
ABSTRACT 

SPICER RICE, ELEANOR KATHARINE. The Species Overlap of Pachycondyla chinensis 

and Linepithema humile: Contributing Mechanisms and Consequences. (Under the direction 

of Jules Silverman.) 

 

Two invasive species, the Argentine ant and the Asian needle ant, have overlapping invasion 

ranges in the southeastern United States. We examined abiotic parameters such as 

temperature tolerance, climate matching, and seasonal envelope and biotic factors such as 

propagule pressure, preferred diet and behavior affecting this heterospecific interaction. We 

also evaluated control measures for the Asian needle ant. 

We tested the cold tolerance of both Asian needle ants and Argentine ants and demonstrated 

that Asian needle ants can persist at colder temperatures than Argentine ants. We conducted 

monthly surveys of ants at the bases of willow oak (Quercus phellos) trees across an invaded 

urban office park and found that Asian needle ants are present two months prior to Argentine 

ants. We then assessed the impact of numerical dominance and primary establishment on 

territoriality. We show that greater numerical dominance from either species positively 

impacts its ability to establish or maintain a nest site. However, we also show that primary 

establishment has significant positive impacts on either species’ ability to maintain a nest 

site, regardless of numerical dominance.  

Monitoring Asian needle ant spread over time, we show Asian needle ants were recorded at 

more of sample sites each year, while Argentine ant numbers declined. We selectively 

removed Asian needle ants from plots using a hydramethylnon bait and found a resurgence 

ofArgentine ants in those plots after 14 days. Control plots retaining Asian needle ants 

remained free of Argentine ants.  



We found Argentine ants controlled food resourcesyet were less aggressive towards Asian 

needle ants from these locations than towards Asian needle ants from distant locations. Asian 

needle ants from areas of species overlap, were not aggressive towards Argentine ants 

regardless of whether or not the Argentine ants are from the same area or from distant 

locations. However, Asian needle ants not from areas of species overlap were aggressive 

towards Argentine ants. We also show that, while Asian needle ants from areas of non-

overlap are less aggressive towards Argentine ants upon subsequent exposure, Argentine ants 

from areas of non-overlap remain highly aggressive towards Asian needle ants, regardless of 

prior exposure or prolonged exposure to them. 

We used a combination of behavioral and chemical analyses to discern the effects of 

chemical recognition errors on Argentine ant aggression towards Asian needle ants. Our 

research shows that Asian needle ants from areas of species overlap shared more cuticular 

lipids with Argentine ants from areas of species overlap. We also show that Asian needle ants 

can survive on a diet of Argentine ants and when Asian needle ants consume Argentine ants, 

they share more cuticular lipids. We also show that when Argentine ant lipids are transferred 

to Asian needle ants Argentine ant aggression towards those Asian needle ants diminishes.  

Therefore, Asian needle ants are active earlier in the year than Argentine ants, establishing 

nests before Argentine ants become numerically dominant. They are able to consume 

Argentine ants as food when Argentine ants are at low densities, altering the Asian needle 

ants’ chemical profile leading to acceptance of Asian needle ants into the Argentine ant 

colony. Asian needle ants do not suffer the negative effects of fighting with Argentine ants 

and are able to persist and ultimately spread across the Argentine ant-controlled landscape.  



We evaluated 10 insecticide baits in lab conditions for efficacy against Asian needle ants and 

found three hydramethylnon baits with excellent performance against Asian needle ants. We 

evaluated application (dispersion) method on bait efficacy in the field and found that a 

hydramethylnon bait caused significant reduction of Asian needle ants by day one lasting at 

least 28 days, regardless of application method.  
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Chapter 1. 

 

Propagule pressure and climate matching contribute to the displacement of the  

Argentine ant by the Asian needle ant 
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1.1 ABSTRACT 

Identifying mechanisms governing the establishment and spread of invasive species is a 

fundamental challenge in invasion biology. Because species invasions are frequently 

observed only after the species presents an environmental threat, research identifying the 

contributing agents to dispersal and subsequent spread confined to retrograde observations. 

Here, we use a combination of observational and experimental approaches to test the relative 

importance of behavioral and abiotic factors in determining the local co-occurrence of two 

invasive ant species, the established Argentine ant (Linepithema humile Mayr) and the newly 

invasive Asian needle ant (Pachycondyla chinensis Emery). We show that P. chinensis’s 

broader climatic envelope enables it to establish earlier in the year than L. humile. We also 

show that increased P. chinensis propagule pressure during periods of L. humile scarcity 

contributes to successful P. chinensis early season establishment. Furthermore, we show that, 

although L. humile is the numerically superior and behaviorally dominant species at baits, P. 

chinensis is currently displacing L. humile across the invaded landscape. This study 

elucidates mechanisms facilitating this new invader’s establishment and spread across a 

landscape inundated with an established invader. By identifying these influences in an 

invasion dynamic, we can attempt to mitigate current and forestall future negative 

environmental impacts caused by invasive species. 

 

Key words: invasive species, Argentine ant, Asian needle ant, displacement, propagule 

pressure 
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1.2 INTRODUCTION 

A central challenge in invasion biology is identifying the mechanisms governing the 

establishment and spread of new invasive species. Where some invasive species remain 

innocuous or undetected for the duration of their establishment, others experience population 

increases and range expansion with adverse consequences to native taxa (Goodenough 2010). 

Because invasive species are often not studied until they negatively impact the environment, 

pinpointing the factors contributing to initial dispersal and subsequent spread is often 

retrospective and can prove challenging (Kenis et al. 2009; Puth and Post 2005; Strayer et al. 

2006). Furthermore, there are disparities in invasion ecology research, where short-term 

experiments are often terminal and long-term projects often take the form of inferences 

between past and present data without analytical studies throughout the actual invasion 

process (Leibold et al. 1997;Parker et al. 1999;Strayer et al. 2006). 

While biotic resistance (Carrillo-Gavilan et al. 2012; Catford et al. 2011), behavioral 

dominance (Short and Petren 2008), and propagule pressure (number of independent 

introductions and number of individuals introduced; Hee et al. 2000) can be determinants of 

successful establishment, abiotic factors such as environmental suitability (Blackburn and 

Duncan 2001) can be predictors of persistence and spread (Catford et al. 2009; Menke et al. 

2007; Moller 1996). Disentangling the factors governing the establishment and spread of 

invasive species is crucial to identifying and preventing the environmental impacts caused by 

these species (Colautti et al. 2006; Roura-Pascual et al. 2011b; Von Holle and Simberloff 

2005a). Ants make an excellent model for investigating these factors because they are a 
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diverse family with a plethora of evolutionary histories and competitive tactics (Lach and 

Hooper-Bui 2010). 

As with other invasive taxa (Brenneis et al. 2011; Lockwood and Somero 2011; Polo-

Cavia et al. 2011; Strongin et al. 2011), many ant species negatively impact native-species 

richness and diversity once established (Human and Gordon 1999; Porter and Savignano 

1990; Wetterer 2011). However, some native taxa manage to persist in invaded habitats, and 

different invasive species co-occur within the same habitat each capitalizing on different 

microclimates (Wetterer et al. 2006; Wetterer et al. 2001), refugia (Plowes et al. 2007), and 

nutrients (Sanders et al. 2003a; Sarty et al. 2006). Furthermore, more than one invasive ant 

species can exploit the same disturbed habitat (King and Tschinkel 2007). While the negative 

impacts of invasive ants are well documented, examples of native species recovering from or 

being unaffected by ant invasions are rare (King and Tschinkel 2006; Morrison and Porter 

2003; Stuble et al. 2009). 

One invasive ant species with profound deleterious ecological effects within its 

introduced range is the Argentine ant (Linepithema humile). Spanning disturbed landscapes 

in six invaded continents, Argentine ants are on ISSG’s “100 World’s Worst Invasive Alien 

Species” list. Once established, Argentine ants are persistent and form large aggressive 

colonies, fostering hemipterans (Brightwell and Silverman 2010) and generally displacing 

native ants (Human and Gordon 1996; Rowles and O'Dowd 2009), with cascading effects 

across many trophic levels (Kenis et al. 2009; Suarez and Case 2002; Suarez et al. 2005b). 

A relatively new invasive ant, the Asian Needle Ant (Pachycondyla chinensis), is 

primarily restricted to the Eastern United States. It forms comparatively small colonies 
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within both disturbed urban and undisturbed natural habitats (Guenard and Dunn 2010; 

Nelder et al. 2006). Like the Argentine ant, the Asian needle ant has impermanent nests. Its 

introduction into a novel area often coincides with declines in native ant fauna. The 

mechanism by which P. chinensis displaces native ants is not known (Guenard and Dunn 

2010). 

Our lab has studied L. humile within an urban office park for over a decade (Meissner 

and Silverman 2001). Beginning in 2008, we observed small numbers of P. chinensis in 

locations where other ant species were absent. This incipient P. chinensis population offered 

a rare opportunity to follow its potential spread and interaction with established L. humile 

population. There is a strong seasonal effect on the distribution and range expansion of L. 

humile with occasional rapid establishment of native ant species when populations of L. 

humile are small (Brightwell et al. 2010b; Heller et al. 2008; Human et al. 1998; Sanders et 

al. 2001), yet little is known of the impact of a recent invasive ant introduction on an 

established invader (Simberloff and Von Holle 1999). Linepithema humile relies on high 

worker numbers and highly aggressive behavior to establish and maintain territories (Holway 

et al. 1998; Human and Gordon 1999). We predicted that Asian needle ants, with their 

comparatively lower worker populations would rely on different mechanisms to become 

established within territory occupied by L. humile. Here, we use a combination of surveys 

and experimental approaches to test the relative importance of behavioral and abiotic factors 

in the establishment and spread of P. chinensis within habitat occupied by L. humile. 

Across taxa, matching climatic conditions between native and invaded ranges is an 

important predictor for invasion success (Bomford et al. 2009a; Bomford et al. 2009b; 



 

6 

Bomford et al. 2010; Hayes and Barry 2008; Suzart de Albuquerque et al. 2011).  Climate is 

correlated with Argentine ant range expansion (Hartley et al. 2010;Krushelnycky et al. 2005) 

with habitats of introduction having similar climate to those within the native range 

(subtropical South America; Wetterer et al. 2009). Our field site in Raleigh NC is at the 

northern edge in the eastern US of the Argentine ant’s climatic envelope, such that worker 

population sizes shrink during relatively cold winter months and resurge in late spring and 

summer (Brightwell et al. 2010b). Pachycondyla chinensis, in contrast, is native to regions in 

Asia with a temperate climate (Yashiro et al. 2010). Thus, we predicted that P. chinensis 

might establish in territory occupied by L. humile during seasons of low L. humile abundance 

and activity. 

Another predictor of invasive species establishment is propagule pressure, whereby 

both the number of introductions and number of individuals introduced are correlated with 

invasion success (Blackburn et al. 2011;Catford et al. 2011;Eschtruth and Battles 2011a, but 

see Moulton et al. 2011; Nunez et al. 2011). In ants, propagule pressure contributes to 

establishment success (Mikheyev et al. 2008; Roura-Pascual et al. 2011a; Suarez et al. 

2005a). We predicted that increased P. chinensis propagule pressure during periods when L. 

humile is relatively inactive improves establishment success. 

