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Abstract: Mutualism can facilitate the colonization, establishment, and spread of invasive species. By
modifying interactions with third parties, mutualisms can have cascading community-wide effects.
Both native and invasive ants are capable of forming mutualisms with hemipteran insects, preying on
non-hemipteran herbivores and indirectly affecting primary production. Comparative research on the
effects of both native and invasive ant exclusions on multitrophic interactions is therefore crucial for
understanding the invasive potential of ants, along with any ecological consequences that invasions
may have. We performed a quantitative review of the multitrophic effects of invasive and native ants
on insect-plant food webs. Herbivorous insects are the most common food source for both invasive
(comprising 56% of prey species caught) and native ants (55% of the prey species caught), followed
by predators (31% for invasive ants, 45% for native ants). Excluding both invasive and native ants
significantly reduced hemipteran abundance, and excluding invasive ants had a greater negative
impact on hemipteran abundance than native ants. Native ant predation significantly reduced
herbivore abundance, but excluding invasive ants had no effect. Cascading effects of native ants on
plant fitness were significantly positive, but there was no significant impact of invasive ants. These
findings suggest a weak relationship between the presence of invasive ants and non-hemipteran
herbivore abundance. We suggest that the hemipteran—ant mutualism could represent a ‘symbiotic
invasion’. The ecological dominance of invasive ants is often facilitated by hemipteran insects. This
association requires invasive ant control strategies to expand beyond ants to consider mutualists.

Keywords: invasive ant; ant-hemipteran mutualism; trophic cascade; meta-analysis

1. Introduction

Biological invasion is not only a threat to biodiversity but also leads to enormous
economic and ecological costs [1,2]. During the process of invasion, exotic species encounter
several biotic and abiotic barriers to colonization, survival, regeneration, and dispersal [3].
However, both native species and exotic species may promote bio-invasion by establishing
new mutualistic interactions with invaders [4-8]. Different types of mutualistic interactions
(e.g., mutualisms between plant microbe, plant pollinator, plant seed disperser, and insect
microbe) have been reported for both invasive plants [9,10] and invasive animals [4,5,11].
Mutualists may promote the colonization and establishment of alien species through
pollination, seed dispersal, and nutrient supply, having cascading effects on wider modules
of the community [4].

Ants (Hymenoptera: Formicidae) are among the most diverse and abundant insects on
this planet; their elaborate social behavior, territoriality, and polyphagous feeding behavior
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make them one of the most widespread and ecologically important invasive taxa [12-15].
Approximately 235 ant species are classified as exotic species, with 115 of these having
been successfully established outside of their native range, but this number is likely an
underestimate [16].

Mutualisms between ants and insects in the order Hemiptera (e.g., aphids, whiteflies,
scale insects, treehoppers, leafhoppers, and mealy bugs) are called trophobiosis [15,17-19].
Ants protect hemipterans from predation (e.g., by ladybirds, lacewings, and spiders) or
parasitism by wasps [6,8], while hemipterans provide honeydew to ants as a source of
carbohydrates (Figure 1a) [7,20,21]. In addition to enhancing the fitness of their hemipteran
partners, ant predation or harassment of other herbivorous insects can impact plant fit-
ness [22-25]. The exact outcome of these interactions is generally context dependent [19,26].
Both invasive ants and native ants can form trophobiosis with hemipteran insects [27-29].
Although some native ants negatively impact host plant seed production [30-32], native
ants generally coexist with arthropods in the community, and they can reduce host plant
damage via predation of herbivores, thus promoting plant reproduction [33,34]. In con-
trast, invasive ants generally prey on all guilds of arthropods; they have been reported to
be detrimental to local populations of invertebrate [35-37], while both positive [38] and
negative [39] effects on plants have been found.

uoneparg

s

urep 2onpd

. vy '3
Predation - ] 7 i
Parasitoid/ T Pollinators
predators e
l’;é:\
o
” e

o,
e

b 4 N
( ) H1: Mutualism intensity hypothesis
H1.1: Invasive ants formed stronger mutualisms with hemipteran partners than native
ants.
. vy
4 ™

H2: Aggressive predator hypothesis

H2.1: Invasive ants prey more aggressively on herbivores than native ants.

A >y

s N
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promote abundance of Hemipteran and indirectly cause detrimental effects on plant.

