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ABSTRACT OF THE DISSERTATION 

 

The broader ecological effects of species invasion on protection mutualisms  

by 

 

Katherine Elizabeth LeVan 

 

Doctor of Philosophy in Biology 

 

University of California, San Diego, 2013 

 

Professor David A. Holway, Chair 

 

Species introductions dramatically alter the diversity and abundance of native 

species via competitive and predatory interactions that negatively influence native biota. 

Although invasive species sometimes form mutualisms within their introduced range, the 

role of mutualistic interactions on species abundance and food web composition is less 

known. In this study I examined the invasive Argentine ant (Linepithema humile), a 

species which readily interacts with carbohydrate-producers within its introduced range. 

This study investigates these (presumably) reciprocally beneficial food-for-protection 

mutualisms to determine the broader ecological effects of the mutualism on species 

external to mutualism. Using field experiments and molecular techniques, I quantify the 

effects of the Argentine ant on food web structure, diversity, and plant reproduction. This 

study identifies the broader ecological effects of invasion, and provides insight into 
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management strategies that may minimize the ecological impacts of invasive social 

insects on native biota. 

 



 
 

1 

INTRODUCTION OF THE DISSERTATION 

Mutualisms are the most ubiquitous interactions in ecology, occurring in diverse 

species from microbes (Wernegreen 2002) to mammals (Willson 1993). All higher 

terrestrial plants, many vertebrates, and a variety of arthropods are involved in 

mutualisms (Boucher et al. 1982). Defined as an interaction between species that is 

beneficial to both, mutualisms are generally categorized as nutritional (e.g., 

endosymbionts, nitrogen fixation by microbes, plant-pollinator mutualisms), protective 

(e.g., from predators, parasites, disease, toxins) or transportive (e.g., seed dispersal) 

(Boucher et al. 1982). Mutualisms can be obligate (coevolved interactions between 

species dependent upon one another for survival or reproduction) or facultative (loose 

associations where one or both partners can survive or reproduce without the other 

partner). Generalized facultative interactions are most prevalent (Way 1963; Bentley 

1977; Hölldobler & Wilson 1990; Stadler & Dixon 2005) and a single species can be 

involved in one or more types of mutualism (Boucher et al. 1982). 

Mutualisms are conventionally viewed as interactions between two partners but 

not necessarily between equal partners. In symmetric mutualisms, both partners gain 

similar benefits, while asymmetric interactions result in one partner receiving the greater 

net benefit (Bronstein 2001). Mechanistic analyses of mutualisms can provide 

information regarding the benefits that each partner derives, the strength of the 

association (Bronstein 1994), or the degree of symmetry (Bronstein 2001). Because 

studies of mutualism occur in isolation, they are unable to quantify how these binary 

relationships influence the food webs in which they are embedded (Polis & Strong 1996; 

Stanton 2003; Styrsky & Eubanks 2007). This binary analysis is incomplete because 

pairwise mutualisms frequently interact with many species in natural systems (Polis & 

Strong 1996; Kaplan & Eubanks 2005; Schumacher & Platner 2009).
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When mutualisms are placed in a food web context, species outside of the 

mutualism can respond in unexpected ways to the presence and strength of mutualisms 

(Stachowicz 2001). Recent reviews suggest that mutualisms drive species composition 

(Bruno et al. 2003), though few studies explicitly test this hypothesis (Wimp & Whitham 

2001; Styrsky & Eubanks 2007). From what information is available, mutualistic 

interactions change the structure of trophic levels above (Kaplan & Eubanks 2002) and 

below (O’Dowd et al. 2003). In facultative associations, participants are somewhat 

interchangeable with the potential to impact a food web more than an obligate pair. 

Flexibility in pairings has important implications for changes in trophic 

interactions. In these loose associations, each participant is one of many potential 

partners and a particular pairwise interaction may only exist because a more desirable 

partner is unavailable (Cushman & Whitham 1991; Fischer et al. 2001; Blüthgen & 

Fiedler 2004). In this situation, the identity of the mutualist and strength of the mutualism 

determines the impact of the relationship on its food web. As a result, abundances of 

available mutualists may become important to the pressure that a mutualism exerts on 

community structure. 

Ant mutualisms  

Many ant species form facultative, protective mutualisms (Hölldobler & Wilson 

1990), receiving rewards from their partners in exchange for protection from enemies. In 

mutualistic interactions, ants may receive carbohydrates (Völkl et al. 1999), amino acids 

(Gonzalez-Teuber & Heil 2009), or nesting sites (Gaume et al. 2005). Because of these 

incentives, a variety of ant species will diligently tend plant extrafloral nectaries (Bentley 

1977), many Hemiptera (Way 1963; Stadler & Dixon 2005) and some lycaenids (Pierce 

et al. 2002). However, the services that the ants provide are variable. For example, not 

all ant species provide high quality protection (Ness et al. 2006) and ants are completely 
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ineffective at warding off leaf miners and gall-forming herbivores (Ito & Higashi 1991). In 

the case of honeydew-producing insects, ants may provide some level of protection 

(Wimp & Whitham 2001; Grover et al. 2008), but are less effective against specialist 

predators (Wimp & Whitham 2001) or parasitoids (Herbert & Horn 2008).  

Generally speaking, plants that form mutualisms with ants derive a variety of 

benefits. Plants receive protection from some herbivores (Rudgers 2004) because of 

increased ant presence. These ant-plant mutualisms can result in increased growth 

(Sipura 2002; Mooney 2007), fitness (Frederickson et al. 2005; Gaume et al. 2005), and 

dispersal (Christian 2001; Carney et al. 2003) of dependent taxa. In return, plants 

provide nutrients (Bentley 1977) or nesting sites (Gaume et al. 2005). In spite of the cost 

of producing rewards (Keeler 1985; Mondor et al. 2006), many plants will induce EFN 

secretions in response to herbivore damage to attract ants (Mondor & Addicott 2003; 

Pulice & Packer 2008).  

Mutualisms between ants and carbohydrate-producers are extremely labile. 

Variation in tending ability translates into changes in population growth (Nygard et al. 

2008) and amount of honeydew harvested by ants (Paris & Espadaler 2009). Gaume et 

al. (1998) indirectly demonstrated that a single species of ant may effectively tend one 

hemipteran, but ineffectually tend another type. Differences in tending may arise from 

ant preferences for more nutritious honeydew (Fischer & Shingleton 2001; Blüthgen & 

Fiedler 2004), certain morphological features (Mondor et al. 2002) or behavioral 

characteristics (Dixon 1998). Currently, it is unclear why one honeydew producer forms 

a mutualism when another does not. Studies comparing the maintenance of mutualisms 

within a clade of Chaitophorus aphids determined that these mutualisms have been 

gained or lost several times in their evolutionary history (Shingleton & Stern 2003), but 

have not offered explanations for this phenomenon.  
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Effects of mutualisms between honeydew-producing insects and ants on host plants 

Quantifying net effects of mutualisms is complicated by the fact that mutualisms 

are not just a positive-feedback loop; instead, they are a combination of positive and 

negative effects that vary in strength. Direct mutualisms between ants and plants are 

typically beneficial (Bentley 1977), but indirect mutualisms are more variable. 

Honeydew-producing insects provide carbohydrate resources to ants (Buckley 1982) 

and increase plant protection through elevated ant presence (Grover et al. 2008), thus 

increasing the suppression of certain types of herbivores (Fowler & Macgarvin 1985). 

Although hemipterans can be beneficial to the host plant (Messina 1981), they are 

themselves a sap-sucking herbivore and sometimes vector disease (Kaloshian & Walling 

2005). Moreover, ant-hemipteran mutualisms are known to negatively impact plant 

growth (Buckley 1982) and fitness (Banks & Macaulay 1967) in herbaceous plants. 

Lowered seed set may reflect increased seed abortion due to a depletion of phloem 

nutrients (Dixon 1998) or decreased pollination as a result of diminished floral nectar 

palatability.  

Trophic effects  

The effects of ant-hemipteran mutualisms are not limited to direct and indirect 

participants. Mutualisms between ants and honeydew-producing insects also affect 

higher trophic levels, reducing abundances of generalist predators (Wimp & Whitham 

2001) and pollinators (Lach 2007). Some ant species can harass pollinators (Ness 

2006), which may be facilitated with ant-hemipteran mutualisms (Lach 2007). In contrast, 

specialist predators of tended hemipterans are most common where ant-hemipteran 

mutualisms occur (Way 1963; Wimp & Whitham 2001). Moreover, rate of parasitism by 

parasitoids specializing on aphids are reduced by ants in one study (Fischer et al. 2002), 

but not another (Savage & Peterson 2007). As a result, it is unclear if protection from 
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parasitoids depends on the ant species defending the hemipteran, the aggregation size 

that the ants must patrol, or the density of parasitoids. Thus, the effect of mutualisms 

can permeate multiple trophic levels. 

Linepithema humile 

The Argentine ant (Linepithema humile) is a widespread, abundant, and 

disruptive invasive species (Holway et al. 2002). Linepithema humile foragers are small 

in size and recruit readily to available resources, preferring liquid food over seeds or 

arthropods (Newell & Barber 1913; Markin 1970). Although L. humile is native to central 

South America, the Argentine ant has spread throughout Mediterranean-type climates 

across the globe (Roura-Pascal et al. 2004) and thrives in riparian habitats in both its 

native and introduced ranges (Menke & Holway 2006). Argentine ants are polydomous 

and polygynous, where queens and workers form large, diffuse colonies (Suarez et al. 

1999). Unicoloniality, high interspecific aggression coupled with low intraspecific conflict 

are the most notable behavioral traits exhibited by L. humile in its introduced range. The 

widespread success of L. humile may be explained in part by its ability to tend aphids. 

Because L. humile is aggressive and has a high foraging tempo (Holway 1998a; Holway 

& Suarez 1999), Argentine ants may be well suited to access and defend honeydew 

resources in the field. As a result of carbohydrate supplementation, they may more 

greatly alter species composition in arthropod food webs and derive increased success 

at the individual and population levels. 

In their introduced range, L. humile displaces native ants (Holway 1998b, 2005; 

Tillberg et al. 2007) and may decrease overall arthropod diversity (Human & Gordon 

1997). Several studies have indirectly examined how native (Fowler & Macgarvin 1985; 

Ito & Higashi 1991) or invasive (Altfeld & Stiling 2009) ant predators influence ant 

biodiversity. Despite its extensive distribution and ecological dominance, the specific 
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effects of the Argentine ant on arthropod food webs remain incompletely studied. 

Because of limitations in experimental design, it is unclear whether invasive ant species 

generally suppress diversity or only target specific groups within a food web. 

The broader ecological effects of species invasion on protection mutualisms  

Because ant mutualisms can influence host plant reproduction (Banks & 

Macaulay 1967), herbivore load (Kaplan & Eubanks 2005), predator and parasite 

abundance (Wimp & Whitham 2001) and pollinator visitation (Lach 2007), my thesis 

investigates the species composition effects of mutualisms with an introduced ant. 