Numerical and behavioral dominance facilitate the spread of L. humile (Holway 1999; 

Human and Gordon 1999). Pachycondyla chinensis have smaller colonies than L. humile, 

with unknown interspecific aggression behavior. We predicted that L. humile will dominate 

food resources in areas of species overlap. 
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Because invasive organisms are often not studied until they reach pest status, tracking 

the course of the invasion process from its inception is rare (Rauschert et al. 2010). Many 

studies employ historical data (Roche et al. 2003; Zepeda-Paulo et al. 2010), modeling 

(Nathan et al. 2011; Wittmann et al. 2011), or manipulative experiments (Grey 2011; 

Llewelyn et al. 2010; Souza et al. 2011) to observe an invasion path over time. By surveying 

the distribution of P. chinensis and L. humile over four years, we have a unique opportunity 

to track P. chinensis as it establishes and expands its range. 

We tested our predictions in field surveys over time to (1) determine the relative 

seasonal activity and colony spread of L. humile and P. chinensis and (2) measure 

interspecific completion at food resources. We then performed field and lab manipulations to 

examine the relative effects of propagule pressure and temperature on worker survival and 

colony establishment. We show that while L. humile is behaviorally and numerically 

dominant, P. chinensis is displacing L. humile by establishing nests during seasons when L. 

humile populations are low. 

 

  



 

8 

1.3 METHODS 

1.3.1 Study area and insect maintenance 

We conducted our study on the grounds of an office park (47.3750 hectares) in 

Morrisville, North Carolina USA (35º51’11.37”N 78º49’36.74”W). Argentine ants have 

infested this location for over a decade (Meissner and Silverman 2001). The climate is 

temperate (mean annual minimum, 1°C; mean annual maximum, 32°C) and is at the northern 

edge of L. humile’s invaded range in the eastern US (Brightwell et al. 2010b), but is currently 

near the center of P. chinensis’s invaded range (Nelder et al. 2006).Our lab has routinely 

sampled this location for the past thirteen years and only noted Pachycondyla chinensis in 

2008. In March-June 2008, we constructed a grid overlay across an aerial map of the park 

and used a random number generator to select 132 locations across the grid for pitfall 

sampling. Once each month for three months, we placed pitfalls in each location for 72 

hours, and recorded ant species captured. For every location in which P. chinensis was 

captured, we performed extensive visual surveys working in a 20m circle outward from the 

pitfall trap, inspecting all suitable nest sites and across ground cover for ants. This 

examination revealed P. chinensis nesting in close proximity (<1-5m) to L. humile nests, 

which are frequently in pine needle mulch around the bases of willow oak trees (Quercus 

phellos) throughout the park. While L. humile is evenly dispersed across the ca. 35 hectares 

of developed land on the site, P. chinensis occurs patchily, initially occupying three 

approximately 10m
2
 areas, 1.7km apart on the developed land and four 5m

2 
areas across 

surrounding mixed pine-hardwood forest. All ants collected for laboratory studies were held 

in plastic tubs coated with Fluon to prevent escape. Ants were provided artificial nests (95 x 
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15mm Petri dish with moistened plaster base and covered with a tile) and a diet of 20% 

sucrose solution and freshly killed German cockroaches (Blattella germanica). We 

maintained all ants at 26ºC±1°C, 50%±5% RH, and a 12:12 L:D. 

 

1.3.2 Evidence of L. humile and P. chinensis across seasons 

We conducted monthly ant surveys from March 2009 to June 2011 to identify any 

differences in seasonal occurrence between P. chinensis and L. humile. We sampled within 

the mulch surrounding trees where nests of both ants occurred. Based on the initial visual and 

pitfall surveys described above, two locations (~1km apart) with a total of 22 sites having 

both P. chinensis and L. humile were designated “species overlap” sites and two groups with 

only L. humile evident (n=22) were designated “L. humile-only” sites. Surveys consisted of 

removing the pine mulch from around each tree base in a circle with a 90cm radius, 

beginning at the point of contact between tree and ground. We removed mulch in a width of 

10cm at a time, and each 10 x 90cm section was searched for ants. We replaced the mulch 

after each survey. Linepithema humile can amass very high worker densities in the summer 

months, while P. chinensis colonies remain comparatively small. To avoid destructive 

sampling—and because we were measuring ant presence and not ant abundance—we chose 

“cluster” as our unit of measure to account for each species’ disproportionate worker number. 

A cluster consisted of a discrete group of four or more P. chinensis workers or a discrete 

group of L. humile workers surrounding a queen. We recorded the number of clusters per tree 

base. We measured tree circumference for all trees and found no differences across 

treatments (mean 137.82±4.15cm, t=1.81, p=0.27). We expected that ant clusters of both 
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species would be present in the spring months beginning in March. We conducted a 

multivariate test (PROC GLM) on the difference between the mean number of ant clusters 

within consecutive months for each species from March-July (‘09), February-July (‘10), 

February-June (‘11) to determine if one species appeared earlier in the year than the other. 

Each species was compared alone, across the three years (SAS v.9.8, SAS Institute 2009). 

We also conducted annual visual presence/absence surveys to determine whether P. 

chinensis displaced L. humile. We pulled back the pine needle mulch 90 cm from the base of 

each tree (n=100) along the invaded area in the office park. We searched the ground for ants 

in the same manner as above. While we recorded ant clusters in the seasonal surveys, we 

recorded worker presence (at least one worker) in this annual survey. In early June (a time of 

activity for both species) of each year, we recorded L. humile-only presence (given a score of 

3), species overlap (score = 2), or P. chinensis-only presence (score = 1) at the base of each 

tree. One tree was devoid of ants for the duration of the study and so was eliminated from the 

analysis. Controlling for year, we then ran a Cochran-Mantel-Haenszel correlation test 

between year and score (PROC FREQ) (SAS v.9.8, SAS Institute 2009). 

 

1.3.3 Behavior and competition at baits 

We measured exploitative and interference competition along four 60m transects 

occupied by either or both P. chinensis and L. humile. We placed bait cards (7.6 x 12.7cm) 

every 5m along each transect for a total of 12 bait cards per transect, two transects per site 

designation (P. chinensis only, L. humile-only, or area of species overlap). Each bait card 

received 0.5g bait. Bait consisted of a mixture of equal parts tuna (in oil) and honey. We 
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recorded the number of P. chinensis and L. humile at each bait card every 15 minutes for 3 

hours. 

We recorded aggressive behaviors if more than one species was on a bait card. 

Aggressive behaviors included open mandibles, biting, gaster flexing, and chasing. If one 

species discovered a bait card but was replaced by another species for two or more 

observation periods, we recorded that as a “displacement event.” Other ant genera (Formica 

sp., Solenopsis invicta, Brachymyrmex sp., and Prenolepis impairis) occur at our field site 

and thus bait dominance through displacement could occur in areas of non- P. chinensis-L. 

humile overlap. Prior to sampling, we conducted extensive visual and bait surveys of the area 

around each transect to classify each location as “P. chinensis only,” “L. humile only,” or P. 

chinensis/L. humile “species overlap.” These classifications were used for data analysis with 

a total of 18 P. chinensis-only baits, 13 L. humile-only baits, and 17 baits occupied by both P. 

chinensis and L. humile. 

We recorded the time to bait discovery by each species and compared this across sites 

occupied by one or both species. We compared mean time to discovery across each species 

for all overlap status groups using Analysis of Variance with Tukey’s HSD means 

comparison. We recorded the proportion of baits (n/total) discovered and dominated by each 

species at P. chinensis-only, L. humile-only, and P. chinensis/ L. humile overlapping sites. 

We analyzed data for baits that were discovered and baits that were dominated separately. 

We were arcsine-square root transformed data before performing an Analysis of Variance. 

We compared treatment means using Tukey-Kramer’s pairwise means separation. 
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1.3.4 Effect of colony size and order of establishment on ant species displacement and 

worker survival 

We recorded the outcomes of interactions between L. humile and P. chinensis at 

different colony ratios when each species was either an intruder or resident. We established 

L. humile colony fragments (n=12) of 25, 50, and 125 workers, each with one queen. We also 

established colony fragments of 25 P. chinensis workers plus one queen (n=12). We placed 

ants in a Fluon-lined plastic container (15 x 15 x 4 cm) furnished with a 95 x 15mm Petri 

dish nest filled with moistened shredded coconut husk substrate, water dispensed in a 10 x 

75mm glass tube with cotton wick, 25% sucrose solution provided in an upright 50ml 

centrifuge tube with a plastic float to prevent drowning, and freshly-killed German 

cockroaches. Ants acclimated to test containers for four days, after which we recorded living 

workers and their location within the nest (presumably within optimal habitat). We recorded 

ants within, on top of, or under the Petri dish, within the water tube, or on the sucrose tube. 

We then added heterospecific ants to each of these containers; 25 P. chinensis plus one queen 

to the different density L. humile treatments and 25, 50, or 125 L. humile plus one queen to 

the containers with resident P. chinensis. We aspirated intruders into a tube and gently tapped 

them into each container. We also performed single species controls (n=12). 

Seven days later, we recorded the number of living and dead workers and queens and 

the location (nest) where living ants of each species occurred. We arcsine-square root 

transformed the proportion of surviving individuals of each species within each replicate 

before performing Analysis of Variance. We compared treatment and control means using 

Tukey-Kramer’s pairwise means separation test. We recorded nest displacement as 0 or 1 
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(0=individuals remained in established nest, 1=individuals elsewhere). We arcsine-square 

root transformed nest displacement score before performing ANOVA. We compared 

treatment means with Tukey-Kramer’s pairwise means separation test. 

 

1.3.5 Reappearance of L. humile following removal of P. chinensis from the field 

We considered that the disappearance of L. humile from locations within our field site 

might be a consequence of an altered habitat (e.g., reduced food, poor nesting substrate) 

rather than displacement by P. chinensis.  Therefore, we provided a direct measure of the 

impact of P. chinensis on L. humile by removing P. chinensis from plots and recording the 

return of any L. humile. We selected five plots in locations that for the past three consecutive 

years were solely occupied by P. chinensis. Linepithema humile persisted on the periphery of 

these plots, with nests occurring between 1 and 10 meters away from each P. chinensis plot. 

We first sampled P. chinensis and L. humile along a transect in each plot every 3m using bait 

cards (7.6 x 12.7cm) with 0.5 g tuna in oil (n=12). We recorded ant species presence (0 = 

absent, 1= present) 30 minutes later. We then killed P. chinensis in three plots with the 

granular insecticidal bait Maxforce® Complete (Hydramethylnon, 1.00%) dispensed at a 

label rate of 1 oz per 3.81-4.6 m
2
. Maxforce® Complete granule size is 1-2 mm and can be 

retrieved by P. chinensis, but not L. humile, thus largely precluding L. humile from the 

negative impacts of the bait (Hooper-Bui et al. 2002). We included two P. chinensis-infested 

plots as untreated controls (n=16 bait cards). We then re-sampled all plots 1, 3 and 14 days 

later and analyzed data with a Cochran-Mantel-Haenszel chi-square correlation test 
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controlling for treatment and site (PROC FREQ). We calculated Agresti-Coull confidence 

intervals for the proportion of baits with L. humile present. 

 

1.3.6 Cold tolerance of L. humile and P. chinensis 

We hypothesized that P. chinensis appear earlier in the season than L. humile because 

they are more cold-tolerant. We conducted a laboratory experiment to determine the survival 

of L. humile and P. chinensis at low temperatures. We placed 50 workers, one queen, and 

some brood of each species into separate Fluon-lined plastic containers (12.5 x 12.5 x 5cm). 

Each container had a fine mesh lid and bottom to promote air flow. We provided ants with a 

moistened plaster nest (95 x 15mm) covered with a tile, water in a small culture tube blocked 

with a moist cotton plug, 20% sucrose in a small culture tube blocked with a cotton plug, and 

freshly killed German cockroaches. We replaced water, sucrose, and cockroaches each week 

at the time of data collection. 