H3.2: Native ants generally prey on herbivores of host plant which may indirectly

cause beneficial effects on plant.
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Figure 1. (a) Ants protect Hemiptera from preying/parasitic predators (e.g., ladybird, lacewing flies,
spiders) or parasitic wasps, and hemipterans provide honeydew to ants as food hydrocarbon source.
Ant predation or harassment on herbivores will have cascading effects on plant fitness. (b) Proposed
hypotheses on cascading effects of both native and invasive ants on the local arthropod community

and plant fitness.
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Cascading effects of both native and invasive ants on local arthropod communities
and plant fitness are thought to result from one general mechanism (Figure 1a), but at
least three consecutive pathways have been put forward to explain this phenomenon
(Figure 1b). First, interactions between invasive ants and Hemiptera may be stronger
than interactions between hemipterans and native ants (H1: the “mutualism intensity”
hypothesis). In this scenario, both native and introduced ant species perform identical
roles within communities, but the magnitude of any ecological effect is more pronounced
in invasive ants due to a greater intensity of mutualistic interactions. If true, excluding
invasive ants would lead to a stronger decline in hemipteran abundance relative to native
ant exclusion. Further, any differences in broader ecological impact would be primarily
explained by mutualism intensity. Alternatively, the observed differences in the broader
ecological effects of native versus introduced ant species might result solely from differ-
ences in the magnitude of ant aggression and predation (H2: the “aggressive predator”
hypothesis). In this framework, native and introduced ant species consume similar groups
of taxa, but invasive ants consume prey at a higher rate than native ant species and/or
display more intense aggression towards prey taxa. Finally, indirect effects on local plant
performance or fitness might differ because native and introduced ants fulfill distinct roles
within ecosystems (H3: the “negative trophic cascade” hypothesis). If invasive ants prey
equally on herbivores, host plant pollinators, and natural enemies of hemipterans (e.g.,
parasitoids, spiders, and ladybirds), and if native ants generally prey on herbivores of the
host plant (e.g., caterpillars, weevils, seed predators), then indirect effects of ants on plants
might be more positive when native ants are present relative to their invasive counterparts.

In addition to the relative magnitude of species interactions outlined by Styrsky and
Eubanks [26], other factors will affect the ant-hemipteran interaction and its cascading
effects on arthropods and plant fitness. First, climatic zone (temperate, subtropical, or
tropical) is a potentially important factor; this is because species interactions are assumed
to be stronger in the tropical zone than in temperate regions [40]. Second, the taxonomic
group of Hemiptera considered (e.g., aphids, scales, and treehoppers) may influence ant
and herbivore behavior and abundance, and consequently plant fitness. Third, all the
interactions occur on host plants, making plant growth form another key factor that may
dramatically modify the ant-hemipteran interaction and its general ecological consequences.
To date, most research has focused on only one or two levels of interaction between ants,
other arthropods, and plants, and few studies have focused on the potential effects of
ant-hemipteran trophic interactions as a whole.

We conducted three related meta-analyses based on data from invasive or native ant
exclusions and resultant measures of hemipteran abundance, herbivore abundance, and
plant fitness (measures on plant performance and reproduction). Exclusion experiments
were commonly conducted and compared with a control (ant presence) to test the direct
and indirect ecological consequences of ant exclusions. Specifically, this paper addressed
the following two questions: (1) How do native and alien ants influence hemipteran
abundance, herbivore abundance, and plant fitness? (2) Are any of these effects modified
according to by climatic zone hemipteran taxon, or plant type?

2. Materials and Methods
2.1. Data Search

We performed a systematic search for experimental studies that evaluated the effect of
ant and hemipteran interactions on arthropod communities and plant fitness on 8 May 2018.
Searches were carried out in the electronic databases Science Direct, ISI Web of Science,
and Wiley online library using the following combinations in keywords and abstract and
title (ant* AND (hemiptera* OR homoptera* OR honeydew) AND (exclu* OR remov*)
AND (plant* OR “plant reproduction” OR seed*). The initial literature search resulted in
1277 published articles. We then assessed the relevance of the articles based on titles and
abstracts to determine their potential for meeting our selection criteria and their validity
for subsequent inclusion in the meta-analysis. We also included articles from the reference
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list of retrieved articles [26,41,42]. During the process of literature selection, we recorded
the number of articles identified and the number of studies included /excluded based on
our inclusion criteria following the Preferred Reporting Items for Systematic Reviews and
Meta-analysis [43]. Finally, 54 references that included exclusion ant experiments on either
hemipteran abundance, herbivore abundance, or plant fitness were included in the analysis.
Citations for all the 54 references are listed in the Supplementary Materials S1 and detailed
information for each experiment can be found in Supplementary Materials S2.