Chapter 1 of the thesis focuses on ant-plant mutualisms in coastal San Diego. Chapter 2 

examines the effect of an invasive ant on the composition of the hemipteran mutualist 

guild. Chapter 3 determines the effects of ant-aphid mutualisms on pollinator visitation 

and Chapter 4 evaluates the effect of ant-aphid mutualisms on food web structure.   
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Argentine ant invasions homogenize networks of interacting aphid-tending ants, 

ant-tended aphids and parasitoid wasps 

ABSTRACT 

Mutualisms contribute in fundamental ways to the origin, maintenance, and 

organization of biological diversity. Introduced species are well known to infiltrate 

mutualisms, and their participation in these interactions can come at the expense of 

other mutualists. The degree to which the usurpation of mutualisms by introduced 

species affects the diversity of native mutualists remains incompletely understood. As 

the transport and establishment of non-native species throughout the world increases, 

an appreciation of the effect on mutualisms is of clear importance. Here we use DNA 

barcoding to clarify how Argentine ant invasions affect the diversity of a multi-species, 

ant-aphid mutualism and in turn alter the structure of networks involving ants and aphids 

and those involving aphids and parasitoids. Invaded sites supported only one ant-tended 

aphid species, which was exclusively tended by the Argentine ant. In contrast, the 

interaction network between ant-tended aphids and aphid-tending ants at uninvaded 

sites included 16 different ant-aphid pairings involving four species of aphids and eight 

species of ants. We detected only one species of parasitoid wasp in our aphid samples, 

but the greater number of potential aphid host species at uninvaded sites led to 

pronounced differences in the structure of the willow-aphid-parasitoid food web. Food 

webs at uninvaded sites, for example, had more links per site and lower per site 

connectance compared to food webs at invaded sites. These results illustrate the 

potential for introduced species to reduce the diversity present in multi-species 

mutualisms and to homogenize the structure of associated interaction networks. 
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INTRODUCTION 

Mutualisms contribute in fundamental ways to the origin, maintenance and 

organization of biological diversity (Bertness & Callaway 1994; Bruno et al. 2003; 

Bascompte & Jordano 2007). Environmental changes brought about by human activity 

can alter the currencies that underlie mutualistic interactions and shift selective forces 

away from those that favor mutualism (Kiers et al. 2010). Species introductions 

represent an accelerating and dynamic form of environmental change that can disrupt 

mutualisms between native species (Traveset & Richardson 2006; Kiers et al. 2010). 

However, the degree to which the cooption of mutualisms by introduced species affects 

the diversity of species that participate in mutualisms remains incompletely understood 

(Traveset & Richardson 2006). Here we use DNA barcoding to identify aphids and their 

parasitoids to examine (1) how ant invasions affect the diversity of an assemblage of 

ant-tended aphids following displacement of native ants, and (2) how changes in aphid 

diversity in turn affect the structure of the ant-aphid interaction network and the structure 

of the host plant-aphid-parasitoid food web. 

 Interactions between ants and honeydew-producing insects are ancient, 

geographically widespread, and common in both temperate and tropical ecosystems 

(Way 1963; Hölldobler & Wilson 1990; Grimaldi & Engel 2005; Stadler & Dixon 2005; 

Oliver et al. 2008). In exchange for honeydew, which is partially digested plant sap rich 

in carbohydrates and (variably) amino acids (Blüthgen & Fiedler 2004; Blüthgen et al. 

2006), ants provide sanitation services and protect honeydew producers from their 

natural enemies, such as parasitoid wasps (Way 1963; Hölldobler & Wilson 1990; 

Stadler & Dixon 2005). Ant species opportunistically tend multiple honeydew-producing 

insect taxa (Fischer et al. 2001; Smith et al. 2008; Chong et al. 2010; Kaminski et al. 

2010; Yoo et al. 2013), which in turn may be tended by more than one ant species 
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(Addicott 1979; Bristow 1984; Sipura 2002; Blüthgen et al. 2006). These interactions 

may thus commonly represent multi-species mutualisms consisting of two interacting 

mutualist guilds (sensu Stanton 2003): multiple ant species tending multiple honeydew-

producing insect species. Introduced species nicely illustrate the open nature of these 

partnerships in that mutualisms often develop between ants and honeydew-producing 

insects that share no evolutionary history (Way 1963; Bach 1991; Helms & Vinson 2002; 

Lach 2003; O’Dowd et al. 2003; Ness & Bronstein 2004; Green et al. 2011). 

 Pair-wise interactions between introduced ants and honeydew-producing insects 

often result in increased numbers of honeydew-producing insects relative to those 

present in ant exclusions (Lach 2003; Ness & Bronstein 2004; Helms & Vinson 2008). 

Whether introduced ants differ from native ants with respect to their ability to tend 

honeydew-producing insects and whether these differences are sufficient to affect the 

abundance or diversity of honeydew-producing insects remain largely unexplored 

questions (Ness & Bronstein 2004). Introduced ants, however, can become abundant 

and recruit large numbers of workers to carbohydrate resources (Holway et al. 2002; 

Lach 2003). To the extent that introduced ants differ from native ants with respect to 

these attributes, higher levels of tending (e.g., higher ant:aphid ratios) provided by 

introduced ants could translate into superior protection from enemies (Lach 2003). 

Enhanced protection could potentially foster diversity if introduced ants do not 

discriminate with respect to which honeydew-producing insect species they tend. 

Alternatively, introduced ants might selectively interact with the most prolific honeydew-

producers and ignore or prey upon remaining taxa (Fischer et al. 2001; Powell & 

Silverman 2010). If so, then honeydew-producing insect diversity might decrease relative 

to that present in areas occupied by multiple native ant species where territoriality and 

species-specific preferences on the part of native ants might maintain greater diversity. 
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 To the extent that introduced ants differ from native ants with respect to how they 

tend honeydew-producing insects, disruptions to the network of interactions between 

ants and the insects that they tend may result in downstream effects on the consumers 

of honeydew-producing insects. If the enemies of honeydew-producing insects are host 

specific, for example, changes in the diversity of honeydew-producing insects that result 

from ant invasions could directly alter the composition of the enemy assemblage, 

perhaps via reduced ability to partition resources among enemies (Finke & Snyder 

2008). In addition, mutualisms between ants and honeydew-producing insects often 

exert strong effects on the diversity and composition of arthropod assemblages present 

on host plants (Wimp & Whitham 2001; Styrsky & Eubanks 2007). Recent work 

illustrates that even the composition of the honeydew-producing insect assemblage itself 

can affect the behavior and local abundance of enemies as a result of changes in the 

foraging behavior of tending ants (Kaminski et al. 2010; Yoo et al. 2013). Especially in 

cases where the consistency, duration or dispersion of honeydew production increases 

with the diversity of honeydew-producing insects present, one might expect that 

arthropods sensitive to ants would be less abundant in the presence of multiple species 

of honeydew producers compared to situations involving just one species. 

Species identification is a key impediment to clarifying how ant invasions affect 

assemblages of non-ant arthropods (Krushelnycky & Gillespie 2008; Lach et al. 2010). 

This challenge may be particularly difficult in cases involving honeydew-producing 

insects and their enemies. Honeydew-producing hemipterans, and aphids in particular, 

exhibit complex life cycles (Stadler & Dixon 2005) and can vary in appearance as a 

function of temperature and nutrition (Nevo & Coll 2001; Blackman et al. 2011; 

Richardson et al. 2011). DNA barcoding has eliminated many of the difficulties 

associated with species identifications of these insects (Traugott & Symondson 2008; 
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Traugott et al. 2008; Santos et al. 2011) and can also be used to differentiate difficult to 

identify enemy taxa (Andrew et al. 2013), such as hymenopteran parasitoids of aphids. 

Identification of parasitoids formerly required rearing of larvae from hosts (Henneman & 

Memmott 2001), but the development of molecular tools for parasitoid identification and 

detection inside hosts (Weathersbee et al. 2004; Santos et al. 2011; Derocles et al. 

2012) has advanced an understanding of these interactions. DNA barcoding, for 

example, can reveal the presence of aphid parasitoids in the early stages of 

development and yield more accurate assessment of parasitism levels compared to 

those resulting from simple visual inspection (Hrcek et al. 2011). 

 In this study we investigate how invasion by the Argentine ant (Linepithema 

humile) affects the species composition of the ant-tended aphid assemblage on arroyo 

willow (Salix lasiolepis) in Southern California, and how changes in aphid diversity in turn 

affect species that interact with aphids. The Argentine ant tends a wide variety of 

honeydew-producing insects (Way 1963; Lach 2003; Ness & Bronstein 2004) and 

displaces aphid-tending native ants from riparian habitats (Ward 1987; Holway 1998a, 

2005). Using DNA barcoding to identify aphids and their parasitoids, we address the 

following questions. (1) Does the diversity of the aphid mutualist assemblage increase or 

decrease as a function of ant invasion? (2) Do native ants differ from the Argentine ant 

with respect to their levels of aphid tending and or the aphid species that they tend? (3) 

Do levels of aphid parasitism increase or decrease as a function of ant invasion? (4) Do 

invaded and uninvaded sites differ from one another with respect to the structure of the 

ant-aphid interaction network or the structure of the host plant-aphid-parasitoid food 

web? Answers to these questions will clarify how the assimilation of introduced species 

into multi-species mutualisms affects the diversity of native mutualists and the structure 

of associated interaction networks and food webs. 
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METHODS 

Study system 

The Argentine ant now occurs throughout many portions of California, where its 

ability to displace native ants from a variety of natural ecosystems is widely documented 

(Tremper 1977; Ward 1987; Human & Gordon 1996; Holway 1998ab, 2005; Suarez et 

al. 1998; Mitrovich et al. 2010). The Argentine ant requires adequate levels of soil 

moisture to invade seasonally dry environments (Menke & Holway 2006; Menke et al. 

2007) and attains exceptionally high abundance in moist riparian woodlands that border 

perennial streams and rivers (Holway 1998ab, 2005), ecosystems that resemble the 

preferred habitat of L. humile in its native Argentina (LeBrun et al. 2007). We selected 

six paired sites in riparian woodlands in San Diego and Riverside counties; each pair of 

sites was located in a different watershed and included an invaded portion of a riparian 

corridor and an uninvaded portion (Figure 2.1; Holway 2005). The Argentine ant is 

actively spreading at each invaded site (DAH, unpubl. data); native ants persist along 

uninvaded stretches of riparian corridor because L. humile has not yet reached these 

sites. Sites within each pair were separated by 3.9 (± 2.2 SE) km and were matched as 

closely as possible with respect to elevation, soil type, dominant perennial vegetation 

and total cover. The landscape-level pattern of invasion depicted in Figure 2.1 provides 

an opportunity to compare paired invaded and uninvaded sites with respect to naturally 

occurring populations of ants, aphids and parasitoids across a large spatial scale (see 

Holway 1998a; Krushelnycky & Gillespie 2008, 2010). This experimental design differs 

from a manipulation in that the main treatment (i.e., invader presence) is a pre-existing 

condition, but it nonetheless provides insights into invasion processes that would be 

impossible to study using small-scale manipulations (Krushelnycky & Gillespie 2010). 
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Sampling 

Sampling was conducted three times per site in early (June), mid (1-14 July) and 

late (21 July-5 Aug) summer 2012. At every site, 4 or 5 (4.75 trees per visit ± 0.45 SD) 

arroyo willow trees, each separated by at least 10 m, were searched for 1 to 2 hours per 

visit for all ant-tended aphid aggregations present on above-ground vegetation. For each 

aphid morphospecies at each site, we collected three to five individuals from at least one 

aggregation. At sites where we found more than one aggregation of a particular aphid 

morphospecies, we sampled from at least three different aggregations. In total we 

collected aphids from 187 aggregations (660 aphids): 54 aggregations (190 aphids) at 

sites invaded by the Argentine ant and 133 aggregations (470 aphids) at sites still 

occupied by native ants. We did not sample aphid aggregations that were not being 

actively tended by ants. While sampling aphid aggregations, we also estimated the level 

of tending exhibited by each ant species at aggregations of Chaitophorus nigrae; this 

aphid species was present at every site and was tended by almost every ant species. 