Ants acclimated to their new environment at 26º C for 24 hours before we placed 

them into incubators at 4º C, 12º C, or 26º C. We recorded worker survival weekly for six 

weeks by counting and removing dead individuals in each unit. Because P. chinensis queens 

were not found in every field cluster, we omitted queens from P. chinensis treatments and did 

not record queen survivorship. Linepithema humile queens cannot produce a functional nest 

without workers present. Therefore, a queen in the absence of workers is not a representative 

of a viable colony (Passera and Keller 1992). We analyzed treatment effects on ant 

survivorship with PROC GLM repeated measures. 
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1.3.7 Coexistence of L. humile and P. chinensis across L. humile’s invaded range 

We investigated the potential for coexistence of L. humile and P. chinensis, as well as 

the potential replacement of L. humile by P. chinensis across L. humile-invaded habitats. We 

sampled 14 locations (11 in North Carolina and 3 in South Carolina) where L. humile were 

documented in the last 10 years to understand how likely L. humile persist in its invaded 

range in the absence of P. chinensis. Historical records were obtained from the Departments 

of Entomology at N.C. State University and Clemson University. We re-sampled each 

location by placing bait cards (7.6 x 12.7cm) every 5 m along a 25 m transect and recorded 

species presence and abundance every 15 minutes for 2 hours. Bait consisted of 0.5 g equal 

parts tuna/honey mixture. We also removed leaf litter (0.5 m
2
) from four points across each 

study location for Winkler extraction and recorded ant species presence and abundance in 

leaf litter. 

 

1.4 RESULTS 

1.4.1 Evidence of L. humile and P. chinensis across seasons 

In every year, more clusters of P. chinensis workers were recorded in March-April 

compared with each previous month (2009: F1,10=74.12, p<0.0001; 2010: F1,10=42.19, 

p<0.0001; 2011: F1,10=26.70, p<0.0004). More clusters of Linepithema humile were recorded 

in May-June compared to the previous months April-May (May-June 2009, F1,10=17.84, 

p<0.0018; May-June 2010, F1,10=14.61, p<0.0034; May-June 2011,  F1,10=16.92, p<0.0021). 

Pachycondyla chinensis, therefore, is present in the field two months prior to L. humile 

(Figure 1). 
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Our four-year census (2008-2011) at the bases of trees (n=99) at our Morrisville, 

North Carolina field site revealed that the number of locations with L. humile-only (“3”) 

decreased significantly (from 90 locations to 67 locations) over four years while the number 

of locations with P. chinensis-only (“1”) increased significantly, and the number of P. 

chinensis/L. humile overlapping locations (“2”) fluctuated across years (from 0 trees in year 

one to 17 trees in year four and from 9 trees in year one to 15 trees in year four, respectively; 

χ
2

1df=248.39, p<0.0001; Table 1 A-D, Figure 2). Pachycondyla chinensis appeared at more 

locations in year four (2011) than all prior years, an increase of 17% over year three (Table 1 

D, Figure 2). Pachycondyla chinensis spread was somewhat continuous during the first three 

years (Fig 2A-C). At year four we detected P. chinensis at discontinuous sites (Fig 2D), 

suggesting short-distance jump dispersal. However, since we did not sample habitat adjacent 

to our focal sites, P. chinensis may have emigrated from bordering areas rather than from 

distant sampling sites. 

 

1.4.2 Behavior and competition at baits 

Pachycondyla chinensis discovered (F3,61=6.47, p=0.0007; Figure 4) and dominated 

(F3,61=6.34, p=0.0008) (Figure 5) fewer baits than L. humile in locations of species overlap 

and discovered fewer baits than in locations solely occupied by P. chinensis (Figures 3 and 

4). However, there was no difference in time to bait discovery between either species, 

regardless of whether or not they were from areas of species overlap (f3,52=0.25, p=0.86). We 

observed no aggressive behaviors among ants at baits. 
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1.4.3 Effect of colony size and order of establishment on ant species displacement and 

worker survival 

Propagule pressure and resident status each contributed to the success of P. chinensis 

in occupying optimal nest space (Table 2). Pachycondyla chinensis displaced significantly 

more L. humile at higher P. chinensis: L. humile ratios and when P. chinensis established 

nests first (for all “displaced”: F5,54=37.97, p<0.0001). In treatments with no P. chinensis, L. 

humile remained in their primary nest for the duration of the study and no workers or queens 

died. 

Pachycondyla chinensis killed more L. humile workers at equal densities or when P. 

chinensis occupied nests first (for all surviving: F5,54=21.38, p<0.0001) . Pachycondyla 

chinensis killed fewer L. humile workers when L. humile secure nests first and when P. 

chinensis : L. humile ratios were greater than 1:1 (Table 2). 

In treatments where L. humile were the first to become established, L. humile killed 

most P. chinensis workers at a 1:5 P. chinensis : L. humile worker ratio (t3,36=17.12, 

p<0.0001 ). However, when P. chinensis established nests first, few P. chinensis were killed, 

even when greatly outnumbered by L. humile (t3,36=16.35, p<0.0001; Table 3). 

 

1.4.4 Reappearance of L. humile following removal of P. chinensis from the field 

No L. humile were recorded at bait cards (n=28) in P. chinensis-occupied plots. We 

also found no L. humile at baits (n=16) in plots that did not receive insecticide treatment for 

the entire study. Pachycondyla chinensis were recorded at all (16/16) baits in untreated plots 

for the duration of the study, but at zero baits one day after insecticide treatment and at only 
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25% (3/12) of baits in treated plots 14 days after insecticide treatment. Furthermore, 14 days 

post-treatment, 50% of the baits in the treated area previously occupied by P. chinensis were 

now visited by L. humile compared to untreated plots, which remained free of L. humile 

(χ
2

1=9.8182, p=0.0017; Figure 6). After controlling for treatment, there was no significant 

association between site and L. humile presence (p=0.2689). 

 

1.4.5 Cold tolerance of L. humile and P. chinensis 

More L. humile survived at 26°C than P. chinensis (F5,85=14.01, p<0.0001; Figure 

7A). In contrast, P. chinensis survival exceeded that of L. humile at 12°C (t5,102=-6.41, 

p<0.0001) and at 4°C week six (t5,80=-7.41, p<0.0001), with all L. humile workers dying by 

week six. We suggest that P. chinensis may be more cold-tolerant than L. humile (Figs. 8A-

C). 

 

1.4.6 Coexistence of L. humile and P. chinensis across L. humile’s invaded range 

Our bait card and leaf litter surveys of 14 re-sampled, L. humile  sites revealed L. 

humile at seven and P. chinensis at two of those sites. Pachycondyla chinensis was also 

recovered from one re-sampled site in which L. humile was absent. Thus, P. chinensis L. 

humile overlap in portions of their-invaded range. 
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1.5 DISCUSSION 

We provide the first evidence for small-scale displacement of an established 

widespread invasive ant by a more recently introduced exotic ant species. Pachycondyla 

chinensis was first observed in 2008 at the edge of an established (>12 yr-old) L. humile 

population and has steadily expanded into habitat previously occupied by L. humile. The 

return of L. humile to areas where P. chinensis was deliberately eliminated strongly suggests 

that P. chinensis—and not another factor such as unsuitable habitat—was responsible for the 

decline of L. humile. While propagule pressure may aid in the establishment of an invasive 

species, we suggest that priority in nest establishment is also a predictor of habitat 

dominance. We suggest that by possessing a broader seasonal activity envelope and 

surviving at lower temperatures than L. humile, P. chinensis establishes earlier in the season 

before L. humile colonies grow and expand. 

As exotic organisms invade new habitat, they often encounter and interact with 

established invaders (Simberloff and Von Holle 1999; Simberloff 2006). However, evidence 

of a newly introduced species displacing an established invader is rare (Griffen et al. 2011). 

Most studies on ant invader-invader interactions focus on short-term competitive interactions 

(Kirschenbaum and Grace 2008; Lach 2008;Lach 2008; Zheng et al. 2008) and hypothesize 

about the long-term effects of these interactions (Kirschenbaum and Grace 2007). Here, we 

combined laboratory studies with extended field surveys to reveal the consequences of, and 

possible mechanisms underlying, invasion succession. 

A major consequence of invasion is the cascading impact the invading organism has 

on its environment. Negative influences on native taxa from a primary invasion can promote 
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entry of a secondary invader (O'Dowd et al. 2003; Simberloff and Von Holle 1999). For 

example, land snails (Achatina fulica) are more likely to invade areas inhabited by the 

invasive ant Anoplolepis gracilipes, which eliminates snail-eating land crabs (Green et al. 

2011). The displacement of potential P. chinensis competitors by L. humile through 

phylogenetic pruning by competitively excluding native ant taxa may be facilitating P. 

chinensis establishment (Human et al. 1998; Lessard et al. 2009; Sanders et al. 2003b). 

However, this scenario is unlikely, as P. chinensis also invades natural environments 

harboring few, if any, exotic ants (Guenard and Dunn 2010). Therefore, L. humile provides 

an unlikely entryway to P. chinensis invasion. 

A more likely explanation for the successful establishment and spread of P. chinensis 

in central North Carolina relates to its activity throughout much of the year particularly in 

early spring when L. humile workers are largely inactive. This study adds to a growing body 

of knowledge highlighting the importance of climatic suitability for invasion success, but it is 

unique by underscoring the importance of climatic suitability in resisting secondary invasion 

(Brightwell et al. 2010a; Brightwell et al. 2010b; Hartley et al. 2006; Heller et al. 2008; 

Holway et al. 2002; Menke and Holway 2006; Roura-Pascual et al. 2011b; Sanders et al. 

2001). Seasonal effects on distribution and range expansion could facilitate the return of 

certain native ant species during periods when L. humile is absent (Brightwell et al. 2010b; 

Heller et al. 2008; Human et al. 1998; Sanders et al. 2001). We suggest that L. humile early-

season scarcity, coupled with the broader temperature tolerance of P. chinensis with its 

appearance during March and April, promotes the establishment and spread of P. chinensis. 
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Propagule pressure is often touted as a driving force behind the successful 

establishment of introduced species (Blackburn et al. 2011; Colautti et al. 2006; Eschtruth 

and Battles 2011b; Lockwood et al. 2009; Simberloff 2009; Von Holle and Simberloff 

2005b). We provide laboratory evidence that propagule size plays a role in the establishment 

of P. chinensis within L. humile territory, yet priority in nest establishment appears to be a 

better predictor of P. chinensis success, due largely to L. humile colony size decline in winter 

months (Brightwell and Silverman 2011). 

Here we elucidate factors driving the establishment of P. chinensis, as well as 

document the spread of P. chinensis. Still, the mechanisms underlying the persistence of this 

behaviorally subordinate species in a landscape inundated with a behaviorally and 

numerically dominant ant remain unclear, but is the subject of our current investigation. 

Here, we show that in areas of coexistence, L. humile dominates more food resources and 

displaces P. chinensis present at those resources. Behavioral and numeric dominance are 

corollaries of an invasive organisms’ ecological success (Holway 1999; Rowles and O'Dowd 

2007; Short and Petren 2008). While dolichoderine ants like L.humile include many invasive 

species, comparatively few ponerines are invasive (McGlynn 1999). Further, native non-

hypogaeic ponerine species are generally eliminated by invasive ants (Heterick 1997; Rowles 

and O'Dowd 2009), due in part to their relatively small colonies (Ito 1997; Thomas and Elgar 

2003), generally solitary foraging behavior (Guenard and Silverman 2011; Raimundo et al. 