2.2. Criteria for Data Selection

Our selection criteria required that studies should (1) be peer-reviewed, (2) include
data on ant-hemipteran interactions, and (3) quantitatively compare the abundance of
hemipterans, non-hemipteran herbivores, or any measurements related to plant fitness
(e.g., plant growth, height, seed production, leaf area, bud number) based on exclusion
experiments in both field and lab conditions. The term “abundance” denotes the total
number of individual hemipterans or herbivores collected per unit of plant or plant part.
Because most studies only recorded one or some of the measurements, the abundance of
hemipterans and/or herbivores and/or plant fitness may come from different studies. If a
reference reported results for more than one site, we regarded each site as an independent
study. The effect on each species was regarded as an independent observation when a
study yielded data on multiple herbivore taxa. For repeated measures, we only included
the final observation in the analyses.

2.3. Data Extraction and Effect Size Metrics

For each study, we classified the prey of ants into herbivores, predators, and polli-
nators. We also recorded mean, standard deviation (SD), and sample size for abundance
of hemipteran, herbivore, and plant fitness. For articles that did not report means and
variation in tables, these statistics were extracted by digitizing graphs using the image
processing software Image]J [44]. For studies that provided standard error (SE), we trans-
formed SE to SD. We then calculated effect size as Hedges’ g, which was chosen because
it corrects for differences in sampling effort among studies and adjusts for small sample
size [45]. Negative values of Hedges’ g denote a lower value in an ant exclusion experiment
in comparison to the control.

2.4. Categories

Because different species of ant, hemipteran insect, prey, and plant were involved in
the meta-analysis, a high heterogeneity of effect size variance was expected in the analysis.
Climatic zone may affect ants, hemipteran, prey behavior, and plant development, and
as such, we included the climatic zone (with three levels, temperate, subtropical, and
tropical) in our analysis to explain the heterogeneity in effect size. We also divided the data
by hemipteran superfamily: aphids (superfamily Aphidoidea), treehoppers (superfamily
Membracoidea), and scale insects (superfamily Coccoidea). Because ant-hemipteran inter-
actions occur on the host plant, we included the plant growth form (with three levels, tree,
shrub, and herb) as a variable that may affect invasive/native ant effects on arthropod and
plant fitness.

2.5. Data Analysis

We extracted data for hemipteran abundance, herbivore abundance, and plant fitness
as separate variables, and three meta-analyses on each data type were performed separately.
The invasive ants included in the analysis are Anoplolepis gracilipes, Linepithema humile,
Myrmica rubra, Solenopsis invicta, Tapinoma melanocephalum, and Technomyrmex albipes. Over
20 native ant species are included in the analysis. Random effects models for meta-analysis
were fitted for the analysis, with Hedges’s g as the response variable, invasion (with
two levels, invasive ant, native ant), hemipteran superfamily (with three levels, aphid,
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treehopper, scale), plant growth form (with three levels, tree, shrub, herb), and climate
zone (with three levels, tropical, subtropical, temperate) as the explanatory variables.

Before each analysis, outliers were visualized using box plots and further tested using
Grubbs’ test [46] in R 3.5.1 [47]. Sensitivity analyses were conducted to assess how our
initial analysis was sensitive to outliers [48]. For the meta-analysis, we used random effects
models to compare the difference between invasive and native ants. We selected QM
(Q-statistic for model fit) as the statistic because it is a standardized measure unaffected by
the metric of the effect size index. We estimated the 95% CI for g of invasive and native
ants [49]. We also estimated the influence of publication bias using a funnel plot and
Egger’s regression test for funnel plot asymmetry [50]. The trim-and-fill method was used
to adjust for funnel plot asymmetry, and a random effect model was fitted to the new data.
All data analyses were performed using the “metafor” R package [51].

3. Results
3.1. Prey Categories across Native and Invasive Ants

Herbivores are the most common food source for both invasive (56% of the prey
species caught) and native ants (55% of the prey species caught), followed by predators
(31% for invasive ants, 45% for native ants). Pollinators are not common food items for
ants, maybe because pollinators are generally flying insects and are difficult for ants to
catch. Finally, invasive ants do not capture more pollinators compared to native ants.