We estimated tending levels by calculating the ratio between the number of tending ants 

at a particular C. nigrae aggregation and the number of aphids in that aggregation. 

Molecular analysis of species identity 

We used polymerase chain reaction (PCR) to amplify the cytochrome oxidase I 

(COI) barcode region, from which we used Sanger sequencing to determine aphid 

species identity. Because PCR amplification of a parasitized aphid also allows for the 

detection of parasitoids (Traugott et al. 2008; Lee & Lee 2012) within 2 to 5 days after 

parasitoid oviposition (Traugott & Symondson 2008), this method can be used to 

indicate parasitoid presence and identity and to estimate the level of parasitism at early 

stages of wasp development. We extracted whole aphids using a DNeasy Blood & 

Tissue kit (Qiagen). In this study, 95% of extracted aphid samples successfully 
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amplified. PCRs for aphids were performed in a 15-µL volume on a BioRAD iCycler 

gradient thermal cycler with primers (HCO2198 & LCO1490) to amplify the COI locus 

(see Folmer et al. 1994). We used 3 µL of template DNA, 1.5 µL 10X PCR buffer 

(Teknova), 1.5 µL of 15 mM MgCl2, 1.5 µL of 10X BSA, 0.3 µL of 10 mM dNTPs, 0.6 µL 

of each 10 µM primer and 0.5 U of Taq DNA Polymerase (Apex). For PCR, we used a 

modification of the protocol of Folmer et al. (1994) with the following reaction conditions: 

an initial denaturation step of 94○ C for 3 min, followed by 35 cycles of denaturation at 

94○ C for 30 s, annealing at 45○ C for 1 min and extension at 72○ C for 90 s. A final 

extension step was performed at 72○ C for 10 min. PCR product was sequenced by 

Retrogen (San Diego, CA), and COI sequences were aligned to reference sequences of 

known aphids and parasitoids. Contig assembly was performed in CodonCode using 

reference sequences from GenBank. Additionally, vouchers of each aphid 

morphospecies from each site were identified by the Systematic Entomology Laboratory 

(Agricultural Research Service, US Department of Agriculture) to confirm that species 

identified based on DNA barcoding matched the species identity of vouchers. In all 

cases aphid identifications based on morphology matched those based on DNA 

barcoding. 

Statistical analysis 

After molecular analysis allowed us to determine species identities (of aphids and 

parasitoids) and levels of parasitism, we compared sites with and without the Argentine 

ant with respect to ant-tended aphid richness, degree of parasitism and level of ant 

tending. We used paired t-tests to compare invaded and uninvaded sites with respect to 

aphid species richness (rarefied) and the proportion of aggregations in which we 

detected at least one parasitoid. No seasonal trends in aphid parasitism were apparent, 

and thus samples taken throughout the season were pooled within sites prior to analysis. 
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We used analysis of covariance (ANCOVA) to compare ant:aphid ratios across aphid-

tending ant species as a function of aphid aggregation size (covariate). Statistical 

analyses were conducted in R (R Development Core Team). 

 We also compared sites with and without the Argentine ant with respect to (1) the 

interaction network between ants and the aphid species they tended, and (2) the food 

web that included willows, aphids and parasitoids. Interaction networks (Bascompte & 

Jordano 2007) for ants and aphids were constructed based on the observed 

occurrences of particular two-way interactions at a site. In the analyses of willow-aphid-

wasp food webs, we considered how invasion status (invaded, uninvaded) and tending 

ant richness influenced the number of links, connectance (= observed links / all possible 

links), and linkage density (= observed links / number of species) among willows, aphids 

and parasitoid wasps. Connectance is a measure of generalized consumption among 

food web members that tends to decline with increasing network size (Williams & 

Martinez 2000). The upper bound of linkage density is based on web size, but for food 

webs containing the same number of species, linkage density increases as consumption 

becomes generalized. We used t-tests and simple linear regressions to test the effects 

of invasion status and ant species richness on different metrics of food web complexity. 

RESULTS 

Interactions between ants and aphids 

Sites without the Argentine ant supported a greater number of aphid-tending ant 

species and a greater number ant-tended aphid species compared to sites with the 

Argentine ant. The Argentine ant was the only aphid-tending ant species detected at 

invaded sites, whereas eight native ant species were observed tending aphids at 

uninvaded sites (Table 2.1) with an average of 2.72 ± 0.7 (mean ± SE) ant species per 

site (paired t-test: t5 = 6.03, p = 0.0018). The richness of ant-tended aphid species at 
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uninvaded sites (2.13 ± 0.77 species) also exceeded that at invaded sites (1.00 ± 0.00 

species) (Figure 2.2a; paired t-test: t5 = 3.60, p = 0.016). Chaitophorus nigrae was the 

most common aphid species observed; it was present at all sites, represented 85% 

(159/187) of all aphid aggregations sampled, and was the only aphid species found at 

sites with the Argentine ant (Table 2.1). At sites without the Argentine ant, ant-tended 

aphids detected included Pterocomma bicolor (9.6% (18/187) of all aggregations), Aphis 

farinosa (4.8% (9/187) of all aggregations), and Tuberolachnus salignus (< 1% (1/187) of 

all aggregations) (Table 2.1). Across all sites, ant-tended aphid richness increased with 

the richness of aphid-tending ant species (Figure 2.2b; simple linear regression: F1,10 = 

5.36, p = 0.043). 

 Reductions in ant and aphid richness at sites with the Argentine ant led to only 

one possible type of ant-aphid interaction (Figure 2.3a): C. nigrae tended by L. humile. 

At uninvaded sites, in contrast, the interaction network between ant-tended aphids and 

aphid-tending ants included 16 unique ant-aphid pairings (Figure 2.3b). The number of 

observed pair-wise interactions (4.2 ± 0.40 per site) was only slightly less than the 

number of possible interactions (6.2 ± 1.1 per site) given the ant and aphid species 

detected at each site (paired t-test: t5 = 2.58, p = 0.049). The pattern of interactions 

between ants and aphids exhibited two commonly observed properties of ecological 

networks: asymmetry and nestedness. Evidence for asymmetry comes from the 

tendency for the least connected species in the network to interact with the most 

connected species. Evidence for nestedness comes from the tendency for the most 

connected species in the network to interact with sets of species that include all (or at 

least most) of those species that the next most connected species interacts with. 

 Per capita levels of tending exhibited by the Argentine ant did not differ from 

those of all native ant species except for Formica moki. Ant:aphid ratios declined with 
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aphid aggregation size for all ant species (Figure 2.4; ANCOVA: F1,150 = 16.1, p < 

0.0001), and there was also a significant effect of tending ant species (Figure 2.4; 

ANCOVA: F5,150 = 4.23, p = 0.001) when all ant species were included in the analysis. 

However, the effect of tending ant species appeared driven by F. moki. When F. moki is 

excluded from the analysis, the effect of tending ant species is no longer significant 

(ANCOVA: F4,120 = 2.02, p = 0.10). Compared to the other aphid-tending ant species in 

this study, F. moki workers are larger and exhibited lower levels of tending (i.e., 

ant:aphid ratios). 

Interactions between aphids and parasitoids 

We only detected one species of parasitoid wasp (Adialytus salicaphis 

(Hymenoptera: Braconidae)) but found that this species parasitized three of the four 

most common aphid species in our study (Figure 2.3). More than three-quarters (39/51) 

of the individual parasitoids detected (across all aphid species) were in the early stages 

of wasp development before it was visually apparent that aphids were parasitized. For C. 

nigrae, the only aphid species present at all sites, sites with and without the Argentine 

ant did not differ with respect to the percentage of aggregations in which we detected at 

least one A. salicaphis (invaded: 16.7% ± 8.5%), uninvaded: 28.7% ± 1.0%; paired t-test: 

t5 = 0.418, p = 0.694). Although sample sizes are low for some of the aphid species, the 

percentage of aggregations in which we detected at least one A. salicaphis did not differ 

among aphid host species (G-test; X2
2 = 2.75, p = 0.25). At uninvaded sites, Adialytus 

salicaphis parasitized 11.1% ± 10% of P. bicolor aggregations, 44.4% ± 33% of A. 

farinosa aggregations, and 28.7% ± 1.0% of C. nigrae aggregations. Pooling across all 

aphid species, the proportion of aggregations in which we detected at least one A. 

salicaphis was independent of per site aphid richness (simple linear regression; F1,10 = 

0.35, p = 0.57). 
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 We detected only one species of parasitoid, but the greater number of potential 

aphid host species at uninvaded sites (Figure 2.3) led to marked differences the willow-

aphid-parasitoid food web between invaded and uninvaded sites. Food webs at 

uninvaded sites, for example, had more links per site (Figure 2.5a; paired t-test: t5 = 

2.67, p = 0.04) and lower per site connectance (paired t-test: t5 = 3.43, p = 0.019) 

compared to food webs at invaded sites. Aphid-tending ant species were excluded from 

the calculation of food web metrics, but both the number of links (Figure 2.5b) and 

linkage density (Figure 2.5c) increased with aphid-tending ant richness (simple linear 

regression: number of links F1,10 = 5.82, p = 0.036; linkage density F1,10 = 5.031, p = 

0.049). 

DISCUSSION 

At sites invaded by the Argentine ant we found that the diversity of ant-tended 

aphids was lower than that at uninvaded sites and that the structure of the network 

between aphid-tending ants and ant-tending aphids was homogenized as a result. We 

detected only one species of parasitoid wasp in our aphid samples, and the proportion of 

aphid aggregations (C. nigrae only) in which we detected a parasitoid did not differ 

between invaded and uninvaded sites. The greater number of potential aphid host 

species at uninvaded sites, however, led to marked differences the structure of the 

willow-aphid-parasitoid food web. Food webs at uninvaded sites, for example, had more 

links per site and lower per site connectance compared to food webs at invaded sites. 

Our results illustrate the potential for introduced species to reduce the diversity present 

in multi-species mutualisms and to homogenize the structure of associated interaction 

networks. 