2009; Wilkins et al. 2006), and characteristic subdominant or subordinate behavior (Dejean 

2011).  Subordinate behavior in particular can facilitate coexistence between invasive and 

native ant species, and this could be the driving force in coexistence between the two ants 
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studied here (Oliveras et al. 2005; Wetterer et al. 2001). Ponerines are particularly amenable 

to coexistence, with many species permitting cohabiting myrmecophiles or sharing nest space 

or trail markings with other species (Maschwitz et al. 2004; Orivel et al. 1998; Witte et al. 

2002). Our field surveys reveal that P. chinensis coexist with L. humile before L. humile is 

ultimately displaced. Understanding the mechanisms driving the coexistence between these 

two species is essential as coexistence enables P. chinensis to sustain populations as L. 

humile numbers increase in summer months. 

In diverse community mosaics, many ant species are able to coexist through resource 

partitioning. Whereas some coexisting ant species display different diel and/or seasonal 

activity patterns (Campos and Schoereder 2001; Ohnishi et al. 2009), others coexist by 

partitioning resources such as habitat space (Dietrich and Wehner 2003) or food (Sarty et al. 

2007). Here, however, both L. humile and P. chinensis have nest requirements and forage 

actively during most months. Because L. humile actively forage for 24 hours a day (Alder 

and Silverman 2005; Human and Gordon 1996), they also have a presumed overlap in diel 

activity patterns during seasonal periods of high activity. Our preliminary data suggest that, 

while P. chinensis are found outside the nest all day, they are most actively foraging between 

0800 and 1200h (ESR unpub. data). Pachycondyla chinensis is both a predator and scavenger 

(Bednar and Silverman 2011). Linepithema humile consume prey as well particularly during 

peak colony growth (Abril et al. 2007). It therefore seems unlikely that resource partitioning 

drives coexistence between these two species. 

Invasive ants are generally not observed until their negative ecological impacts on 

native taxa are recognized. Here, we follow the spread of an incipient P. chinensis population 
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as it displaces a portion of a colony of L. humile within a few years. We suggest that this 

occurs in part because P. chinensis is active when L. humile is dormant. Pachycondyla 

chinensis may similarly gain a foothold in natural undisturbed habitats by displacing native 

ants before a defendable colony size is attained. By recognizing the instrumental influences 

in an invasion dynamic, we can attempt to mitigate current and forestall future negative 

environmental impacts caused by invasive species. 
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1.8 TABLES  

Table 1.1 . The number of locations with neither L. humile (LH1)or P. chinensis (PC1), both 

species (LH2, PC2), or either L. humile (LH3) or P. chinensis (PC3) in (A) 2008, (B) 2009,  

(C) 2010, and (D) 2011. 

A. 

Proportion LH1 LH2 LH3 

PC1 0 0 90 

PC2 0 9 0 

PC3 0 0 0 

B. 

Proportion LH1 LH2 LH3 

PC1 0 0 87 

PC2 0 12 0 

PC3 0 0 0 

C. 

Proportion LH1 LH2 LH3 

PC1 0 0 84 

PC2 0 9 0 

PC3 6 0 0 

D. 

Proportion LH1 LH2 LH3 

PC1 0 0 67 

PC2 0 15 0 

PC3 17 0 0 
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Table 1.2. Nest defense and survival of L. humile at various P. chinensis: L. humile ratios 

with L. humile as resident or intruder. Data expressed as proportion of total replicates (±SE) 

(n=12).  Significant differences (displaced or surviving) within treatment columns (resident 

or intruder) are denoted by letters (Tukey-Kramer comparison of means, p<0.05). 

            

    

 

 

 

 

 

  

P. chinensis : L. 

humile ratio 

L. humile intruder L. humile resident 

Displaced Surviving Displaced Surviving 

1:1 1 A 0±0 C 0.7±0.152 AB 0.452±0.131 BC 

1:2 0.9±0.1 A 0.188±0.064 CB 0.4±0.163 BC 0.864±0.072 A 

1:5 0.8±0.133 AB 0.492±0.104 A 0 C 1±0 A 
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Table 1.3. Survival of P chinensis at various P. chinensis: L. humile ratios when L. humile is 

either the resident or intruder. Data expressed as mean proportion (±SE). Significant 

differences within treatment columns denoted by different letters (Tukey-Kramer comparison 

of means, p<0.05). 

P. chinensis : 

L. humile ratio 

L. humile resident L. humile intruder 

1:1 0.988±0.008 A 0.988±0.008 A 

1:2 0.964±0.139 A 0.868±0.052 B 

1:5 0.112±0.078 C 0.824±0.095 B  
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1.9 FIGURES  
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Figure 1.1. Seasonal abundance of P. chinensis and L. humile, with mean (±SE) clusters of 

ants at sampling sites each month from March, 2009 to June, 2011. White arrows indicate 

significant (PROC GLM p<0.001) numbers of P. chinensis (compared to previous month) 

and shaded arrows indicate significant (PROC GLM p<0.001) numbers of L. humile 

compared to that of prior month. 
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Figure 1.2. Records of Pachycondyla chinensis-only (red), L. humile-only (gray), or P. 

chinensis/L. humile overlapping (yellow) at the bases of trees across an invaded office park 

over four years: A) 2008, B) 2009, C) 2010 and D) 2011. 
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Figure 1.3. Time (mean ± SE minutes) to bait discovery by P. chinensis in areas of species 

overlap (P, PL), P. chinensis-only areas (P) and L. humile in areas of species overlap (L, PL), 

and L. humile-only areas (L).  There were no significant differences among treatments. 
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 Figure 1.4. The mean proportion (±SE) of baits discovered by L. humile (L) or by P. 

chinensis (P) in areas of species overlap (PL) and in non-overlapping areas (P or L). (Tukey 

HSD ANOVA,* p<0.05). 
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Figure 1.5. The mean proportion (±SE) of baits dominated by L. humile (L) or P. chinensis 

(P) in areas of species overlap (PL) and in non-overlapping areas (P or L). (ANOVA 

*p<0.05). 
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Figure 1.6. Mean proportion of baits occupied by either P. chinensis (○) or L. humile (●) in 

plots chemically-treated to remove P. chinensis  0, 1, 3, and 14 days after treatment 

(χ
2

1=9.8182, p=0.0017)   
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Figure 1.7. The proportion P. chinensis and L. humile workers surviving at A) 26°C (PROC 

GLM repeated measures p<0.0001), B) 12°C  PROC GLM repeated measures p<0.0001), 

and C) 4°C (PROC GLM repeated measures p<0.0001). 
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Chapter 2. 

 

Submissive behaviour contributes to the displacement  

of a unicolonial global invader 
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2.1 ABSTRACT 

An essential challenge in invasion ecology is discerning the role that behavioural adaptations 

play in competition among species. When evaluating the impacts of invasive species, the 

mechanisms underlying coexistence among organisms and the displacement of organisms 

within a community mosaic are often ignored, yet these interactions are necessary for fully 

understanding these impacts. Here, we examine the behavioural mechanisms underlying the 

coexistence and displacement of an established global invader, the Argentine ant 

(Linepithema humile Mayr), by the newly invasive Asian needle ant (Pachycondyla chinensis 

Emery). Employing a series of individual and group assays, we show that the numerically, 

behaviourally dominant Argentine ant is less aggressive towards neighboring Asian needle 

ants than towards stranger conspecifics. Moreover, we show that the Asian needle ant’s 

submissive behaviour through recurrent contact to Argentine ants can contribute to its 

ecological success across an Argentine ant-invaded landscape. Understanding the factors that 

drive the coexistence of these two ant species may help explain how small populations of a 

behaviourally submissive species become established. 

Keywords  

Aggression, Dear Enemy phenomenon, Asian needle ant, Argentine ant, invasive, 

displacement 
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2.2 INTRODUCTION 

Invasive species often rely on behavioural and numerical dominance to displace 

native species, causing negative effects across multiple trophic levels (Short & Petren 2008; 

Stokes et al. 2009; Dietzsch et al. 2011; Polo-Cavia et al. 2011; Young et al. 2011). 

Therefore, an essential challenge in invasion ecology is to understand the role that 

behavioural adaptations play in interspecific competition. When evaluating the impacts of 

invasive species, the mechanisms underlying the coexistence among organisms and the 

displacement of organisms within a community mosaic are often ignored yet are necessary 

for understanding these impacts (Chase & Leibold 2003; Wittman & Gotelli 2011). Invasive 

ants make an excellent model for examining the mechanisms and impacts of invasion 

because they share a range of adaptations, including behavioural traits, with other invasive 

species (Holway et al. 2002; Lessard et al. 2009; Lessard et al. 2009; Parr & Gibb 2012). 

Though various studies point to an invasive ant’s numerical and behavioural 

dominance as key to initial establishment and spread in a new environment, few studies have 

examined the role these traits play in the persistence of invasive species over time (Holway 

1999; Human & Gordon 1999; Hee et al. 2000; Morrison 2000; Sanders et al. 2001). In fact, 

understanding the behavioural adaptations that facilitate the persistence of native organisms 

under siege by invasive ants can provide a predictive framework for long-term impacts of 

invasion and faunal resurgence patterns (Wetterer et al. 2001a; Oliveras et al. 2005). 

Furthermore, awareness of behavioural traits shared by members of invasive ant complexes 

can help to predict successions of invaders. 
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 Linepithema humile (Mayr) relies largely on behavioural and numerical dominance 

to displace native taxa across its introduced range (Holway 1998; Human & Gordon 1999). 

With enormous colonies defined by a lack of intraspecific aggression, L. humile mass-recruit 

24 hours a day to secure and defend resources (Human & Gordon 1999; Mondor & Addicott 

2007; Rowles & O'Dowd 2007). However, some native ants persist in environments 

dominated by L. humile by employing an array of behaviours (Wetterer et al. 2001b; Oliveras 

et al. 2005; Blight et al. 2010) or occupying microhabitats not used by L. humile (Sarty et al. 

2006). By persisting, these native ants may in some way lessen the ecological impact of L. 

humile (Blight et al. 2010). 

The newly-invasive Asian needle ant, Pachycondyla chinensis, is becoming 

increasingly prevalent across the Eastern United States, and it is unique because it can 

successfully establish in both human-disturbed and undisturbed natural habitats (Nelder et al. 

2006; Guenard & Dunn 2010). With small colonies typical of many ponerine species, P. 

chinensis makes an unlikely invader—possessing neither mass recruitment behaviour 

(Guenard & Silverman 2011) nor a propensity to dominate resources (Spicer Rice and 

Silverman, Chapter 1), which is typical of many successful invasive ants (Thomas & Holway 

2005; Le Breton et al. 2007; Drescher et al. 2011). 

Although the interactions among invasive ants and native ants are well-documented 

(Holway 1999; Morrison 2000; Alder & Silverman 2005; Grangier et al. 2007; Le Breton et 

al. 2007; Buczkowski & Bennett 2008; Rowles & O'Dowd 2009; Blight et al. 2010; Drescher 

et al. 2011), examples of interactions between invasive ant species are rare (Kirschenbaum & 

Grace 2007; Lach 2008; Zheng et al. 2008; Kenis et al. 2009). We have previously 
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documented that L. humile are being displaced by P. chinensis across an urban landscape 

(Spicer Rice and Silverman, Chapter 1). We showed that while L. humile are more abundant 

and dominate baits in this habitat, P. chinensis rely on early seasonal establishment to 

successfully found nests and that these two species appear to coexist within close proximity 

(<1m) across this area. 