3.2. Effects of Invasive/Native Ant Exclusion on Hemipteran Abundance

We removed five observations where the mean number of hemipteran insects was
zero. Four outliers were detected, with extremely positive effect sizes 0.79 () and extremely
negative values —3.88, —4.06, —4.60 (). Outliers did not influence the significance of ant
exclusion on hemipteran abundance for either native or invasive ants. However, when the
outliers were included, the difference of effect size between invasive and native ants was
not significant (z = 0.75, p = 0.45).

We combined 42 studies reporting the effects of ant exclusion on hemipteran abun-
dance in our meta-analysis, once outliers had been excluded. Egger’s regression test for
funnel plot asymmetry showed significant asymmetry of these data (t = —4.89, d.f. = 40,
p < 0.001; Supplementary Materials S3, Figure S1). A trim-and-fill method added an addi-
tional 16 artificial observations to the original data. With this data, the effects of exclusion
ants on hemipteran abundance were significantly negative (z = —6.42, p < 0.001).

The global effects of ant exclusion on hemipteran abundance were significantly neg-
ative for both invasive and native ant species (Figure 2a; Supplementary Materials S4,
Table S1). The comparison between invasive and native subgroups showed that invasive
ants had significantly more detrimental effects on hemipteran abundance than native ants
(Figure 3a, z = 2.69, p < 0.01).

Effect sizes were then categorized by climatic zone. In the tropical zone, exclusion of
both native and invasive ants had a significant negative effect on hemipteran abundance
(Supplementary Materials S4, Table S1). A between-group (invasive and native ants)
comparison showed that exclusion of invasive ants had significantly greater detrimental
effects on hemipteran abundance than native ants (QM = 8.60, d.f. =1, p < 0.01, Figure 3b)
in the tropical zone.

We then categorized data by hemipteran superfamily. For each superfamily of hemipteran,
effects of ant exclusion (invasive and native) had significant effects on hemipteran abundance
(Supplementary Materials S4, Table S1). For ant-aphid interactions, no significant between-
group difference was found (QM =2.48, d.f. =1, p = 0.12, Figure 3c). For ant-scale interac-
tions, no significant difference was found between invasive and native ants (QM = 0.54,
d.f. =1, p = 0.46, Figure 3c).
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Figure 2. A radial plot of Hedges’ g obtained from invasive vs. native ant exclusion on (a) hemipteran
abundance of 43 studies, (b) herbivores abundance of 62 studies, (c) predator/parasitoids abundance
of 50 studies, and (d) plant fitness of 34 studies, all for random-effects model. These are scatter
plots of standardized estimates z; against precisions x;, where y; and v; are Hedges’ g and standard
deviation for each study, and 12 represents the variance of global standardized mean difference
(SMD). Circles represent Hedges” g of native ants, and dots are the invasive ants. The straight line
projected from (0,0) onto the arc indicates the value of the global SMD, areas between the dotted line
give the 95% confidence interval. The dashed line projects the SMD of native ants, the dash-dot line
the SMD of invasive ants. * p < 0.05, ** p < 0.01, *** p < 0.001, “ns” not significant. The null hypotheses
here are that the effects size equal zero.
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Figure 3. Mean effect size (Hedges’ g) and 95% confidence interval of the effect of exclusion invasive
or native ants on Hemiptera abundance (a) under different climatic zones (b), Hemiptera type (c),
and plant growth form (d). Sample sizes for each category are shown in box. * p < 0.05, ** p < 0.01,
“ns” not significant.
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Finally, we categorized data by plant growth form. For each plant growth form,
effects of exclusion of both invasive and native ants had significant effects on hemipteran
abundance (Supplementary Materials S4, Table S1). Within the trees, the between-group
difference was not significant (QM = 0.93, d.f. =1, p = 0.33), and within the shrubs, a
significant between-group difference was observed (QM = 6.02, d.f. =1, p < 0.05, Figure 3d).

3.3. Effects of Invasive/Native Ant Exclusion on Herbivore Abundance

We removed three observations where the mean number of herbivores was zero in
the controls. Six outliers were detected and removing outliers did not influence the global
effects (z = 5.75, p < 0.0001) of ant exclusion on herbivore abundance and the effects of
native (z = 4.44, p < 0.001) and invasive ants (z = 3.73, p < 0.001).