 Aphid assemblages at invaded sites were depauperate compared to those at 

uninvaded sites (Figure 2.2), but the mechanism responsible for this difference remains 
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unclear. Similarities in the levels of parasitism and ant:aphid tending ratios suggest that, 

at least with respect to C. nigrae, the Argentine ant provides comparable protective 

services (at least from parasitoids) compared to those offered by most native ants. The 

Argentine ant could be reducing aphid diversity through direct culling of less-preferred 

aphid species or indirectly by ignoring certain aphid species and leaving them vulnerable 

to their enemies. Both mechanisms have precedent in other systems (Fischer et al. 

2001; Billick et al. 2007; Powell & Silverman 2010). In the absence of tending by ants, 

aphids typically have smaller aggregation sizes (Fischer et al. 2001), which can 

decrease the rate that aggregations grow (Yoo & Holway 2011) and increase the risk of 

local extinction from predation or parasitism (Way 1963; Sakata & Katayama 2001; 

Stadler & Dixon 2005; Pareja et al. 2008). 

The higher aphid richness observed at sites without the Argentine ant could also 

be a byproduct of territorial interactions among native ant species. Due to the spatially 

patchy nature of where aphid aggregations occur (Way 1963), an individual ant colony 

might only have access to a less-preferred aphid species within its foraging range. 

Assuming such colonies will tend these less-preferred aphid species, a mosaic of 

different aphid species could develop across the host plant canopy as a result of ant 

territoriality. This mechanism is consistent with the observation that particular aphid 

aggregations were tended by a single ant species over time and that most native ant 

species tended a variety of aphid species (Figure 2.3). In invaded areas, however, the 

Argentine ant was the only aphid-tending ant species present, and intraspecific 

territoriality is absent (Thomas et al. 2006). As a consequence, less-preferred aphid 

species might disappear through a lack of effective protection or through direct 

consumption by the ants themselves (Fischer et al. 2001; Powell & Silverman 2010). 
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 Three-quarters of the parasitoids detected in this study were identified from 

aphids that were in the early stages of wasp development; this finding is consistent with 

that of Hrcek et al. (2011) who argued that visual identification of parasitized aphids can 

underestimate levels of parasitism revealed through barcoding. Nonetheless, the 

percentage of aphid aggregations in which we detected at least one parasitoid (17.6% of 

all aphid aggregations sampled) appears comparable to levels of aphid parasitism 

reported in other studies (Horn 1989; Barzman & Daane 2001; Daane et al. 2007; Pareja 

et al. 2008). All of the aphid species as well as the single wasp species detected in this 

study are believed to be native to Southern California. 

 Despite finding only one species of parasitoid wasp in our aphid samples, the 

greater number of potential aphid host species at uninvaded sites led to marked 

differences the structure of the willow-aphid-parasitoid food web between invaded and 

uninvaded sites (Figure 2.3). The number of links and linkage density increased with 

increasing ant richness even though per site ant richness was not included in the 

calculation of food web statistics. Given that the lifespan of an ant colony typically 

exceeds that of an aphid aggregation, it seems plausible that local ant richness drives 

aphid richness and not vice versa, perhaps through the spatial partitioning of the willow 

canopy that results from territorial interactions among native ant colonies. 

 Consensus has yet to emerge regarding the extent to which ant invasions affect 

assemblages of non-ant arthropods (Lach et al. 2010). Definitive information regarding 

the effects of ant introductions on non-ant arthropods primarily comes from the minority 

of studies that identify focal taxa to a level appropriate to the questions considered 

(Bolger et al. 2008; Krushelnycky & Gillespie 2008). In this study DNA barcoding opened 

a window onto the cryptic diversity of an assemblage of interacting ant-tended aphids 

and the wasps that parasitize them. Our results provide a dramatic, and somewhat 
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unexpected, illustration of the extent to which biological invasions can homogenize 

diversity within a multi-species mutualism and restructure patterns of interactions among 

associated species (Figure 2.3). These results suggest that additional research could be 

directed at better understanding how ant invasions alter diversity within multi-species 

mutualisms involving ants and honeydew-producing insects. Although numerous studies 

now document that introduced ants benefit from their interactions with honeydew-

producing insects (Helms & Vinson 2002; O’Dowd et al. 2003; Wilder et al. 2011), 

surprisingly little information has been published documenting how the assemblages of 

honeydew-producing insects that interact with introduced ants differ from those that 

interact with native ants (Ness & Bronstein 2004). If ant invasions cause these 

assemblages to diverge with respect to diversity or species composition, then associated 

species seem likely to be affected as well. Studies that address how introduced plants 

and pollinators disrupt interactions between native plants and pollinators (Morales & 

Traveset 2009; Traveset et al. 2013; Palladini & Maron 2013), illustrate the clear 

potential for introduced species to have far reaching species-level and assemblage-level 

effects on native taxa. 
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Figure 2.1. Map of California with inset showing the locations of riparian corridor sites in 

San Diego and Riverside Cos. Each watershed included a pair of sites: one site with the 

Argentine ant (closed circle) and one site without (open circle) the Argentine ant. 

 

 

Figure 2.2. (a) Mean (± SE) species richness (rarefied) of ant-tended aphids at paired 

invaded or uninvaded sites (n = 6) (* p < 0.02). (b) Ant-tended aphid richness versus 

aphid-tending ant richness at sites with (closed circles) or without (open circles) the 

Argentine ant. Identical data points are jittered to show overlapping points. 
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Figure 2.3. Interaction networks for sites with (a) and without (b) the Argentine ant. 

Lines show interactions between a parasitoid wasp (Adialytus salicaphis) and its aphid 

hosts and interactions between ant-tended aphids and the ants that tend them. The 

number of lines connecting each pair of species depicts the number of sites at which that 

particular interaction was observed. The width of each species bar in (a) and (b) 

indicates the number of sites (out of six) where that species was present. 
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Figure 2.4. Levels of ant tending (ant:aphid ratios) versus the size of Chaitophorus 

nigrae aggregations for the Argentine ant and for the five most common species of 

native ants. 
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Figure 2.5. (a) Mean (± SE) number of links in willow-aphid-parasitoid food webs at sites 

with or without the Argentine ant (* p < 0.05). (b) The number of food web links versus 

species richness of aphid-tending ants. (c) Linkage density versus species richness of 

aphid-tending ants. In (b) and (c) identical data points are jittered to show overlapping 

points; closed circles indicate sites with the Argentine ant, and open circles indicate sites 

without the Argentine ant. 
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Ant-aphid mutualism increases floral visitation by ants and reduces plant 

reproduction via decreased pollinator visitation 

ABSTRACT 

For plant species that depend on animal-mediated pollination, reproduction 

hinges on adequate access to pollinators. Even in the presence of intact pollinator 

assemblages, negative interactions among floral visitors can compromise pollination 

services. Ants, for example, often visit flowers and discourage visitation by other insects, 

but usually do not perform pollination themselves. Effects on plant reproduction that 

result from this type of interaction may be compounded by factors that increase floral 

visitation by ants. Mutualisms between ants and honeydew-producing insects alter the 

activity and local abundance of ants on plants, but the extent to which these interactions 

increase floral visitation by ants and in turn disrupt pollination services remains 

incompletely understood. We manipulated the abundance of cotton aphids (Aphis 

gossypii) on cotton (Gossypium hirsutum) over three years to test how the Argentine ant 

(Linepithema humile), which collects aphid honeydew and floral nectar, affects pollinator 

visitation and seed production. Increasing aphid abundance increased ant abundance on 

cotton leaves, and floral visitation by ants was positively related to ant abundance on 

leaves. The duration of visits by putative pollinators (mostly bees) declined with both 

increasing aphid abundance and increasing ant floral visitation. Two measures of seed 

production (seed set and seed mass) declined with increasing aphid abundance and 

decreasing bee visitation. Aphid herbivory alone did not affect plant reproduction; seed 

production was independent of aphid abundance on plants that were manually cross-

pollinated under greenhouse conditions. Our results illustrate that mutualisms between 

ants and honeydew-producing insects can enhance levels of floral visitation by ants and 
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in turn disrupt pollination services enough to have measurable effects on plant 

reproduction. 

INTRODUCTION 

More than 85% of flowering plant species rely on animal pollination for successful 

reproduction (Delaplane & Mayer 2000; Potts et al. 2010; Ollerton et al. 2011). These 

services are becoming increasingly jeopardized as a consequence of declining pollinator 

populations (Winfree et al. 2009; Potts et al. 2010), land-use change and habitat 

fragmentation (Aguilar et al. 2006), and the establishment of non-native plants (Morales 

& Traveset 2009). The interdependence of plants and their pollinators is highlighted by 

studies that show parallel declines between plants and the pollinators on which they rely 

(Biesmeijer et al. 2006; Pauw & Hawkins 2011). Pollination services may also be 

compromised when floral visitors negatively interact with one another.  

Pollen limitation resulting from negative interactions among floral visitors can 

affect seed production, which will negatively affect plant fitness when plant populations 

are seed limited (Irwin et al. 2001). Negative effects can include predation on pollinators 

by wasps (Dukas 2005; Wilson & Holway 2010), spiders (Heiling et al. 2003; Suttle 

2003; Dukas & Morse 2013) and other predators (Romero et al. 2011). Non-consumptive 

effects such as pollinator harassment (Ness 2006; Lach 2007) or predator avoidance by 

pollinators (Dukas 2001; Abbott & Dukas 2009) can also affect plant reproduction 

(Gonçalves et al. 2008). In addition to direct interactions like predation, indirect 

interactions among floral visitors (e.g., exploitative competition) can discourage visitation 

by pollinators and negatively impact plant reproduction (Roubik 1982; Irwin et al. 2001).  

Negative interactions among floral visitors may be especially common for 

interactions that involve ants, which commonly visit flowers in a wide variety of 

environments but rarely provide effective pollination services (Hölldobler & Wilson 1990). 
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Floral visitation by ants can result in damage to floral structures (Palmer et al. 2010), 

reduced pollen viability (Beattie et al. 1984; Cushman & Beattie 1991; Galen 1999), 

pollinator harassment (Ness 2006), learned avoidance by pollinators in response to 

olfactory cues produced by ants (Ballantyne & Willmer 2012), and exploitation or 

alteration of floral resources (Irwin et al. 2001; Lach 2008a; de Vega & Herrera 2013). 

Harassment by ants may deter ineffective floral visitors in favor of effective pollinators 

(Gonzálvez et al. 2013) or potentially enhance the male  component of plant fitness by 

increasing pollen transfer (Traveset & Richardson 2006), but perhaps more often ants 

interfere with legitimate pollinators (e.g., Tsuji et al. 2004; Ness 2006). Floral visitation by 

ants is known to reduce visitation by potential pollinators (see Tsuji et al. 2004; Ness 

2006; Lach 2007, 2008b), but surprisingly few studies investigate in detail how floral 

visitation by ants affects plant reproduction (Ashman & King 2005; Galen & Geib 2008). 

