Hippodamia) share similar CHCs or CHC classes. However,
species of other genera can also be similar in terms of their CHCs.
Therefore, taxonomic relationships should be taken with caution
when predicting the novelty character of a non-native species.
Despite similar aggression, a stronger response of native lady
beetles, such as Col. maculata compared to non-native lady beetles,
might indicate a competition disadvantage when feeding on ant-
tended aphids. Larger sets including diverse species cues might
further help to explain and predict novel species interactions.
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