Here, we investigated possible behavioural mechanisms underlying the displacement 

of L. humile by P. chinensis using a combination of colony-level, group-level, and dyadic 

behavioural assays. Furthermore, we examined whether field colonies of overlapping L. 

humile and P. chinensis might be a consequence of repeated exposure and habituation. 

Understanding factors driving L. humile and P. chinensis coexistence may help explain how 

small populations of a potentially behaviourally submissive species such as P. chinensis can 

become established. 

 

2.3 METHODS 

2.3.1 Insect Collections 

We collected L. humile Mayr from office parks in Morrisville, North Carolina, USA 

(35º51’11.37”N 78º49’36.74”W) and Greenville, South Carolina, USA (34°51'02.18"N, 

82°23'44.07"W). We collected P. chinensis Emery from these same office parks and from 

locations absent of L. humile: Lake Johnson Park, NC, USA, [35º45’33.44”N 

78º43’01.33W], Schenck Forest, NC [35.8171156ºN, 78.7263642ºW], and Falls Lake, NC 

[36.027528ºN, 78.7192776ºW]. We conducted preliminary intraspecific inter-nest aggression 

assays (Spicer Rice, unpub. data) and determined that L. humile from Morrisville and 
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Greenville were distinct colonies and that P. chinensis from Morrisville, Greenville, Lake 

Johnson, Schenk Forest and Falls Lake were all from separate colonies. 

We collected ants from field debris and placed them in Fluon-coated plastic tubs 

furnished with artificial nests (95 x 15mm Petri dish lined with moistened plaster and 

covered with a tile) and a diet of 20% sucrose solution dispensed in a centrifuge tube with a 

floating cap and freshly killed German cockroaches (Blattella germanica) and held at 

26ºC±1°C, 50%±5% RH, and 12:12 L:D. 

 

2.3.2 Interspecific Aggression between Overlapping and Non-Overlapping Nests 

2.3.2.1 Group Behaviour 

We determined whether L. humile and P. chinensis workers nesting in close 

proximity (<2 m = ‘overlapping’) displayed lower aggression than workers collected from 

distant nests (‘non-overlapping’). We collected ants from areas of overlap  from the bases of 

willow oak trees (Quercus phellos) at the Morrisville and Greenville sites; we collected non-

overlapping, distant (>1km) L. humile  P. chinenis-free areas within the Morrisville site, and 

non-overlapping, distant (>20km) P. chinensis from the Lake Johnson site. 

We performed aggression assays by collecting five ants from each species directly 

from the field and placing them into Fluon-coated Petri dishes (100 x 15mm) using soft 

forceps. We placed a moistened cotton plug in the center of each dish to reduce desiccation 

and covered the dishes to prevent ant escape. All dishes were returned to the lab, and held at 

26ºC±1°C, 50%±5% RH with 12:12 L:D. We recorded only the proportion of L. humile 

surviving after 24 hours, because no P. chinensis died in any trial. We used the proportion of 
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Linepithema humile surviving as an indicator of interspecific aggression because, in 

preliminary assays, stinging aggression by P. chinensis causes the death of an L. humile 

worker. We defined locations where both species established nests within 1m of each other 

around the bases of oak trees as “species overlap” (PL), with each overlapping species 

defined as either “overlapping P. chinensis” (PPL) or “overlapping L. humile” (LPL). We 

defined L. humile from P. chinensis-free locations as “L. humile-only” (L) and P. chinensis 

from L. humile-free locations as “P. chinensis-only” (P). 

We performed the following treatments: 1. PPL vs. LPL (Morrisville n=40, 

Greenville n=10), 2. PPL vs. L (Morrisville n=40, Greenville n=10), 3. LPL vs. P 

(Morrisville n=40, Greenville n=10), and 4. P vs. L (n=40). We included controls with five L. 

humile (L) per dish (n=40). We analyzed the Morrisville and Greenville data separately. For 

each replicate, the proportion of L. humile workers surviving (survivors/5) were arcsine-

square root transformed before conducting an analysis of variance. We compared treatment 

means using Tukey-Kramer’s pairwise mean separation test (SAS Institute, 2009). 

 

2.3.2.2 Individual Behaviour 

In the group assay above, L. humile aggressive behaviours triggered a sting response 

by P. chinensis resulting in L. humile death. Here, using dyad assays, we recorded details of 

L. humile behaviours eliciting various responses from P. chinensis in locations of overlap 

(PPL) (n=10) and non-overlap (P) (n=10). We placed one P. chinensis worker from a Lake 

Johnson (P) or Morrisville (PPL) field-collected lab colony in a Fluon-coated Petri dish (60 x 

15mm), allowing it to acclimate for one minute. We then introduced one L. humile worker 
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from Morrisville (LPL) into the arena by having it walk onto a pair of forceps and gently tap 

it off into the arena. The interaction between the two ants was video recorded for five 

minutes using a Canon EOS 7D HD camera equipped with a 100mm macro lens (Canon Inc, 

Lake Success, NY, USA) and later scored by an observer trained to recognise ant behaviours 

but naïve to the experimental design or expected outcome. 

Our preliminary assays revealed that L. humile workers exhibited a range of 

behaviours when encountering P. chinensis from overlapping and non-overlapping nests 

(Table 1). We recorded every pre-defined L. humile behaviour upon contact with P. chinensis 

for five minutes, and then ranked these behaviours by increasing aggression (Table 1). For 

example, an L. humile biting or gaster flexing (score = 3), but not retreating or ignoring 

(score = 0), frequently provoked P. chinensis to sting. Posturing behaviours—such as 

antennation, open mandibles, or abdominal turns (score = 1)—most frequently caused no 

discernible reaction or running away by P. chinensis but occasionally provoked aggression. 

Chasing by L. humile and climbing on P. chinensis (score = 2) caused most P. chinensis to 

sting, but occasionally P. chinensis would ignore or retreat from L. humile. Placing 

behaviours along this rank system simultaneously enabled a detailed and comprehensive 

description of the behavioural displays in dyad interactions and provided an aggression score 

for each encounter. We fit a generalized linear model for the levels of aggression (0-3) with a 

multinomial response distribution and a cumulative logit as a link function. We performed 

fitting in PROC GLIMMIX (SAS Institute, 2009) with treatments as a fixed effect factor and 

replicates within treatment as a random effect. In each dyad assay, we conducted a chi-square 
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test of homogeneity to compare aggression (levels 2 and 3) between individuals from 

overlapping and non-overlapping locations. 

 

2.3.2.3 Continuous Contact and Maintenance of Low Interspecific Aggression 

We determined whether continuous contact between P. chinensis and L. humile 

colony fragments was required for low aggression to persist between ants from overlapping 

and non-overlapping ant nests. We collected L. humile and P. chinensis from field locations 

where both ants were proximate (RTP) and distant (P. chinensis only, Lake Johnson) and 

placed them into laboratory experimental arenas within 24 h. Experimental arenas were 

Fluon-coated plastic containers (15 x 15 x 4cm) with plaster-lined bases. We inserted a 

dental wick in the middle of the base of each container that was suspended in a jar with water 

to retard desiccation of ants. An inverted Petri dish base covered with a tile served as a nest. 

Containers were connected in tandem with plastic tubing (30 cm, 10 x 12mm ID). We fed 

ants fed a 20% sucrose solution and freshly killed German cockroaches (Blattella germanica) 

ad libitum. We placed ants in tandem arenas at a 10:1 L. humile:P. chinensis ratio (250 L. 

humile workers plus one queen in one container and 25 P. chinensis workers in the second 

container). Prior to these assays, we removed whole P. chinensis nests (n=4) and whole L. 

humile nests (n=4) from field sites of species overlap and counted all workers in the nests. 

We found L. humile:P. chinensis worker ratio to be approximately 5:1 and up to 10:1. 

Furthermore, in preliminary aggression assays, we found that P. chinensis individuals killed 

all L. humile workers at 1:1 and 2:1 L. humile:P. chinensis ratios, but at L. humile:P. 

chinensis ratios of 5:1 and above L. humile killed all P. chinensis. Therefore, to mimic the 
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most disparate worker ratio found in the field, we selected the 10:1 L. humile:P.chinensis 

ratio. No P. chinensis queens were included in our colony-level assay as P. chinensis queens 

were not evident in every nest of this polydomous ant. Prior to the experiment, we restricted 

contact between ant species by plugging the plastic tubing. 

We recorded P. chinensis survival after L. humile and P. chinensis colony fragments 

were paired in the following treatments: 1) Interspecific contact between colonies from areas 

of species overlap 24 hours after segregation (PPL X LPL), with the proportion of live P. 

chinensis recorded 24 hours after contact was re-established; 2) Interspecific contact between 

colonies from areas of species overlap 24-hours after segregation (PPL X LPL), with the 

proportion of live P. chinensis recorded 14 days after contact was re-established; 3) 

Interspecific contact between colonies from non-overlapping sites 24 hours after segregation 

(P X L), with the proportion of live P. chinensis recorded 24 hours after contact was re-

established; 4) Interspecific contact blocked between colonies from areas of species overlap 

for 14 days (PPL X LPL), with the proportion of live P. chinensis recorded 24 hours after 

contact was re-established; 5) Interspecific contact blocked between ants from areas of non-

overlapping colonies for 14 days (P X L), with the proportion of live P. chinensis recorded 

24 hours after contact was re-established; 6) P. chinensis control (P), P. chinensis were 

placed apart from L. humile and their survival was recorded after 14 days.  We performed six 

replicates for each treatment. The proportion of P. chinensis surviving in each replicate 

(n/25) was arcsine square root transformed and analyzed with ANOVA; we compared means 

using Tukey-Kramer pairwise comparison (JMP SAS institute 2009). 

  



 

63 

2.3.3 Habituation and Reduced Aggression between P. chinensis and L. humile 

We determined whether reduced aggression between workers collected from 

overlapping nests of P. chinensis and L. humile was caused by habituation from repeated 

contact among heterospecifics. We tested for habituation in three separate assays. 

 

2.3.3.1 Response of P. chinensis to Repeated L. humile Exposure 

We determined whether individual P. chinensis exposed repeatedly to novel L. humile 

workers displayed reduced aggression in successive encounters. We selected twenty-one P. 

chinensis workers from each of three colonies (Schenck Forest, Lake Johnson, and Falls 

Lake) and placed individuals in Fluon-coated Petri dishes (100 x 15mm) grouped by source 

colony and treatment hour (1h, 3h, 24h), i.e. seven workers per location per treatment hour. 

We placed a moist cotton plug in each dish. Our controls were P. chinensis without prior 

exposure to L. humile, subsequently confined with L. humile at 1, 3, or 24 hr (n=7). 

We placed one P. chinensis worker from each treatment group into a Fluon-coated 

Petri dish (60 x 15mm). We then gently introduced a L. humile worker into the dish. We 

watched for aggression the instant the two ants first touched each other. 

We recorded the number of L. humile level-3 attacks (bite or gaster flex) before a P. 

chinensis aggressive response (gaster flex) was observed. The trial ended at first evidence of 

P. chinensis aggression or two minutes, whichever came first. We then returned this P. 

chinensis to its group until a repeat assay. The L. humile worker was discarded after each 

assay. 
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Next, we re-introduced P. chinensis individuals to a new L. humile worker as above at 

either1 h, 3 h, or 24 h after the initial exposure and recorded aggression. We fitted a Poisson 

regression model to the response number of L. humile aggressive attacks, with location and 

treatment as fixed effect factors. We analyzed each time point separately, comparing initial 

and subsequent exposures. We used linear contrasts to compare the number of L. humile 

level-3 attacks prior to a P. chinensis aggressive response between control, time 0 and 

treatment time (1h, 3h, 24h) as well as the differences between each treatment and control, 

and between both initial encounter and control (SAS Institute, 2009). 