Effects of floral visitation by ants may be amplified when ants interact with 

honeydew-producing insects, which typically alter the behavior, activity and local 

abundance of ants on plants. Honeydew is a highly attractive resource to many ant 

species (Way 1963; Völkl et al. 1999; Engel et al. 2001), and ants that tend honeydew-

producing insects will commonly consume other insects, often to the indirect benefit of 

the host plant (Styrsky & Eubanks 2007). Although honeydew-producing insects could 

potentially distract ants from flowers in a manner similar to that proposed for extrafloral 

nectar (Wagner & Kay 2002), enhanced floral visitation by ants may be more common 

(Lach 2007). Despite that interaction between ants and honeydew-producing insects are 

widespread and conspicuous, few experimental studies have investigated how 

interactions between ants and honeydew-producing insects affect floral visitation by 

ants, influence how pollinators are affected by such visitation, and in turn how changes 

in pollinator behavior affect pollen limitation and seed set. 
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In this study we manipulated an ant-aphid mutualism in upland cotton 

(Gossypium hirsutum) to determine whether or not this interaction affected floral 

visitation by ants, pollinator behavior, and plant reproductive performance. We focus on 

the Argentine ant (Linepithema humile), which commonly forages on floral nectar (Lach 

2007, 2008ab), and the cotton aphid (Aphis gossypii), which is a honeydew-producing 

hemipteran that readily forms food-for-protection mutualisms with ants (Kaplan & 

Eubanks 2005; Powell & Silverman 2010; Styrsky & Eubanks 2010). Previous work has 

demonstrated that interactions between the cotton aphid and the red imported fire ant 

(Solenopsis invicta) increased cotton reproduction because fire ants consumed non-

aphid herbivores that were more damaging to cotton compared to aphids (Styrsky & 

Eubanks 2010).  Solenopsis invicta, however, rarely forages in cotton flowers (MD 

Eubanks, pers. comm.). Switching the identity of the mutualist partner (i.e., from the red 

imported fire ant to the Argentine ant), provides a unique opportunity to examine how 

ant-aphid interactions affect plant reproduction via floral visitation by ants. Negative 

interactions between the Argentine ant and potential pollinators may affect cotton 

reproduction because pollinator visitation increases seed set in cotton, and ineffective 

pollination can result in abnormal fruit development and reduced yield (Delaplane & 

Mayer 2000). Moreover, bee pollination (Waller et al. 1985), especially by honey bees 

(Rhodes 2002) and bumblebees (Berger et al. 1988; Van Deynze et al. 2005), can 

enhance reproduction in cotton up to 38 percent (Delaplane & Mayer 2000). 

In a three-year field study, we manipulated the abundance of cotton aphids on 

cotton plants to test how the mutualism between Argentine ants and cotton aphids (1) 

affects floral visitation by ants, (2) the duration of visits by pollinators, and (3) seed 

production. To our knowledge, this is the first study to manipulate mutualisms between 

ants and honeydew-producing insects to test how these interactions affect pollinator 
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activity and plant reproduction. Given the ubiquity of interactions between ants and 

honeydew-producing insects (Way 1963; Hölldobler & Wilson 1990; Davidson et al. 

2003) and the ability of these interactions to affect the composition and structure of food 

webs on plants (Wimp & Whitham 2001; Styrsky & Eubanks 2007), the implications of 

our study broadly extend to a wide variety of systems. More generally, these 

experiments provide a novel test of the capacity for mutualisms to structure species 

interactions external to the mutualism itself (Bruno et al. 2003). 

METHODS 

Study system 

Over three field seasons (2011-2013), we manipulated cotton aphid abundance 

on cotton plants in the presence of the Argentine ant at the UC San Diego Biology Field 

Station (32° 53' 12" N, 117° 13' 48" W). The specific focus of the experimental work 

differed across years (see descriptions of separate experiments below), but all plants 

were treated as follows. Individual plants were fertilized at the start of each field season 

(5:1:2 NPK ratio; see Tewolde et al. 2009) and then provided with 10 liters of water 

weekly. To test the ecological role of ant-aphid mutualisms on plant reproduction, we 

performed aphid-removal experiments in each year of the study. Manipulations of this 

kind are considered to be the appropriate type of experiment to examine the broader 

ecological consequences of mutualisms between ants and honeydew-producing insects 

(Wimp & Whitham 2001; Styrsky & Eubanks 2007). In each year we randomly assigned 

seedlings to one of two aphid treatments: high-density and low-density aphid groups. 

Seedlings of each treatment type were interspersed evenly throughout experimental 

plots in each year, and aphid treatments were maintained throughout each season. 

Plants in the high-aphid density treatment were inoculated with cotton aphids at the start 

of the season; a single inoculation was usually sufficient to maintain high aphid 
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abundances on plants throughout the season. Aphids naturally colonized plants in the 

low-density aphid treatment, and plants were checked weekly (or more often as needed) 

for aphids, which were manually removed.  

In all years, plants in the low-density aphid treatment had densities of aphids that 

were, on average, less than 18 percent of those in the high-density group. Time-

averaged counts of aphid abundance differed across treatment groups (Figure 3.1; two-

way ANOVA: aphid group, F1,174 = 4.08, p = 0.045; survey year, F1,174 = 2.37, p = 0.12; 

interaction, F1,174 = 2.47, p = 0.12). Although aphid removal reduced aphid numbers in 

the low-aphid density group, the number of aphid individuals present on plants in both 

treatment groups varied over the course of each season. This variation was in part 

driven by exponential growth of aphid populations and inter-plant dispersal, which is 

typical of this species (Lombaert et al. 2006). Recognizing that grouping aphid 

abundance data across replicates into categories can result in misleading outcomes 

(Helms & Hunter 2005), we took a more statistically powerful approach that employed 

regression (Cottingham et al. 2005). For most analyses, we thus treated aphid 

abundance as a continuous independent variable but indicate on figures the 

experimental group (low-density or high-density) to which each replicate belonged. 

Unless indicated otherwise, individual plants (or the insects on them) represent the 

experimental unit in all analyses. Analyses were typically generalized linear models 

(GLM) that we used to determine (1) the effect of aphids on ant foraging behavior, (2) 

the effect of ant-aphid mutualisms on pollinator activity, and (3) the effect of ant-aphid 

mutualisms on cotton reproduction. We used a Poisson link function for these GLMs 

because the data showed a strong positive skew and is appropriate distribution for count 

data (Quinn & Keough 2002). 
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Effects of aphids on ant foraging behavior 

In each field season, we determined how the mutualism between cotton aphids 

and the Argentine ant affected ant foraging behavior, especially with respect to whether 

ants visited flowers. First, we estimated the number of aphids and Argentine ant workers 

per leaf and per flower. Table 3.1 provides details about the specifics of experiments 

conducted in different years. For each year separately, we used generalized linear 

models to compare time-averaged means of (1) ant abundance versus aphid abundance 

on leaves, and (2) ant abundance on flowers versus ant abundance on leaves. In the 

first analysis, we treat ant abundance as a dependent variable because it was 

unmanipulated (unlike aphid abundance) but recognize that the presence of ants can 

influence the abundance of aphids. In the second analysis, we consider ant abundance 

in flowers to be a dependent variable because the number of ants present on all of the 

leaves within a plant always greatly exceeded the number of ants in flowers. Sample 

sizes were 40, 24, and 31 plants in the high-density treatment and 40, 26, and 39 plants 

in the low-density treatment, in 2011, 2012, and 2013, respectively. 

Effects of ant-aphid mutualisms on pollinator activity 

To quantify the effect of the mutualism between cotton aphids and the Argentine 

ant on pollinator activity (via floral visitation by the Argentine ant), we conducted 294 

pollinator surveys (spanning 2,092 total minutes of observation) from 2011 to 2013 (see 

Table 3.1 for experimental details). For each plant during each survey, we recorded the 

number of Argentine ant workers present in each flower and the number and identity of 

floral visitors over 2 min (2011) or 10 min (2012-2013) intervals. During these pollinator 

surveys, we found that some floral visitors stayed in flowers for periods exceeding 10 

min. To gather additional data on visits that exceeded our survey window, we also 

watched plants for extended periods of 2 to 3 hours (only in year 2013) and recorded the 
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entire duration of each pollinator visit, the identity of the visitor, and the number of ants in 

the flower during the visit.  

Using the pollinator data described above, we tested the extent to which floral 

visitation by the Argentine ant was related to the duration of visits by other insects. First, 

we used GLM to compare the duration of all observed visits (by non-ants) at flowers (all 

years, N = 146 individual visits) as a function of ant abundance in flowers, aphid density 

treatment, and survey year. Sample sizes for this analysis were 47, 67, and 32 plants in 

the high-aphid density treatment and 59, 73, and 79 plants in the low-aphid density 

treatment, in 2011, 2012, and 2013, respectively. We also separately compared 

visitation by honey bees on plants in the high-aphid and low-aphid density groups. In this 

latter analysis, we also used GLM to examine the effect of aphid density treatment and 

ant abundance in flowers on the duration of honey bee visits; we included survey year as 

an additional fixed effect. Sample sizes for this GLM were 15 visits by honey bees in the 

high-aphid density group and 23 visits in the low-aphid density group. Finally, we used 

contingency table analysis to compare the types of floral visitors (bees vs. flies) that 

commonly occurred on cotton plants in the two aphid density treatments.  

Effects of ant-aphid mutualisms on plant reproduction 

To determine the roles of the ant-aphid mutualism and pollinator visitation on 

host plant reproduction, we evaluated how seed production (number of seeds, mass of 

individual seeds) changes with (1) aphid density and (2) pollinator visit duration. At the 

end of each year’s field season, we harvested and dried bolls (cotton fruit), counted the 

number of seeds, and estimated the mass of individual seeds produced by each plant; 

see Table 3.1 for sample sizes. Additionally, we determined plant reproductive allocation 

(i.e., the number of flowers produced by plants) as a function of aphid density 

treatments. In 2013, we quantified the effects of pollinator activity on plant reproduction 
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by individually marking flowers and then testing how observed pollinator visitation 

(cumulative duration of all pollinator visits) affected seed production. Because cotton 

flowers only remain open for one day, reproduction of each individual boll provides an 

estimate of the cross-pollen received by that flower. We used GLMs to test for the role of 

aphid density and pollinator activity on seed production. In a separate analysis we tested 

the effects of aphid density on seed production for plants that received supplemental 

cross pollination under greenhouse conditions. In this experiment, all pollination was 

performed manually (i.e., insect pollinators were absent). Cotton is self-compatible but 

exhibits increased seed set when cross-pollinated by insects (Delaplane & Mayer 2000). 

We used a t- test to compare seed production as a function of aphid density (low-density 

vs. high-density). Eight plants were equally divided across each aphid treatment group. 

RESULTS 

Effects of aphids on ant foraging behavior 

Argentine ant abundance increased with increasing cotton aphid abundance on 

cotton leaves, and the numbers of ants present in flowers were positively related to the 

number of ants on leaves. In each year of the study, per leaf ant abundance increased 

with per leaf aphid abundance (Figure 3.2a-c; GLM 2011: Wald z = 3.8, df = 79, p = 

0.0001; GLM 2012: Wald z = 16.5, df = 49, p < 0.00001; GLM 2013: Wald z = 6.74, df = 

50, p < 0.00001). Removal of the data point in the upper right hand corner of Fig. 1b did 

not qualitatively affect the results of this analysis. Increased ant abundance on leaves 

was also positively related to the number of ants visiting cotton flowers (Figure 3.2d-f; 

GLM 2011: Wald z = 3.04, df = 34, p = 0.001; GLM 2012: Wald z = 3.3, df = 49, p = 

0.001; GLM 2013: Wald z = 7.76, df = 69, p < 0.00001). Up to 3% of ants present on 

plants were found foraging within flowers (GLM 2011: b = 0.031 ± .033 (95% CI; GLM 

2012: b = 0.003 ± .001 (95% CI); GLM 2013: b = 0.034 ± .019 (95% CI)). Ants collected 
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floral nectar while in flowers; ants with empty gasters descended into nectar wells and 

left flowers with full gasters.  