For testing the effects of exclusion invasive /native ants on herbivore abundance, we
combined 62 studies. Egger’s regression test for funnel plot asymmetry showed significant
asymmetry of these data (t =2.97, d.f. =60, p < 0.01; Supplementary Materials S3, Figure S2).
A trim-and-fill method added one additional artificial observation to the original data. With
this data, the effects of ant exclusion on hemipteran abundance were significant (z = 0.36,
p < 0.001).

The global effects of ant exclusion on herbivore abundance were significant, and
the impacts of ant exclusion was also significant for both native and invasive ant species
(Supplementary Materials S4, Table S2; Figure 2b). A comparison between invasive and
native ant subgroups using a random effects model revealed no significant difference
(QM =1.13,d.f. =1, p = 0.29, Figure 4a).
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Figure 4. Mean effect size (Hedges’ g) and 95% confidence interval of the effect of exclusion of
invasive or native ants on herbivore abundance (a) under different climatic zone (b), Hemiptera
type (c), and plant growth form (d). The sample sizes for each category are shown in the box. “ns”
not significant.
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We categorized the studies by climatic zone. In the temperate zone, we found no sig-
nificant difference on herbivore abundance between invasive and native ants (QM = 0.06,
d.f. =1, p = 0.81, Figure 4b). The exclusion of invasive ants did not affect herbivore abun-
dance, but the exclusion of native ants had no significant effect on herbivore abundance
(Supplementary Materials S4, Table S2). In the tropical zone, there was no significant
difference between invasive and native ants (QM = 0.10, d.f. =1, p = 0.75, Figure 4b),
and the exclusion of both native and invasive ants had a significant effect on herbivore
abundance (Supplementary Materials S4, Table S2).

We then categorized data by hemipteran superfamily. For ant-aphid interactions, there
was no significant difference in herbivore abundance between invasive and native ant ex-
clusion (QM = 0.30, d.f. =1, p = 0.58, Figure 4c). The exclusion of invasive ants did not affect
herbivore abundance, but the exclusion of native ants had significant effects on herbivore
abundance (Supplementary Materials 54, Table S2). For ant-scale interactions, no signifi-
cant difference was found between invasive and native ants (QM =0.31, d.f. =1, p = 0.58,
Figure 4c); the exclusion of native ants had a significant effect on herbivore abundance, but
the exclusion of invasive ants did not (Supplementary Materials S4, Table S2).

Finally, we categorized data by plant growth form. For herbs, the global effects of ant
exclusion on herbivore abundance were significant (Supplementary Materials S4, Table S2).
However, the exclusion of either invasive or native ants did not affect herbivore abun-
dance (Supplementary Materials 54, Table S2); no significant difference was observed
between invasive and native ants in terms of their ability to impact herbivore abundance
(QM = 0.60, d.f. =1, p = 0.44, Figure 4d). For shrubs, the global effects of ant exclusion on
herbivore abundance were significant (Supplementary Materials 54, Table S2); the exclu-
sion of invasive ants did not affect herbivore abundance, but the exclusion of native ants
had significant effects on herbivore abundance (Supplementary Materials S4, Table S2);
no significant difference between invasive and native ants on herbivore abundance was
observed (QM = 0.26, d.f. =1, p = 0.61, Figure 4d). For trees, the global effects of ant exclu-
sion on herbivore abundance were significant (Supplementary Materials S4, Table S2); the
exclusion of both invasive and native ants had a significant effect on herbivore abundance
(Supplementary Materials 54, Table S2); the between-group difference was not significant
(QM =216, d.f. =1, p = 0.14, Figure 4d).

3.4. Effects of Invasive/Native Ant Exclusion on Predator/Parasitoids Abundance

Fifty studies were combined in the meta-analysis of effects of invasive/native ant
exclusion on predator abundance (Figure 2c). Globally, ant exclusion showed no significant
relationship with predator/parasitoids abundance (SMD = 0.11, z = 1.01, p = 0.31). Only
two invasive ant species were reported as preying on predators/parasitoids (SMD=-0.39,
z = —0.86, p = 0.39). Native ants did not show significant effects on predator/parasitoid
abundance (SMD =0.13, z=1.16, p = 0.25).