 

2.3.3.2 Response of L. humile to Repeated P. chinensis Exposure 

We also determined whether individual L. humile exposed repeatedly to novel P. 

chinensis workers displayed reduced aggression in successive encounters. We placed twenty 

P. chinensis workers from the Lake Johnson colony in Fluon-coated Petri dishes (100 x 

15mm) per treatment. We placed a moist cotton plug in each dish to reduce desiccation. 

Based on the previous habituation assay, to reduce the likelihood of P. chinensis’s killing the 

L. humile worker before the subsequent assay, we exposed each P. chinensis to one L humile 

worker in a Fluon-coated 60 x 15mm Petri dish arena before placing it into the group 

container. Our controls were L. humile without prior exposure to P. chinensis, subsequently 

confined with P. chinensis at 1, 3, or 24 hr (n=7). 

We introduced a P. chinensis worker followed by a L. humile worker to a Fluon-

coated Petri dish (60 x 15mm) and observed ant behaviour, as above. We recorded L. humile 

level-3 aggression (bite or gaster flex). The trial ended at the first evidence of L. humile 
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aggression or 30 seconds, whichever came first. We then returned L. humile to its group until 

a repeat assay was performed. We discarded the P. chinensis worker after each assay. We 

then re-introduced L. humile to a new P. chinensis worker, as above, at 30 min, 1 h, 3 h, or 

24 h after the initial introduction and recorded behaviours. 

We fitted a binomial linear model to the response “high-level aggression event in 30 

seconds”, with treatment (control, initial time, and time elapsed from initial contact) as fixed-

effect factors. We analyzed each time point separately. We used linear contrasts to compare 

the incidence of L. humile first high-level aggression before eliciting a P. chinensis 

aggressive response between time 0 and treatment time (30 min, 1h, 3h, 24h) as well as the 

differences between each treatment and each control, and between both controls (SAS 

Institute, 2009). 

 

2.3.3.3 Continuous Exposure of L. humile and P. chinensis 

We considered that P. chinensis and L. humile in nests from areas of species overlap 

might require continuous exposure to heterospecifics before aggression diminished. We 

established L. humile colony fragments of 100 workers plus one queen and brood in Fluon-

coated plastic containers (20 x 28 x 4cm) (n = 20). We provided each colony with 20% 

sucrose solution, water, and freshly-killed German cockroaches ad libitum. We allowed these 

fragments to acclimate to their containers for one day before starting the assay. 

Each P. chinensis worker individual introduction chamber consisted of a 2ml 

centrifuge tube open on each end and fitted with fine nylon mesh. This mesh permitted 

interspecific interactions through antennal contact. We placed one P. chinensis worker, a 
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moistened cotton plug and food (two freshly-killed termites, Reticulitermes flavipes) in each 

tube. 

We placed four P. chinensis introduction chambers in each of ten L. humile colonies. 

The remaining ten L. humile colonies served as controls. After an acclimation period of one 

week, we removed a P. chinensis worker from an introduction chamber and used it in 

aggression assays. We maintained forty P. chinensis workers in a lab stock colony as 

unexposed P. chinensis controls. 

We measured the effects of prolonged exposure on interspecific aggression by 

placing each acclimated P. chinensis worker from the introduction chambers into a Fluon-

coated Petri dish (60x15mm) with one L.humile worker from the host colony. We recorded L. 

humile aggression (bite or gaster flex) within 30 seconds of contact with a P. chinensis 

worker. We also performed controls with non-acclimated P. chinensis and L. humile workers. 

The proportion of L. humile displaying high aggression (0 = none; 1 = high aggression) was 

arcsine-square root transformed before we performed a t-test was. 

 

2.4 RESULTS 

2.4.1 Interspecific Aggression between L. humile and P. chinensis from Overlapping 

and Non-Overlapping Areas 

 

2.4.1.1 Group Behaviour 

In the 5X5 group encounters, more L. humile workers from areas of species overlap 

(LPL) survived encounters with P. chinensis than L. humile separated from P. chinensis by 
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distance (>20km). This occurred at both Morrisville, NC (ANOVA: F193,197=89.946, 

p<0.001) and Greenville, SC (ANOVA: F45,49=33.587, p<0.003) locations (Figure 1). 

Linepithema humile survival in the assays in which P. chinensis was from an area of species 

overlap (PPL X L and PPL X LPL) did not differ at either site, regardless of whether or not 

L. humile was from a location where the species overlapped (Tukey-Kramer HSD: PPL X L 

vs PPL X LPL [Morrisville p=0.9828], [Greenville p=0.3803]).  

 

2.4.1.2 Individual Behaviour 

Linepithema humile collected from locations that overlapped (LPL) with P. chinensis 

(PPL) were less aggressive than they were towards P. chinensis from locations that did not 

overlap (PROC GLIMMIX: F1,18=12.33, p=0.0025). The probability (P) that L. humile was 

non-aggressive towards P. chinensis from overlapping locations (Plevel0=0.416) was greater 

than that towards P. chinensis from non-overlapping locations (Plevel0=0.070). Also, the 

probability that L. humile was aggressive towards non-overlapping P. chinensis (Plevel2 + 

Plevel3 = 0.431) was greater than that towards overlapping P. chinensis (Plevel2 +  Plevel3 = 0.071) 

(Table 2). However, the probability that L. humile workers postured (level 1 [e.g., 

antennation, open mandibles, abdominal turn]) towards either overlapping or non-

overlapping P. chinensis was equivalent (Plevel1=0.514, overlapping; Plevel1=0.513, non-

overlapping), suggesting that these behaviours are poor indicators of aggression. 

The probability of L. humile displaying high aggression (levels 2 or 3) was greater 

towards P. chinensis from non-overlapping than from overlapping locations (Chi-square test: 

χ
2
=9.8990, p=0.0017). 
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2.4.1.3 Continuous Contact and Maintenance of Low Interspecific Aggression 

We found, with L. humile and P. chinensis colony fragments from overlapping 

locations, higher P. chinensis worker survival when interspecific contact was unimpeded  

than when blocked for 14 days (ANOVA: F5,31=70.987, p<0.0001). Pachycondyla chinensis 

survival was equally poor in treatments with overlapping colonies (PPL X LPL) blocked 

from heterospecifics for 14 days and non-overlapping colonies (P X L) having free access 

between nest boxes (Tukey-Kramer: p=0.997) or blocked from heterospecifics for 14 days 

(Tukey-Kramer: p=0.999; Figure 2).  Pachycondyla chinensis survival in control replicates 

(P) was similar to survival in open-access treatments between ants from nests in overlapping 

locations both at 1d (Tukey-Kramer: p=0.999) and 14d (Tukey-Kramer: p= 0.501). 

Therefore, it was unlikely that P. chinensis mortality in this treatment resulted from 

interspecific aggression. 

 

2.4.2 Habituation and reduced aggression between P. chinensis and L. humile 

2.4.2.1 Response of P. chinensis to Repeated L. humile Exposure 

We found a lower threshold response of P. chinensis to initial versus subsequent 

attacks by L. humile. The number of attacks by L. humile required to elicit a sting response 

by P. chinensis increased with subsequent exposures of L. humile compared to the initial 

exposure (linear contrast: 1h [F2,12=19.12, p<0.0001]; 3h [F2,53=4.86, p=0.0115]; 24h 

[F2,53=27.60, p<0.0001]), with no difference among separation periods of 1, 3, or 24 hr 

(Figure 3). The probability of an L. humile attack did not differ among our treatments with 

naïve control L. humile confined for 1, 3, and 24 h, and where L. humile was first exposed to 
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P. chinensis, indicating that the period when grouped with conspecifics does not elevate the 

aggression threshold. 

 

2.4.2.2 Response of L. humile to Repeated P. chinensis Exposure 

Unlike in P. chinensis, we found no increase in the aggression threshold of L. humile 

with exposure to P. chinensis. Aggression by L. humile was initially high and remained so for 

initial and repeat encounters, as well as for controls at 0.5h (linear contrast: F2,57=0.11, 

p=0.9), 1h (F2,57=0.12, p=0.888), 3h (F2,57=0.52, p=0.599), and 24 h (F2,57=1.35, p=0.268; 

Figure 4). The number of L. humile attacks required to elicit a P. chinensis response did not 

differ among our treatments with naïve control P. chinensis confined for 0.5, 1, 3, and 24 h or 

where P. chinensis was first exposed to L. humile, these results indicate that the period when 

grouped with conspecifics does not elevate the aggression threshold. 

 

2.4.2.3 Continuous Exposure of L. humile and P. chinensis 

We detected no change in the aggressive response of L. humile towards P. chinensis 

when P. chinensis workers were confined in mesh cages within an L. humile colony fragment 

for 7 days (Paired t-test: t9= 2.2621;  p=0.52). Linepithema humile aggression remained high, 

whether or not P. chinensis workers were retained in the L. humile colony fragment 

(Pcontrol=0.85±0.062 vs. Ptreatment=0.80±0.055). 
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2.5 DISCUSSION 

Earlier, (Spicer Rice and Silverman, Chapter 1) we provided evidence for L. humile 

being displaced by the recently introduced exotic P. chinensis. This is unusual because L. 

humile generally dominate native ants in disturbed invaded ecosystems worldwide (Holway 

1999; Human & Gordon 1999; Wetterer et al. 2001b; Holway et al. 2002; Holway & Suarez 

2004; Rowles & O'Dowd 2007) and have not been displaced by other invasive ant species. 

The succession from exclusively L. humile to exclusively P. chinensis involves a stage where 

both ants share habitat apparently without displaying interspecific aggression. Here we 

demonstrated in a series of context-dependent laboratory assays that interspecific aggression 

between L. humile and P. chinensis collected from adjacent, but not distant, nests was indeed 

low, and though P. chinensis may be greatly outnumbered by L. humile, few are killed. 

We suggest that this intermediate phase of habitat sharing between L. humile and P. 

chinensis is mediated by 1) ‘Dear Enemy’ behaviour, whereby organisms avoid the costs of 

continued aggression with neighbors while maintaining aggression towards strangers (Wilson 

1975; Fisher 1954) or 2) L. humile kin-recognition errors, thereby accommodating 

neighboring P. chinensis as they might accept nestmates. Most examples of Dear Enemy 

behaviour occur within species (Jaeger 1981; Whiting 1999; Rosell & Bjorkoyli 2002; Leiser 

2003; Briefer et al. 2008), but examples of Dear Enemy between heterospecifics are rare 

(Grangier et al. 2007; Dimarco et al. 2010). 

Numerous behavioural models attempt to account for reduced aggression between 

neighbors, including “fight to learn,” in which some fighting is necessary between unfamiliar 

individuals to establish boundaries. But once boundaries are established, the now-familiar 
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neighbors fight little because they are aware of their neighbors’ defensive capability (Getty 

1989); the “war of attrition” model, in which increased familiarity between individuals 

produces fewer role mistakes and lower aggression (Ydenberg et al. 1988); and the “relative 

threat” hypothesis, in which individuals are more combative with strangers because they 

have “more to lose,” such as established nesting site or resource territory, from encounters 

with strangers than neighbors (Temeles 1994; Mackin 2005). 