Effects of ant-aphid mutualisms on pollinator activity 

The majority of non-ant floral visitors observed in cotton flowers were bees, and 

the duration of bee visits declined with an increasing number of Argentine ants in cotton 

flowers. During pollinator surveys, we observed eleven insect taxa visiting cotton 

flowers; 72.6% of these visitors were bees. Honey bees were the most common floral 

visitor and made up 26% (38/146) of all floral visits and 35.8% (38/106) of all visits by 

bees. Other bee visitors included Agapostemon texanus (18.4% of all floral visits), 

Melissodes tessellata (13.9% of all floral visits), Lasioglossum incompletum (12.5% of all 

floral visits), and Halictus tripartitus (5.1% of all floral visits). We also observed two fly 

morphospecies (18.4% of all floral visits; one of these morphospecies was a hoverfly 

(Diptera: Syrphidae), whereas the other dipteran remained unidentified), 10 visits by 

Diabrotica balteata (Coleoptera: Chrysomelidae), 4 visits by thrips and one visit by 

Strymon melinus (Lepidoptera: Lycaenidae).  

The duration of visits by non-ant floral visitors declined with the number of ants 

present in a flower (Figure 3.3a; GLM: Wald z = 7.29, df = 377, p < 0.000001). Moreover, 

this analysis revealed that floral visitors spent more time in flowers on plants in the low-

density group compared to plants in the high-density aphid group (GLM: Wald z = 16.4, 

df = 377, p < 0.000001). The overall trend summarized in Figure 3.3a was also evident 

when we restricted the analysis to just honey bee visitation (Figure 3.3b). Honey bees 

reduced the duration of their floral visits by 56.3% in flowers occupied by ants compared 

to flowers without ants. As the number of ants in flowers increased, the duration of 

honeybee visits declined (Figure 3.3b; GLM: Wald z = 5.45, df = 35, p < 0.00001). 

Honey bee visits were also longer in the low-density group compared to the high-density 
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aphid group (GLM: Wald z = 3.69, df = 35, p = 0.0002). Bees visited plants in the low-

density aphid treatment almost twice as often as they visited plants in the high-density 

treatment (70 vs. 36 visits), whereas plants in the high-density treatment had three times 

as many visits by flies (mostly syrphids) compared to plants in the low-density group (19 

vs. 6 visits; X2
1 = 14.7, p = 0.00013). 

Effects of ant-aphid mutualisms on plant reproduction 

The reproductive performance of cotton declined with increasing numbers of 

aphids on individual plants and increased with the duration of floral visits by pollinators. 

In each year of the study, seed set was negatively related to aphid abundance (Figure 

3.4, Table 3.2). In Figure 3.4b, removal of the data point in the lower right hand corner of 

the plot did not qualitatively affect the outcome of the analysis. In two of three years, the 

mass of individual seeds also declined with increasing aphid abundance (Table 3.2). The 

lack of a significant effect between individual seed mass and aphid abundance in 2012 

might have resulted from low levels of pollinator activity in 2012 compared to 2011 and 

2013. Increasing visitation by pollinators enhanced production of cotton seeds. Seed 

mass increased with the cumulative duration of pollinator visits to individual flowers 

(GLM: Wald z = 11.8, df = 72, p < 0.00001). When this analysis was restricted to the 

duration of visits only by honey bees, we likewise found that longer visits corresponded 

to greater individual seed mass (GLM: Wald z = 5.62, df = 72, p < 0.00001). Although 

seed set decreased with aphid density, the number of flowers produced per plant was 

independent of aphid density (2011: t48 = 1.82, p = 0.08; 2012: t173 = 0.90, p = 0.37). 

Plants in the high-density treatment produced less seed (Figure 3.4), but this 

reduction appears to result from compromised pollination services rather than from the 

costs of herbivory. Hand cross-pollinated plants set similar numbers of seeds in the low-

density treatment compared to plants in the high-density group (29.30 vs. 29.25 seeds; t8 
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= 0.034, p = 0.97). Moreover, the mass of seeds produced by plants in the low-density 

group was similar to mass of seeds set by plants in the high-density group when flowers 

were hand cross-pollinated (49.7 mg vs. 57 mg; t8 = 1.53, p = 0.16). 

DISCUSSION 

The mutualism between Argentine ants and cotton aphids increased levels of 

floral visitation by ants and in turn, disrupted pollination services enough to have 

measurable effects on plant reproduction. In each year of the study, increasing aphid 

abundance increased ant abundance on cotton leaves, and floral visitation by ants was 

positively related to per leaf ant abundance. The duration of visits by non-ant floral 

visitors (mostly bees) declined with both increasing aphid abundance and increasing ant 

floral visitation. Greater numbers of ants in flowers reduced the duration of visits by all 

non-ant floral visitors and by honey bees alone. Two measures of seed production (seed 

set and seed mass) declined with increasing aphid abundance and decreasing bee 

visitation. Under controlled greenhouse conditions, seed production for plants receiving 

supplemented non-self pollen was independent of aphid abundance. 

Cotton aphid abundance strongly increased the abundance of ant on leaves, 

consistent with previous work showing that Argentine ants are strongly attracted to 

honeydew (Way 1963; Holway et al. 2002; Ness & Bronstein 2004). Heightened ant 

traffic on cotton leaves also resulted in a fraction of ants (up to 3% of those present on 

plants) foraging within flowers for nectar. Some ant species tend hemipterans without 

foraging in flowers and thus do not disrupt floral visitation (Styrsky & Eubanks 2010), 

perhaps because of repellent chemicals present in pollen, nectar or petals (Ness 2006; 

Nicklen & Wagner 2006; Willmer et al. 2009; Junker et al. 2011). However, these 

chemicals do not affect some ant species or are not present in high enough 

concentrations to entirely deter ant floral foraging (Chamberlain & Holland 2008). The 
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modification of ant floral foraging by hemipterans has broad implications because food-

for-protection mutualisms between ants and hemipterans are ubiquitous and ecologically 

important interactions (Way 1963; Hölldobler & Wilson 1990; Davidson et al. 2003; 

Styrsky & Eubanks 2007). 

The duration of visits by bees in cotton flowers declined with increasing aphid 

abundance and increasing floral visitation by ants. Lach (2008b) found that honey bees 

shortened the duration of their floral visits in the presence of the Argentine ant and left 

flowers following direct encounters with the Argentine ant. We observed the former 

phenomenon (Figure 3.3), but further research is required to determine the mechanism 

responsible for reduced duration of bee visits. The abundance of aphids on cotton 

appeared to produce an interaction visitation by syrphids versus bees. Bees and 

syrphids preferentially visited low-aphid density and high-aphid density plants, 

respectively. Both honey bees and bumble bees can detect and avoid flowers previously 

visited by syrphid flies (Reader et al. 2005). Syrphid larvae are well-known aphid 

predators, and we commonly observed syrphids copulating and ovipositing on or near 

flowers of plants in high-aphid density treatments. Syrphids can be effective pollinators 

(Branquart & Hemptinne 2000), but in our system adult syrphids typically did not contact 

the sexual organs of cotton flowers during visits. 

Ant-hemipteran mutualisms may commonly enhance ant floral visitation and 

reduce pollinator visitation (e.g., Lach 2007), but this is the first study we are aware of to 

demonstrate that these interactions reduce plant reproduction. Floral visitation by ants 

may only affect plant reproduction under conditions of pollen limitation, barring direct 

damage to floral tissue. In this study, hand cross-pollinated plants set similar quantities 

of seeds in high-density and low-density aphid treatment groups. This result indicates 

that pollen limitation brought about by the interaction between aphids and ants, not by 
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aphid herbivory itself, is the driving force behind reduced seed production. An alternative 

explanation for the decreased duration of pollinator visits under high-aphid densities 

could entail reduced reproductive allocation to flowers. Such an effect could cause 

pollinators to reduce the length of their visits to cotton flowers. Two lines of evidence 

suggest that this alternative hypothesis fails to provide a strong explanation for our 

results. First, under greenhouse conditions, aphid herbivory did not affect seed 

production; this finding suggests that aphids do not reduce plant allocation to 

reproduction at least under controlled circumstances. Second, flower production per 

plant was independent of aphid density under field conditions in two different years. This 

latter result further suggests that herbivory by aphids does not affect reproductive 

allocation in cotton. 

Although a growing number of studies show that ant-hemipteran mutualisms 

enhance plant growth and reproduction (reviewed in Styrsky & Eubanks 2007), our 

research illustrates that these positive indirect effects depend on the foraging behavior of 

the focal ant species. Positive effects can manifest themselves when ants consume 

herbivores on plants (Messina 1981; Skinner & Whittaker 1981; Floate & Whitham 1994; 

Kaplan & Eubanks 2005); however, if honeydew-producing insects encourage  ants to 

forage in flowers, then the potential exists for plant reproduction to suffer as a result of 

negative interactions between ants and other floral visitors. The outcome of ant-

hemipteran mutualisms as outlined in this paper may depend on an ant colony’s 

nutritional needs, which can influence preferences for carbohydrate-rich resources (e.g., 

honeydew) versus protein-rich resources (Ness et al. 2009; Petry et al. 2012).  Plant 

floral defense compounds may modify the response of ants to aphid honeydew and the 

net effect of ant-hemipteran mutualisms. Certain ant lineages may be prone to respond 

to hemipterans by visiting flowers as opposed to consuming herbivores; some 
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introduced ants visit flowers even in the absence of hemipterans (Lach 2005). If floral 

visitation by ants discourages visitation by putative pollinators, especially bees (Lach 

2007, 2008a), then the continued spread of invasive ants will likely only cause further 

pollinator disruption (Lach 2003). 
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Table 3.2. Results of generalized linear models analyzing the effect of aphid 

abundance on plant fitness. Parameter estimates (b), standard error (SE), the test 

statistic (Wald z) and significance (p) values are reported. 