3.5. Effects of Invasive/Native Ant Exclusion on Plant Fitness

We combined 34 studies on the effects of exclusion of invasive/native ants on plant
fitness meta-analysis. Egger’s Linear regression test of funnel plot asymmetry (Supplemen-
tary Materials S3, Figure S3) showed no significant asymmetry of these data (t = —0.33,
p = 0.75). There were no significant global effects of ant exclusion on plant fitness
(Supplementary Materials S4, Table S3; Figure 2d). Ant exclusion and plant fitness were
not significantly related to invasive ants, but the exclusion of native ants was a significant
predictor of plant fitness (Supplementary Materials S4, Table S3; Figure 2d). Random effects
models revealed no significant difference between invasive and native ants in terms of
plant fitness (QM = 2.13, d.f. =1, p = 0.14, Figure 5a).
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Figure 5. Mean effect size (Hedges” g) and 95% confidence interval of the effect of exclusion of
invasive or native ants on plant fitness (a) under different climate zone (b), Hemiptera type (c),
and plant type (d). The sample size for each category is shown in parenthesis. ** p < 0.01, “ns”
not significant.

We categorized the studies by climate zone into temperate and tropical (Figure 5b).
The global effects of ant exclusion on plant fitness in the temperate region were not
significant; the exclusion of invasive ants did not affect plant fitness, but the exclusion of
native ants had significant impacts on plant fitness (Supplementary Materials S4, Table S3);
the between-group (invasive and native ants) comparison revealed no significant difference
(QM =0.28, d.f. =1, p = 0.60). In the tropical zone, the global effects of native and invasive
ant exclusion on plant fitness were not significant (Supplementary Materials S4, Table S3);
the between-group (invasive and native ants) comparison also revealed no significant
differences (QM =1.97, d.f. =1, p = 0.16).

We then categorized data according to hemipteran superfamily (Figure 5c). The global
effects of the ant exclusion on plant fitness for the ant-scale insect mutualism were not
significant; the exclusion of invasive ants significantly reduced plant fitness, but the exclu-
sion of native ants had no significant effects on plant fitness (Supplementary Materials S4,
Table S3); a significant difference between invasive and native ants was found (QM = 3.05,
d.f. =1,p=0.08).

Finally, we categorized data into shrub and tree by plant growth form (Figure 5d).
In the shrubs, the global effects of the exclusion of the ant on plant fitness was not sig-
nificant, and the exclusion of both invasive and native ants did not affect plant fitness
(Supplementary Materials 54, Table S3); no significant between-group difference was found
(QM =0.39, d.f. =1, p =0.53). In the trees, the global effects of the exclusion of the ant
on plant fitness were not significant, and the exclusion of both invasive and native ants
had no significant effects on plant fitness (Supplementary Materials 54, Table S3); the be-
tween group (invasive/native ant exclusion) difference was significant (QM =7.04, d.f. =1,
p < 0.01, Figure 5d).

4. Discussion

Our results support the “mutualism intensity” hypothesis, that the exclusion of both
native and invasive ants had significant effects on hemipteran abundance, and invasive
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ants had significantly stronger effects on hemipteran abundance than native ants. Both
native and invasive ants had significant effects on herbivore abundance, but the effects
of invasive ants on herbivores are equal to those of native ants. Additionally, the effects
of ants on parasitoids and predators were not significant. Therefore, the current data
do not support the “aggressive predator” hypothesis. The “negative trophic cascade”
hypothesis was partly supported, as plant fitness (e.g., leaf area, plant height, and seed
production) was significantly reduced when native ants were excluded; the exclusion of
invasive ants did not influence plant fitness. Taken together, rewiring in the hemipteran—
ant mutualism promotes the invasion of ants, which can be thought of as a new type of
”symbiotic invasion” [5]. A high abundance of invasive ant-hemipteran mutualists reduced
herbivore abundance, but the detrimental effects of the extraordinarily high density of
Hemiptera (themselves herbivores) on host plants may overwhelm the beneficial effects of
reduced (non-hemipteran) herbivores, as assumed by Styrsky and Eubanks [26].

4.1. Effects of Invasive/Native Ant Exclusion on Hemipteran Abundance

Our data showed that, for each category and each level of category, the exclusion of
ants significantly reduced hemipteran abundance (Supplementary Materials 5S4, Table S2),
indicating an intimate relationship between both groups of ants and hemipteran insects. In
the tropics, invasive ants had significantly stronger effects on hemipteran when compared
to native ants (Figure 3b). Invasive ants also showed a significantly stronger relation-
ship with Hemiptera than native ants in shrubs (Figure 3d). Invasive ants relied more on
Hemiptera in shrubs in tropical areas than native ants. We hypothesized that exotic ant
species could easily become invasive in tropical areas, especially as dense forest cover gives
way to invasive shrub species and fast-growing secondary forest trees [52].