We propose distinct mechanisms for the observed diminished aggression behavior 

between P. chinensis and L. humile in overlapping locations. While “fight to learn” appears 

to be operative with P. chinensis, which decrease aggression towards L. humile attackers 

after the first encounter, true Dear Enemy behaviour (a mutual behaviour between 

individuals) is unlikely. Our group behaviour assays reveal low L. humile mortality resulting 

from interactions with P. chinensis with prior L. humile contact, whether or not P. chinensis 

was confined with L. humile from an overlapping location or an unfamiliar L. humile from a 

distant location. Our assays that identified whether habituation plays a role in reduced 

interspecific aggression revealed that once P. chinensis is exposed to L. humile during an 

aggressive encounter, P. chinensis are non-aggressive in subsequent interactions, regardless 

of whether the exposed L. humile is from an overlapping or distant location. The same is not 

true for L. humile, which are highly aggressive in subsequent encounters with individuals 

from non-overlapping locations. 

Habituation, the reduction in a physical response upon repeated exposure to a 

stimulus, has previously been proposed as a driver in ant behaviours like Dear Enemy 

(Langen et al. 2000; Grangier et al. 2007). Habituation to a stimulus can increase individual 



 

72 

fitness by reducing the negative costs of continued responses to that stimulus. For example, 

the leafcutting ant, Acromyrmex lobicornis, lessens aggression towards non-nestmate 

conspecifics after repeated exposure, thereby reducing the physical costs of aggression 

(Dimarco et al. 2010). In contrast, L. humile actually increase aggression towards non-

nestmates (Thomas et al. 2007; Abril & Gomez 2009; Van Wilgenburg et al. 2010). 

We reported a trend where P. chinensis displaced L. humile in the field, but did not 

dominate baits in areas of species overlap (Spicer Rice and Silverman, Chapter 1). This, 

along with our current results where P. chinensis express conflict-avoiding behaviours like 

escape and immobility, suggests that P. chinensis behaves more like a submissive coexisting 

species than a behaviourally dominant invader (Spicer Rice and Silverman, Chapter 1; 

Whiting 1999; Tanner & Adler 2009; Menzel et al. 2010). Earlier (Spicer Rice and 

Silverman, unpub. data), we showed that P chinensis were numerically subordinate with L. 

humile workers outnumbering P. chinensis workers at least 5 to 1 in nests extracted from 

locations of species overlap. In our dyad assays, P. chinensis were only aggressive in 

response to L. humile attacks. Another ant submissive to, yet persistent within the introduced 

range of, L. humile is the native Plagiolepis pygmaea, which remains motionless when 

confronted by L. humile (Abril & Gomez 2009). Similarly, submissive behaviour by P. 

chinensis, coupled with the appearance of P. chinensis in the field when L. humile are scarce, 

may explain why P. chinensis avoid conflict with L. humile but does not explain why L. 

humile avoid conflict with P. chinensis. 

Lower aggression of L. humile towards P. chinensis in overlapping versus non-

overlapping locations is consistent with Dear Enemy behaviour. However, the mechanisms 



 

73 

driving this behaviour and the direct fitness benefits to L. humile accrued by displaying Dear 

Enemy behaviour are unclear. Since L. humile do not appear to habituate to P. chinensis 

exposure, repeated encounters may not improve fitness as it is purported to do in other 

examples of Dear Enemy behaviour (Langen et al. 2000; Nowbahari 2007; Dimarco et al. 

2010). Since L. humile and P. chinensis are unrelated phylogenetically, they probably do not 

share genetically-determined recognition cues (Pirk et al. 2001; Thurin & Aron 2008). 

Linepithema humile may accept neighboring P. chinensis as nestmates due to recognition 

errors from shared environmentally-derived cues such as diet (Liang & Silverman 2000; 

Buczkowski & Silverman 2005), nest substrate, or non-lethal heterospecific contact (e.g., 

social parasites and inquilines; Allan et al. 2002; D'Ettorre et al. 2002; Dinter et al. 2002; 

Elgar & Allan 2004b; Geiselhardt et al. 2007). 

A flexible but shared cuticular hydrocarbon recognition template may be responsible 

for a lack of aggression between conspecific L. humile nests within its introduced range 

(Tsutsui et al. 2000; Giraud et al. 2002; Suarez et al. 2002; Tsutsui & Suarez 2003; Vogel et 

al. 2010), enabling L.humile colonies to become large (Tsutsui et al. 2000; Suarez et al. 2002; 

Tsutsui & Suarez 2003; Brandt et al. 2009). Reduced aggression towards similar but not 

genetically identical workers produces inclusive fitness gains in colony size (Tsutsui et al. 

2000; Suarez et al. 2002). A flexible recognition system may reduce costs from aggressive 

intra- (Vasquez & Silverman 2008; Vasquez et al. 2008) and inter-specific (Elgar & Allan 

2004a) encounters. This flexible recognition system that may, in part, drive the success of L. 

humile may also facilitate its displacement by P. chinensis. 
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We consider that P. chinensis may persist within habitat dominated by L. humile by 

employing submissive behaviours but also by displaying recognition cues shared with L. 

humile, possibly through predation on and non-lethal contacts with L. humile. These and 

perhaps other mechanisms are likely crucial to the establishment of P. chinensis in habitats 

occupied by L. humile and other dominant ant species. 
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2.8 TABLES 

Table 2.1. Behaviours by L. humile and their ranking based on response by P. chinensis in 

dyad assays 

 

Description 

of response 

to P. 

chinensis  

Response 

label 

Aggression 

label/rank 

Most 

common 

P. 

chinensis 

response 

No change in 

direction or 

posture upon 

encounter  

Ignore Submission

/ 

Avoidance 

0 

No 

noticeable 

behavioural 

change, 

become 

immobile 

or retreat  
Turn and 

move away  

Run away 

Antennae  

touch   

Antennate Posturing 

1 

No 

noticeable 

behavioural 

change, 

become 

immobile 

or retreat 

Mandibles 

open  

Open 

mandible 

Abdomen 

turns upward 

toward head  

Abdomen 

turn 

Follows 

quickly  

Chase Low 

Aggression 

2 

Immobile 

or retreat 

Climbs on 

back  

Climb on 

back 

Closes 

mandibles on 

P. chinensis  

Bite High 

Aggression 

3 

Retreat or 

grasp L. 

humile with 

forelegs, 

bite, and 

sting or 

gaster flex 

Flexes gaster 

downward  

Gaster 

flex 
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Table 2.2. Probabilities of each aggression score for L. humile (LPL) towards P. chinensis 

from locations of species overlap (PPL) compared to L. humile (LPL) towards P. chinensis 

from areas of non-overlap (P) in dyad aggression assays (PROC GLIMMIX f1,18=12.33 

p=0.0025) 

  

Aggression 0 1 2 3 

LPL vs. PPL 0.416 0.514 0.046 0.025 

LPL vs. P 0.070 0.513 0.23 0.191 
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2.9 FIGURES 

 

Figure 2.1. The proportion (mean ±SE) of L. humile from areas of species overlap (PL) or 

non-overlap (P) surviving in confined (5 x 5) groups with P. chinensis from areas of species 

overlap (PL) or non-overlap (P) from the Morrisville, NC (A) and Greenville, SC (B). 

Linepithema humile-only controls are also presented. Letters denote significant differences 

(Pairwise mean separation, p<0.05) across all treatments.  
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Figure 2.2. The proportion (mean ±SE) of P. chinensis surviving exposure to L. humile one 

day after interspecific contact was restored between colony fragments. Colonies from areas 

of species overlap (PPL x LPL) or non-overlapping areas (P x L) had either contact (open) or 

no contact (closed) for 14d. Letters denote significance (PROC GLIMMIX, p<0.05) across 

all treatments. 
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Figure 2.3. The number (mean ±SE) of L. humile attacks before a P. chinensis sting. 

“Control” denotes P. chinensis workers with no prior L. humile exposure. “Initial” denotes P. 

chinensis during initial encounter with L. humile. “Exposure” denotes response 1 hour (1h), 3 

hours (3h) and 24 hours (24h) after initial exposure to L. humile. (linear contrasts, * p<0.05). 
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Figure 2.4. The proportion (mean ±SE) of L. humile high-level aggression within 30 

seconds. “Control” denotes L. humile workers with no prior P. chinensis exposure. “Initial” 

denotes L. humile during initial encounter with P.chinensis. “Exposure” denotes response 0.5 

hour (0.5h), 1 hour (1h), 3 hours (3h), and 24 hours (24h) after initial exposure to P. 

chinensis. There were no significant differences (linear contrasts, p>0.05) between 

treatments.  
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Chapter 3. 

 

Shared Cuticular Lipids and Reduced Agression of Linepithema humile Towards 

Pachycondyla chinensis in Areas of Species Overlap 
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3.1 ABSTRACT 

Nestmate recognition in social insects is essential to maintaining colony cohesion. The 

globally invasive Argentine ant, Linepithema humile, relies on similarities in nestmate 

recognition cues across broad areas to form supercolonies, which have numerical advantages 

in displacing local ant taxa. We found populations of a recent invasive ant, the Asian needle 

ant, Pachycondyla chinensis in areas overlapping with Argentine ants exhibiting little 

interspecific aggression among nests. We investigated the role of shared cuticular lipids in 

recognition, facilitating habitat overlap between L. humile and P. chinensis. Through a 

combination of behavioral assays and chemical analyses, we show that overlapping 

populations of L. humile and P. chinensis have more similar cuticular lipid profiles than 

heterospecifics from distant locations. We also determined that P. chinensis consumed L. 

humile, which extended P. chinensis survival and changed their cuticular lipid profile to 

more closely resemble that of L. humile. Though relatively submissive and outnumbered by 

L. humile, we suggest that P. chinensis avoid attacks by L. humile through chemical mimicry. 

 

KEY WORDS—Nestmate Recognition, Invasive Species, Cuticular Lipid, Argentine Ant, 

Asian Needle Ant. 
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3.2 INTRODUCTION 

Kin recognition, the capacity of an organism to distinguish individuals with alleles 

shared by common descent from other individuals, has profound proximate and evolutionary 

impacts on organisms. Kin recognition facilitates nepotism and inbreeding avoidance. The 

ability to discern kin from non-kin occurs across taxa, including bacteria (Vos and Velicer, 

2009), plants (Murphy and Dudley, 2009), social and non-social insects (Flores-Prado and 

Niemeyer, 2010; Lize et al., 2010; Suwabe et al., 2007), and vertebrates (Le Vin et al., 2010; 

Sonsthagen et al., 2010; Toth et al., 2009). In insect societies, an individual’s capacity to 

discriminate between nestmates and non-nestmates is crucial for the maintenance of social 

cohesion and order within the colony. 

Nestmate recognition is derivative of kin recognition, which relies on an individual 

worker’s ability to discriminate “self” (nestmates) from “other” (non-nestmates) (Newey et 

al., 2010) and consists of perceptual and behavioral components. A primary signal for 

nestmate recognition in ants is the blend of cuticular lipids present on the exoskeleton, 

particularly long-chain hydrocarbons (Martin and Drijfhout, 2009). Though the primary 

function of cuticular lipids in insects is to maintain water balance by reducing desiccation, in 

ants and other social insects cuticular lipids can also mediate recognition behavior (Howard 

& Blomquist 2005) and can be of both genetic (Beye et al., 1997; van Wilgenburg et al., 

2011; van Zweden et al., 2009) and environmental origin (Beye et al., 1997; Katzav-

Gozansky et al., 2004; Liang and Silverman, 2000). 