Response variable Year b SE z p 

Number of Seeds 
     

 
2011 -0.0010 0.0001 7.30 < 0.001 

 
2012 -0.0004 0.0001 6.09 < 0.001 

 
2013 -0.0001 0.0000 4.66 < 0.001 

Mass per seed (mg) 
     

 
2011 -0.0004 0.0001 3.11 0.001 

 
2012 0.0000 0.0003 0.13 0.89 

 
2013 -0.0002 0.0000 10.00 < 0.001 
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Figure 3.1. Estimated cotton aphid abundance on cotton in high-aphid density and low-

aphid density experimental treatment groups.  
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Figure 3.2. The per leaf abundance of Argentine ants and cotton aphids on cotton in (a) 

2011, (b) 2012, and (c) 2013; the abundance of Argentine ants on cotton flowers versus 

the number of ants on leaves in (d) 2011, (e) 2012, and (f) 2013. Data points in each 

graph (a-f) indicate plants in the high-density aphid treatment (closed circles) and those 

in the low-density aphid treatment (open circles). 
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Figure 3.3. Floral visit duration by (a) all non-ant floral visitors and (b) honey bees as a 

function of the number of ants foraging in flowers throughout a visit. Data points in each 

graph indicate individual floral visits to flowers on plants in the high-density aphid 

treatment (closed circles) and in the low-density aphid treatment (open circles). Data 

from all years are combined. 
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Figure 3.4. The number of seeds produced by cotton plants in (a) 2011, (b) 2012 and (c) 

2013 as a function of cotton aphid abundance on plants. Data points in each graph 

indicate plant replicates in the high-density treatment (closed circles) and replicates in 

the low-density treatment (open circles). 
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An experimental test of how mutualisms between the Argentine ant and cotton 

aphid structure arthropod food webs in cotton 

ABSTRACT 

Although mutualisms have the potential to influence biotic interactions external to 

the mutualism itself, few experimental studies address how reciprocally positive 

interactions between species structure the food webs in which these interacting players 

are embedded. Food-for-protection mutualisms between ants and honeydew-producing 

insects are common and widespread interactions that alter the activity and local 

abundance of ants on plants. Changes in ant foraging behavior that result from the 

presence of honeydew-producers often reduce the diversity and abundance of plant-

feeding insects and their enemies. Here, we test how the food-for-protection mutualism 

between the cotton aphid and the Argentine ant alters the abundance, diversity and 

composition of the arthropod assemblages on cotton. We manipulated aphid density 

(low and high) on cotton plants growing under field conditions. Compared to plants in the 

low-density aphid treatment, plants in the high-density aphid treatment had higher 

numbers of ants on cotton and strongly differed in food web composition. Plants in the 

high-density aphid treatment supported higher abundances of aphid-specialist predators 

and non-aphid phloem-feeders. In the low-density aphid treatment, generalist predators 

had more links between themselves and prey items, whereas generalist predators 

consumed fewer prey species in the high-density aphid treatment. These differences 

perhaps reflect a diminished need for alternate prey given the abundance of cotton 

aphids as a food source. Behavioral assays indicate that the effectiveness of aphid 

protection by ants differed between different types of aphid enemies (aphid specialist 

versus generalist predator) and may explain observed numerical increases by specialist 

predators and dietary shifts by generalist predators. Leaf-chewers were not strongly 
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affected by aphids, and leaf damage was independent of aphid-density treatment; 

however, overall lepidopteran abundance was low. These results illustrate the potential 

importance of mutualisms in shaping the structure of arthropod food webs. 

INTRODUCTION 

Reciprocally positive species interactions are an important and common type of 

biotic interaction (Boucher et al. 1982; Bronstein 1994; Bertness & Callaway 1994; 

Bruno et al. 2003) with the potential to influence diversity (Palmer et al. 2003; Lach 

2007; Cavieres & Badano 2009), food web structure (Gross 2008; Crowley & Cox 2011) 

and ecosystem services (Ness 2006; Baiser et al. 2011). Positive interactions also help 

to explain patterns of invasibility (Bulleri et al. 2008) and the success of some species 

invasions (Wilder et al. 2011).  

 Of the diversity of mutualistic interactions that occur, food-for-protection 

mutualisms seem likely to affect other trophic levels. Mutualists that offer protective 

services often interact broadly with other taxa that are present. Ants, for example, often 

protect honeydew-producing insects from their enemies in exchange for sugar-rich 

honeydew (Way 1963; Stadler & Dixon 2005) but also  consume or scare off leaf-

chewing herbivores (Messina 1981; Ito & Higashi 1991; Wimp & Whitham 2001; Sipura 

2002; Styrsky & Eubanks 2010) with indirect benefits to host plant growth and 

reproduction (Styrsky & Eubanks 2007). The broader ecological effects of mutualisms 

between ants and honeydew-producers can also extend to the diversity or abundance of 

pollinating insects (Lach 2007), generalist predators (Wimp & Whitham 2001; Kaplan & 

Eubanks 2002, 2005), and aphid specialists (Wimp & Whitham 2001; Sanders & van 

Veen 2010). 

In this study we build on a body of research that has investigated the broader 

ecological consequences of mutualisms between aphid-tending ants and cotton aphids 
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on cotton (Kaplan & Eubanks 2002, 2005; Styrsky & Eubanks 2010). Interactions 

between cotton aphids and red imported fire ants, for example, lead to reduced 

generalist predator abundance (Kaplan & Eubanks 2002) and modifications in food web 

composition (Kaplan & Eubanks 2005). Leaf-chewing herbivores are also negatively 

affected by the fire ant-cotton aphid mutualism (Styrsky & Eubanks 2010).  

Here, we further examine how food-for-protection mutualisms between ants and 

cotton aphids may affect the composition and structure of arthropod food webs on 

cotton. Using a similar experimental design to Styrsky and Eubanks (2010), we 

examined the effects of ant-aphid mutualisms in which the Argentine ant protected 

cotton aphids on cotton. Using this framework we asked the following questions. (1) Do 

ant-aphid mutualisms affect the diversity, abundance or composition of arthropods 

external to the mutualism itself? (2) Do ant-aphid mutualisms affect food web structure 

and do different feeding guilds respond differently to the mutualism?  

METHODS 

In this study we manipulated the abundance of cotton aphids (Aphis gossypii) 

and Argentine ants (Linepithema humile) on cotton at the UC San Diego Biology Field 

Station (32° 53' 12" N, 117° 13' 48" W) during the 2011 growing season. We planted 80 

cotton seedlings in May, fertilized each plant at the start of the experiment (5:1:2 NPK 

ratio; see Tewolde et al. 2009), and provided them with 10 liters of water weekly. We 

then randomly assigned seedlings to one of two aphid treatments: a low-density group 

and a high-density group. Seedlings of each treatment type were interspersed evenly 

throughout experimental plots, and aphid treatments were maintained through 

September. Plants in the high-density aphid treatment were inoculated with cotton 

aphids at the start of the season; a single, initial inoculation was usually sufficient to 

keep aphids present on plants all season long. Aphids naturally colonized plants in the 
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low-density aphid treatment, and plants were checked weekly (or more often as needed) 

for aphids, which were manually removed. Aphid removals successfully reduced, but did 

not entirely eliminate aphids; aphid population growth and dispersal contributed to the 

presence of small numbers of aphids on plants in the low-density treatment. 

Nonetheless, time-averaged aphid densities were 86% lower, on average, in the low-

density aphid group compared to the high-density aphid group (Figure 4.1a; ANOVA 

F1,78 = 5.24, p = 0.025). Ant abundances on the low-density aphid group were 41% of 

those in the high-density aphid treatment (Figure 4.1b; ANOVA F1,78 = 7.96, p = 0.006). 

Arthropod surveys 

To determine the abundance, richness and morphospecies composition of 

arthropod assemblages on cotton we surveyed plants in each aphid-density group for 

arthropods on a weekly basis from May to September. Voucher specimens of each 

observed morphospecies were collected and identified (see Supplementary Table 1 for 

details). Based on observed feeding patterns and literature records for each species (or 

morphospecies), we categorized each taxon as a sap-sucking herbivore, a leaf-chewing 

herbivore, a generalist arthropod predator, or an aphid specialist. 

We compared differences in the abundance, richness and morphospecies 

composition of arthropod assemblages present on plants across the two aphid-density 

treatments. In all analyses, aphid-density treatment is the categorical independent 

variable, and the abundance of cotton aphids and Argentine ants themselves are not 

included as part of the response variable. We used one-way ANOVA to compare 

arthropod richness between plants in the two aphid-density treatment groups. We also 

calculated time-averaged abundance values for each arthropod taxon on each plant, 

summed these values for each plant, and then used one-way ANOVA to compare 

summed abundances between plants in the two aphid-density treatment groups. We 
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used non-metric multidimensional scaling (NMDS) and permutational multivariate 

analysis of variance (PERMANOVA) to test for differences in species composition 

between plants in the two aphid-density treatment groups (Anderson 2001; McArdle & 

Anderson 2001). We first performed NMDS using Bray-Curtis dissimilarities calculated 

from time-averaged abundance data for each plant. Next, we performed a PERMANOVA 

(with 1,000 permutations) on the whole arthropod assemblage and then separate 

PERMANOVAs (each with 1,000 permutations) for each of the four feeding guilds. 

NMDS and PERMANOVA were run in R using the vegan package (Oksanen et al. 

2012). 

To further assess how food webs differed between aphid-density treatments, we 

examined food web structure within arthropod assemblages. We compared the number 

of links, connectance (actual number of links per number of possible links), and linkage 

density (actual number of links per number of species) between plants in each treatment 

group. On each plant, a link was considered to occur between any consumer 

morphospecies and any resource morphospecies if (1) both morphospecies occurred 

together on the plant, and (2) the consumer was observed to feed on the resource 

morphospecies or literature records confirmed that the consumer could consume that 

type of prey. We used one-way ANOVAs to test if plants in each aphid-density treatment 

group differed with respect to the number of links, connectance, and linkage density. In a 

second series of analyses, we compared estimated diet breadth of generalist predators 

and specialist predators in each aphid treatment. Diet breadth for each group was 

estimated by counting the number of links between predators and their prey. 

To determine the role of ant activity on different types of predatory arthropods, 

we measured behavioral responses exhibited by generalist and specialist predators in 

response to aphid tending by the Argentine ant. We used field-caught Hippodamia 
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convergens (Coleoptera: Coccinellidae) larvae and syrphid (Diptera: Syrphidae) larvae 

as the generalist and specialist predators, respectively. Paired trials were conducted in 

which we placed a predator on a leaf with only cotton aphids or on a leaf with both 

Argentine ants and cotton aphids (47.4 ± 7.3 SE aphids per aggregation). We recorded 

how long individual predators stayed on single leaves and also how long they stayed 

within 2 cm of aphid prey before moving off of leaves. If a predator stayed on a leaf for 

more than 5 min, then we ended the trial. Linear regressions were used to relate ant 

abundance to predator behavior (i.e., how long they spent on leaves). 

To test the hypothesis that food-for-protection mutualisms between ants and 

aphids would negatively affect the abundance of leaf-chewing herbivores and the leaf 

damage caused by their feeding, we collected additional data on the abundanceof leaf 

chewers and the leaf area they consumed. We measured changes in leaf area on plants 

in each aphid-density treatment by marking and photographing one leaf per plant against 

a white background with a reference coin. We resampled leaves the following week, and 

the difference in area was calculated using ImageJ. This procedure was repeated every 

two weeks throughout the peak of arthropod activity in the field (n = 7 leaves sampled 

per plant).  