In five experiments, no hemipterans were observed on the host plant when ants were
excluded. On the one hand, it may indicate an intimate co-evolved relationship between
these ants and their hemipteran partners [53]. On the other hand, this may be due to
other factors influencing interaction occurrence and strength [54,55], for example, the
population density of interacting species, host plant status, the time of observations, and
weather [56]. Additionally, ant species identity, morphological traits, and level of aggressive
behavior may be more important in influencing the strength of their interactions [32,53].
Correlations between ant and the hemipteran numbers might be a better index with which
to evaluate the ant-hemipteran relationship and assess differences between invasive and
native ants [57].

Ants and their hemipteran partners form complex interacting mutualistic networks;
ants acquire carbohydrates from hemipteran honeydew, which substantially promotes ant
population growth [58,59]. Invasive ants tend to form stronger mutualistic relationships
with a narrower selection of Hemiptera in comparison to native ants, invasive ants therefore
reduce food web diversity and lead to the high abundance of certain hemipterans. As such,
the ready supply of carbohydrate excreted from hemipterans may facilitate the invasion of
exotic ants.

4.2. Effects of Invasive/Native Ant Exclusion on Herbivore/Predator Abundance

The impacts of ants on herbivores varies across different categories, which may in
turn vary due to ant predation preference and herbivore traits (e.g., speed of movement,
population density, and life history strategies). In three experiments, no herbivores were
observed on the host plant. A low density of herbivores will result in weak effects of ant
exclusion. Both abundance of ants and herbivores will substantially affect the results of
exclusion experiments. Experiments conducted on different types of host plant are also
diverse due to the developmental properties (especially developmental rates) of plants.
Moreover, ant predation on herbivores may be impeded by physical barriers (such as
a specific plant organ) or chemical signals [60], which can all weaken the effects of ant
predation on herbivore abundance.
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Although ants are assumed to prey on or harass parasitoids and predators, the abun-
dance of parasitoids and predators was not affected by ants according to our analysis. The
effects of ants on parasitoids/predators could be more of a trait-mediated interaction (a
change in behavior or preference of parasitoids/predators) rather a density mediated inter-
action [61,62]. Moreover, intra-guild predation may also dampen the results of excluding
ants in experiments [63].

The positive effects of ant exclusion on herbivores are most readily observed in specific
species of herbivores or in controlled lab conditions with only a few species of herbivores
present [38,64,65]. In the field, however, herbivores form a community of species on the
host plant, and the effects of ants on different species of herbivores are likely variable.
For example, less abundant herbivore species or concealed species may benefit from ant
predation on competitors or other predators (a form of apparent competition). Fowler
and MacGarvin [66] showed that leaf-mining caterpillar richness was higher on trees with
Hemiptera-tending ants, while ants were unable to prey on concealed caterpillars, they
did protect them from parasitoids. Similar results have been reported in the ant—fig—fig—
wasp system, as pollinating fig wasps entered into the fig fruits to oviposit, and weaver
ants preyed on the competitors and parasitoids that oviposit from the outside of the fig
fruits [60]. Ants may also dissuade pollinator visitation through aggressive behaviors that
are non-consumptive and are not included in the analyses, but they nevertheless reduce
floral visitation [67-69].

4.3. Effects of Invasive/Native Ant Exclusion on Plant Fitness

Effects of excluding invasive and native ant on host plant fitness were also variable
across climatic zones, hemipteran type, and host growth form because the effects of ants
are transmitted down the food web. As discussed above, ant predation may either be
beneficial or detrimental for plants, depending on their influence on the whole community
of insects. Ant protection on herbs may be easily detected and observed when we record
leaf damage yet impacts on seed production require more extended periods and involve
complex indirect processes (e.g., plant development and defense). Some plants are sensitive
to herbivore damage, while others are more tolerant to foraging herbivores. Thus, the
defense system of host plants interacting with foraging herbivores is the result of complex
physiology and biochemistry processes [70]. The influence of ants can be extraordinarily
variable when both herbivorous insects and pollinating insects are present [71]. Ants may
protect the plant from herbivore foraging, but ants may also deter pollinators leading to
reduced seed production [31].

We did not include ant-plant mutualists in our analyses, because in ant-myrmecophytic
interactions ants are attracted by the benefits provided by the myrmecophytic plants, not
by hemipteran insects. This exclusion may explain the non-significant effects of ants on
herbivory and plants in comparison to Rosumek, et al. [41]. Myrmecophytic plants produce
extrafloral nectaries (EFNs), domatia, and food bodies. Almost 80% of the myrmecophytic
plants were colonized by a single ant species, forming an intimate ant-plant interaction [41].
Similar results were reported by Zhang, et al. [42], in that the ant-Hemiptera mutualism had
significant protective effects on the host plant, but enhanced plant growth or reproductive
performance were not observed.

4.4. Future Considerations

While ants can protect Hemiptera from natural enemies, ant tending also maintains
the stability of host plant-hemipteran interactions by preventing hemipterans from over-
whelming host plants [72]. Such beneficial interactions have been reported among native
ants, hemipterans, and host plants, which may be a result of diffuse co-evolutionary in-
teractions among them. As for invasive ants, Gaigher, et al. [57] reported that a high
abundance of ant-hemipteran mutualists was strongly associated with damage to the host
plant, potentially threatening the local ecosystem through their indirect effects. However,
the mechanisms behind such a negative correlation were not elucidated. Styrsky and
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Eubanks [26] proposed that the ecological consequences of the interactions among ants,
hemipterans, herbivores, and their host plants may be determined by the magnitude of the
inter-specific interactions. It is highly likely that effects ripple across multiple trophic lev-
els. Future research should take a multi-trophic approach when evaluating the ecological
consequences of invasive ants.

Invasive ants may lead to far-reaching community-level changes within ecosystems
through their indirect effects on herbivores, plants, and microbes. On Christmas Island,
the invasion of yellow crazy ants promoted local scale insect (Coccoidea) density. A
high density of scale insects led to the production of additional honeydew on the leaf
surface, which in turn provided the carbohydrates necessary for sooty mold (Ascomycete)
growth [73]. Finally, this proliferation of sooty molds led to canopy dieback and even
the death of the host tree. Except for direct feeding and damage caused through sooty
molds on the leaves, hemipteran insects can also transmit pathogens [74]. The prevalence
of sooty molds is positively correlated to the abundance of hemipteran but negatively
correlated to plant yield [75], but the diversity and effects of these molds on host plants is
poorly studied.

Four important issues should be addressed that relate to ant-hemipteran mutualistic
invasion., (1) the type of hemipteran that was favored by invasive ants, (2) the preference
of invasive ants with respect to quality and quantity of honeydew production, (3) the
host plant preference in the ant-hemipteran mutualism, and (4) the potential effects of the
host plant on ant-hemipteran diversity mediated by bottom-up processes. Addressing
these issues will give us new insights, allowing us to understand the adaptation of the
ant-hemipteran mutualism and perhaps help to control invasive ants. A potential strategy
for controlling invasive ants might rely on breaking the interaction between ants and
hemipterans by providing additional sugar or sugar baited poison [76-80].

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/agronomy11112323/s1, Supplementary Materials S1 A list of references for data collection.
Supplementary Materials S2 Detailed information for each experiment. Supplementary Materials S3
(Figure S1: Funnel plot to show the asymmetry of the hemipteran abundance data. Vertical line
shows the random effect estimate of MSD and 95% confidence interval limits (diagonal dashed line).
Figure S2: Funnel plot to show the asymmetry of the herbivore abundance data. Vertical dotted
line shows the random effect estimate of MSD and the vertical dashed line shows the fixed estimate
of MSD and 95% confidence interval limits (diagonal dashed line). Figure S3: Funnel plot to show
the asymmetry of the plant fitness data. Vertical dotted line shows the random effect estimate of
MSD and the vertical dashed line shows the fixed estimate of MSD and 95% confidence interval
limits (diagonal dashed line).) Supplementary Materials S4 (Table S1: Mean effect size (Hedges’
g) and 95% confidence interval of the effect of exclusion of invasive or native ants on Hemiptera
abundance under different climatic zone, Hemipteran type, and plant growth form. Table 52: Mean
effect size (Hedges’ g) and 95% confidence interval of the effect of exclusion of invasive or native
ants on herbivore abundance in different climatic zones, Hemipteran type, and plant growth form.
Table S3: Mean effect size (Hedges’ g) and 95% confidence interval of the effect of exclusion invasive
or native ants on plant fitness in different climatic zones, Hemipteran type, and plant growth form.).
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