RESULTS 

Overall, ant-aphid mutualisms had little effect on the richness or abundance of 

arthropods on cotton. Morphospecies richness did not differ between aphid-density 

treatments (high density: 23.6 ± 0.91 (mean ± 1 SE); low density: 25.7 ± 1.07; one-way 

ANOVA: F1,78 = 2.29, p = 0.14). Although plants in the high-density aphid treatment did 

numerically host more arthropods compared to plants in the low-density aphid treatment 

(one-way ANOVA: F1,78 = 5.39, p = 0.02), this difference reflects the higher abundance of 

Aphis fabae on plants in the high-density group (high density: 996.4 ± 323; low density: 
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154.6 ± 28; one-way ANOVA: F1,78 = 6.73, p = 0.01). When A. fabae is excluded from the 

abundance comparison, arthropod abundance did not differ across aphid-density 

treatments (high density: 361.1 ± 38 individual arthropods; low density: 395.3 ± 45 

individual arthropods; one-way ANOVA: F1,78 = 0.34, p = 0.56).  

Although the ant-aphid mutualism did not change the richness or abundance of 

the arthropods on cotton (the abundance of A. fabae aside), the composition of the 

arthropod assemblages did differ between aphid-density treatments. Aphid density, for 

example, modified assemblage composition when all arthropods (except for ants and 

cotton aphids) are included in the analysis (Figure 4.2a; PERMANOVA, r2 = 0.038, 

stress = 0.07, F1,78 = 3.12, p = 0.006). Further analyses revealed that species 

composition of both sap-sucking herbivores (PERMANOVA; r2 = 0.03, stress = 0.009, 

F1,78 = 3.15, p = 0.014) and aphid specialist predators (PERMANOVA; r2 = 0.04, stress = 

0.03, F1,78 = 3.28, p = 0.003) differed between treatment groups. This may reflect the fact 

that aphid specialists (particularly parasitoids) were numerically more common on plants 

that had aphids present (Figure 4.2b; one-way ANOVA: F1,78 =7.555, p = 0.007). 

Assemblages of generalist predators (PERMANOVA: r2 = 0.01, stress = 0.07, F1,78 = 

0.96, p = 0.48) and leaf-chewing herbivores (PERMANOVA: r2 = 0.01, stress = 0.17, 

F1,69 = 0.35, p = 0.88), however, did not differ between aphid-density treatments. 

Changes in species composition brought about by ant-aphid mutualisms are 

reflected by changes in food web structure. Food webs on plants in the high-density 

aphid treatment had fewer links (Figure 4.3a; one-way ANOVA: F1,78 = 4.098, p = 0.046) 

and reduced linkage density (Figure 4.3b; one-way ANOVA: F1,78 = 4.089, p = 0.046) 

compared to those on plants in the low-density aphid treatment. Connectance did not 

differ between aphid-density groups (one-way ANOVA: F1,78 = 0.04, p = 0.84). When we 

further examined the number of links present within subsets of the complete food web, 
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we found that generalist predators interacted with fewer taxa in the high-density aphid 

treatment compared to the low-density aphid treatment (Figure 4.3c; one-way ANOVA: 

F1,78 = 4.49, p = 0.037). In contrast, aphid specialists did not differ in diet breadth (i.e., 

interacted with similar numbers of taxa) between aphid-density treatments (Figure 4.3d; 

one-way ANOVA: F1,78 = 0.19, p = 0.66). 

Behavioral assays demonstrated that ant-aphid mutualisms had contrasting 

effects on predator behavior in the presence of aphid prey. Generalist predators spent 

less time on leaves (Figure 4.4a; paired t25 = 4.43, p = 0.0002) and less time in proximity 

to aphid prey (Figure 4.4a; paired t25 = 4.04, p = 0.0004) in the presence of ants and 

aphids compared to when only aphids were present. Generalist predators also 

decreased the amount of time spent on individual leaves (linear regression: F1,50 = 23.8, 

p < 0.0001) and near aphid prey (linear regression: F1,50 = 12.1, p = 0.001) with 

increasing numbers of ants present. In contrast, specialist predators did not modify time 

spent on individual leaves (Figure 4.4b; paired t8 = 0.61, p = 0.56) or near aphid prey 

(Figure 4.4b; paired t8 = 0.41, p = 0.69) based on ant presence. Moreover, the number of 

ants present on cotton plants did not affect the amount of time syrphid larvae spent on 

leaves (linear regression: F1,16 = 1.05, p = 0.32) or near prey (linear regression: F1,16 = 

0.40, p = 0.54). 

Ant-aphid mutualisms did not affect the abundance of leaf-chewing herbivores or 

alter the amount of damage they caused to cotton leaves. Lepidopteran larvae did not 

differ in abundance between aphid-density treatments (Figure 4.5a) and average leaf 

damage (as measured by weekly changes in leaf area) did not differ between aphid-

density treatments (Figure 4.5b; one-way ANOVA: F1,78 = 0.06, p = 0.81). 
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DISCUSSION 

Food-for-protection mutualism between the Argentine ant and cotton aphid 

modified the composition and structure of arthropod food webs on cotton. Specialist 

predators numerically responded to increased aphid abundance, whereas generalist 

predators did not differ in their abundance between aphid-density treatments. Behavioral 

trials indicated that increases in specialist abundance might result from ineffective 

deterrence by ants. Aphid-tending ants consistently drove off a generalist predator, a 

result that perhaps explains changes in diet breadth observed among generalist 

predators. We found no evidence that the Argentine ant deterred leaf chewers from 

consuming leaves, but ant-aphid mutualisms were associated with shifts in the 

composition of the phloem-feeder assemblage. 

Ant-aphid mutualism did not change the abundance or composition of generalist 

predator assemblages. While generalist predators can be more abundant and diverse in 

the presence of ant-hemipteran mutualisms (Marín & Perfecto 2013), in the present 

system generalist predators did not respond numerically to ant-aphid mutualisms. 

Instead, we found that abundant aphid populations appeared to subsidize predators and 

to reduce the diversity of insects consumed by predators. Behavioral trials confirmed 

that generalist predators likely reduce their consumption of aphids in situations where 

per-capita aphid defense is high. When aphids are abundant (e.g., in the high-density 

aphid treatment), the number of available tending ants is proportionally lower (i.e., per 

aphid), and generalist predators may increase their aphid consumption. If ant-

hemipteran mutualisms increase generalist predator diversity (Marín & Perfecto 2013) 

and diverse predators consume more herbivores (Cardinale et al. 2003; Snyder et al. 

2006), then ant-hemipteran mutualisms can indirectly reduce herbivory without requiring 

ants to directly consume herbivores. However, if aphids subsidize predator diets without 
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increasing generalist diversity (as was our finding), then the benefits provided by ant-

aphid mutualisms may be limited. The ability of ant-hemipteran mutualisms to increase 

predator richness may rely, in part, on aggression by ants during tending. Perhaps other 

ants that offer superior protection limit the ability of any one predator to monopolize 

increased food resources (i.e., hemipterans), which increases generalist predator 

diversity.  

Aphid specialist predators responded numerically to ant-aphid mutualism and 

were more commonly observed when their prey were abundant, a phenomenon 

documented in other studies (Völkl 1994; Wimp & Whitham 2001; Stadler 2002). 

Behavioral data provide a mechanism for this result; specialist predators interacted with 

aphid prey similarly regardless of ant presence or abundance. When ants are competent 

hemipteran defenders, specialist consumers are more abundant where ants are absent 

(Herbert & Horn 2008). If ants are less proficient at aphid defense, however, then aphid 

specialists will undergo numerical responses to abundant prey resources. Other studies 

indicate that consumption of aphids by both generalists and specialists can additively 

(Snyder & Ives 2003; Schmidt et al. 2003) or synergistically (Cardinale et al. 2003) 

suppress aphid populations in the field. Alternatively, generalist predators can disrupt 

specialist parasitoids from consuming untended aphids (Snyder & Ives 2001). However, 

our results suggest that ant-aphid mutualisms may limit the extent to which generalists 

interfere with specialists. 

Other studies routinely find that when ants engage in food-for-protection 

mutualisms, there are often negative effects on the abundance of herbivores aside from 

tended honeydew producers (Messina 1981; Ito & Higashi 1991; Kaplan & Eubanks 

2005; Styrsky & Eubanks 2010) and that these reductions in abundance in turn reduce 

damage caused by leaf chewers (Karhu 1998; Rudgers et al. 2003). When ants do not 



83 
 

 
 

directly interact with herbivores (e.g., leaf miners and plant gallers), the mutualism either 

has no effect on herbivores (Grinath et al. 2012) or indirectly benefits the herbivore 

(Savage & Peterson 2007; Yoo et al. 2013). The primary effectiveness of ants as an 

herbivore deterrent appears strongly predicated on their predatory abilities (possession 

of a functional stinger) and adequate access to herbivores (i.e., exposed leaf-chewers 

vs. protected leaf-miners). In this study, lepidopterans and other leaf-chewers were 

distributed equally across both treatment groups, indicating that Argentine ants did not 

consume or remove chewing-herbivores. Moreover, the Argentine ant did not affect leaf 

consumption by chewing herbivores. Although the overall abundance of lepidopterans 

and other chewers appeared relatively low, this study at least suggests that the 

Argentine ant does not effectively remove leaf-chewing herbivores. 

Phloem-feeders were more abundant in treatments with high-densities of aphids. 

This result indicates that non-aphid phloem feeders (e.g., thrips, mealybugs, whiteflies) 

were likely not strongly competing with A. gossypii for plant resources, because phloem 

feeders can decline in the presence of competition from untended aphids (Ando et al. 

2011) or ant-tended honeydew-producing insects (Smith et al. 2008; Grinath et al. 2012). 

Previous work has demonstrated that other phloem-feeding insects can benefit from co-

occurring with ant-tended species (Martinez-Ferrer et al. 2003; Yoo et al. 2013) in a 

byproduct mutualism, even though non-aphid phloem-feeders are not ant-tended. In 

part, ant identity seems may play some role in moderating the degree of indirect benefit 

received by non-tended species. However, ant activity is also affected by ant nutritional 

needs (Ness et al. 2009), which may also modify whether phloem-feeding insects 

receive any indirect benefits. 
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Figure 4.1. Mean (+ SE) time-averaged (a) aphid and (b) ant abundance on cotton 

plants in low-density and high-density aphid treatment groups. (*p < 0.05). 
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Figure 4.2. (a) A non-metric multidimensional scaling ordination indicating mean (± SD) 

species composition of insects in high-density (black circle) and low-density (white circle) 

aphid groups. Stress is 0.071. (b) The mean (± SE) time-averaged abundances of leaf 

chewing herbivores, generalist predators and aphid specialist predators in low-density 

and high-density aphid treatments. (** p < 0.01). Note: the Argentine ant and cotton 

aphid are excluded from these analyses. 
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Figure 4.3. (a) Mean (± SE) number of links and (b) linkage density in arthropod food 

webs on plants in low-density and high-density aphid treatment groups. Subsets of the 

total food web were created that only include (c) links between generalist predators and 

their prey, or (d) links between aphid specialists and their prey. 
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Figure 4.4. Mean (± SE) time spent on leaves near aphids by (a) generalist and (b) 

specialist aphid predators in the presence (black bars) and absence (white bars) of the 

Argentine ant. 
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Figure 4.5. (a) Mean (+ SE) lepidopteran abundance and (b) damage by leaf-chewing 

insects in high-density (black bars) and low-density (white bars) aphid groups. 
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