The highly eusocial Argentine ant (Linepithema humile) possesses a flexible but 

shared recognition template and set of cues, resulting in low or no intraspecific aggression in 
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its invaded range (Brandt et al., 2009a; Brandt et al., 2009b; Suarez et al., 2002; van 

Wilgenburg et al., 2010). This lack of aggression underlies the formation of large colonies 

that can extend over thousands of kilometers (Giraud et al., 2002; Tsutsui and Case, 2001). 

These “supercolonies” can have profound ecological impacts through competitive 

displacement of native ants, thereby altering community mosaics (Holway, 1999; Human and 

Gordon, 1996). 

We previously demonstrated that another exotic species, the Asian needle ant 

(Pachycondyla chinensis Emery), shares territory with—and ultimately displaces—L. humile 

(Chapter1). Linepithema humile aggression towards P. chinensis is high when individuals 

from areas of non-overlap are made to encounter each other, but much lower in areas of 

species overlap (Chapter 2). Because L. humile workers far outnumber P. chinensis workers 

and dominate shared food resources (Chapter 1), it was unexpected that P. chinensis was not 

displaced through these interactions. The mechanisms driving coexistence between L. humile 

and P. chinensis are unclear. 

Habituation (reduced physical response upon repeated exposure to a stimulus) 

(Grangier et al., 2007; Langen et al., 2000), inclusive fitness through shared genes (Bourke, 

2011; Dobson et al., 2012; Huchard et al., 2010), resource partitioning (Kalapanida and 

Petrakis, 2012; Schulze et al., 2012), and shared recognition cues (Furst et al., 2012; Wei et 

al., 2011), all contribute to intra- and inter-specific coexistence. In Chapter 2, we provided 

evidence of P. chinensis habituation to L. humile workers, where they became less aggressive 

with repeated exposure to L. humile workers in the laboratory. However, aggression of L. 

humile towards P. chinensis was unchanged, regardless of prior exposure to P. chinensis. 
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While inclusive fitness may be a candidate for L. humile unicoloniality, it is clearly not a 

mechanism for interspecific coexistense. Because P. chinensis and L. humile share at least 

nest space in areas of species overlap, resource partitioning is also an unlikely driver of 

coexistence. Therefore, we predicted that chemical recognition errors stemming from overlap 

in P. chinensis-L. humile cuticular recognition cues may reduce L. humile aggression, thus 

facilitating coexistence. 

The new invader, P. chinensis, can establish and spread across habitats occupied by 

the dominant L. humile. By understanding the proximate mechanisms underlying this 

process, we can better predict the potential impacts of P. chinensis invasion. Here, we 

investigated the role of shared P. chinensis and L. humile cuticular lipids, which may serve as 

chemical recognition cues, in the ultimate displacement of L. humile by P. chinensis. We 

compared cuticular lipid profiles of P. chinensis and L. humile collected from areas of 

overlap and non-overlap to determine if a relationship exists between L. humile aggression, 

species overlap, and shared lipids. We also coupled behavioral assays with chemical analyses 

to determine direct effects of shared cues on interspecific aggression. Moreover, we 

examined a possible source for the acquisition of shared recognition cues: L. humile 

consumption by P. chinensis. We predicted that P. chinensis exploits L. humile as food and 

in doing so acquires L. humile cuticular lipids, contributing to L. humile recognition errors 

and lower L. humile-initiated aggression in areas of species overlap. 
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3.3 METHODS AND MATERIALS 

3.3.1 Experimental Colonies.  

Linepithema humile Mayr were collected from an office park in Morrisville, North 

Carolina, USA (35º51’11.37”N 78º49’36.74”W). Pachycondyla chinensis Emery were 

collected from this same office park and from a location free of L. humile (Lake Johnson 

Park, NC, USA, [35º45’33.44”N 78º43’01.33W]). We conducted intraspecific internest 

aggression assays and determined that P. chinensis from Morrisville and Lake Johnson were 

from separate colonies. 

  We separated ants from field debris and placed in Fluon-coated plastic tubs furnished 

with artificial nests (95 x 15mm Petri dish lined with moistened plaster and covered with a 

vinyl tile) and a diet of 20% sucrose solution dispensed in a centrifuge tube with a floating 

cap and freshly killed German cockroaches (Blattella germanica), held at 26ºC±1°C, 

50%±5% RH, and subjected to 12:12 L:D. 

We collected and prepared ants used explicitly in gas chromatographic analysis in the 

field with the methods outlined below. We collected P. chinensis and L. humile workers from 

the Morrisville, NC location in areas of overlap, where nests are in close proximity (<1m). 

We also collected L. humile from an area within the Morrisville location where P. chinensis 

are not present, and P. chinensis workers from the Lake Johnson location where we found no 

evidence of L. humile. 
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3.3.2 Collection, Extraction, and Chemical Analysis of Cuticular Lipids 

 Ants collected for cuticular lipid analysis were prepared either in situ in the field or 

directly after treatment application using the same preparation method. We selected 

individual workers at random using hexane-cleaned forceps and placed them directly into 

hexane-washed 1.5 ml borosilicate glass vials kept on ice. We allowed workers to chill five 

minutes to reduce potential release of volatile alarm chemicals before transferring them via 

hexane-cleaned forceps into 50 µl borosilicate glass vials (five workers/vial, six vials per 

treatment). We sealed vials with PTFE closure caps and kept samples either on ice or stored 

at -20˚C until preparation for gas chromatography (GC). 

Nonpolar cuticular lipids of P. chinensis and L. humile workers were prepared for 

analysis by immersion in 100 µl hexane containing 26 ng n-hexacosane internal standard. We 

gently swirled the samples for five minutes to extract surface lipids, then   removed the ants 

and removed the hexane  under a gentle stream of high-purity N2. We then resuspended the 

cuticular lipids in 50 µl hexane, transferred them into a 300 µl conical spring-loaded insert 

(Fisherbrand) and re-capped the vials for auto-sampling GC analysis. 

We used an Agilent 7890 gas chromatograph (Agilent Techonologies, Sana Clara, 

CA, USA) equipped with a DB-5 column (20m length, 0.18 mm i.d., 0.18 µm film 

thickness). Extracts were injected in splitless mode with a split time of 2 minutes at 300°C 

with hydrogen as carrier gas at average linear velocity of 40 cm/s. The oven temperature was 

held at 80°C for 2 min, increased to 320°C at 10°C/min, and held at 320°C. The flame 

ionization detector was operated at 320°C. We used Agilent ChemStation software for data 

acquisition, and calculated the relative peak areas of the chromatograms by dividing each 
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peak by the total sum of all peaks. Interspecific comparisons were performed using only 

characteristic heterospecifically shared peaks, minimizing zeros in the compared data 

matrices. 

 

3.3.3 Interspecific Shared Cuticular Lipids 

We compared the lipid profiles of P. chinensis and L. humile from areas of species 

overlap and from areas of non-overlap. To project the high-dimensional data points into two 

dimensions for visual representation, we used the ordination method “non-metric 

multidimensional scaling” (NMDS) from the package “vegan” (Oksanen et al. 2007) of the 

statistics program R (R Development Core Team 2010). Reducing the dimensionality with 

this method, the data points are plotted in a monotonous way so that the calculated distances 

(δ) in the plot give the most accurate reflection of the actual distances (d) between the data. 

Two preconditions are met with the NMDS method:  

1. The calculated distances in the plot are smaller or equal to the actual data point 

distances (δi,j ≤ di,j) 

2. The correlation between the calculated distances and the actual data point 

distances is maximized (cor(δi,j, di,j) ↔ max) 

NMDS attempts a visual representation of data point distances emphasizing the maintenance 

of their actual differences in the dataset, independent from the sample-size. Bray–Curtis 

distances were used. 
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3.3.4 Potential Environmental Pathways for Cuticular Lipid Transfer  

 3.3.4.1 Prey consumption and P. chinensis survival. Based on observations of P. 

chinensis behavior in L. humile nests in areas of species overlap (Fig. 1), we considered that 

P. chinensis may acquire L. humile cuticular lipids by manipulating and consuming L. humile 

workers. We investigated this by first determining whether by consuming L. humile the 

survival of P. chinensis affected. We placed five P. chinensis workers selected at random 

from our stock colony in Fluon™-coated Petri dishes (60x15 mm) furnished with moistened 

cotton plugs to reduce desiccation. Each dish contained either three L. humile workers 

(n=10), one German cockroach (Blattella germanica) adult (n=10), or no prey (n=10). Dishes 

remained covered throughout the experiment and kept at 26ºC±1°C, 50%±5% RH, and a 

12:12 L:D cycle. We replaced the cotton plug each day and replenished the prey every other 

day. We recorded the proportion of P. chinensis surviving workers at 0, 4, 8, 10, 12, and 14 

days. Treatment effects on survivorship were analyzed with MANOVA repeated measures 

analysis and we compared survivorship between treatments with MANOVA repeated 

measures univariate analysis (SAS JMP Pro 9, SAS Institute, 2011). 

3.3.4.2 Pachycondyla chinensis Cuticular Lipids after Consuming L. humile.  We 

determined whether consumption of L. humile by P. chinensis altered cuticular lipid profiles. 

We placed six P. chinensis workers from our stock colony in a hexane-cleaned, Fluon™-

lined 100x15 mm borosilicate glass Petri dish (n=18) provisioned with a moistened cotton 

plug.  Six L. humile workers were added to each of twelve dishes while the remaining (n=6) 

had no L. humile. We collected P. chinensis 24 and 48 hours after L. humile was consumed 
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as well as P. chinensis not fed L. humile, prepared them for GC analysis, and analyzed these 

treatments as described above.  

3.3.4.3 Cuticular Lipid Transfer and L. humile Behavior.  We recorded L. humile 

behavior towards P. chinensis exposed to a L. humile cuticular lipid extract. We extracted 50 

L. humile workers with 100 ul hexane in a 1.5 ml borosilicate glass vial (n=6). We then 

removed the ants and allowed each vial to air dry. We added one P. chinensis worker, 

collected from an area of non-overlap with L. humile, to the vial using hexane-cleaned 

forceps and tapped the vial for ten seconds to facilitate lipid transfer from the walls of the 

vial to P. chinensis (n=30). Untreated controls consisted of P. chinensis exposed within 

hexane-treated vials (n=30). We then placed five L. humile workers in a hexane-cleaned 

borosilicate glass beaker (50 ml, 60X42 mm) with Fluon™-lined sides and allowed them to 

acclimate for 5 minutes before introducing a treated or untreated P. chinensis worker. A P. 

chinensis worker was introduced by allowing it to walk onto soft-tip forceps and gently 

tapping it into the beaker. We recorded the incidence of L. humile high-level aggression (bite 

or gaster flex) towards the P. chinensis worker within 30 seconds. We discarded the ants and 

cleaned the arena and forceps with hexane between replicates. Five successive individual P. 

chinensis were exposed within each vial with L. humile cuticular lipids. Thirty treated and 

control replicates were performed. We fitted a binomial linear model to the response “high-

level aggression in 30 seconds,” with treatment (hexane-only control and cuticular lipid 

transfer) as fixed effect factors. We used Chi-square analysis to compare the incidence of L. 

humile high-level aggression between lipid-transfer and hexane-control treatments (SAS JMP 

Pro 9, SAS Institute, 2011).  We also extracted P. chinensis that had been exposed to L. 
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humile-treated and untreated vials (five individuals per vial; six vials per treatment), and 

performed GC analysis on these treatments as above. 

 

3.4 RESULTS 

3.4.1 Cuticular Lipid Relationships between Overlapping P. chinensis and L. humile 

 Pachycondyla chinensis from overlapping areas shared more cuticular lipid peaks 

with L. humile from overlapping areas than with L. humile from non-overlapping areas (Fig. 

2a). Further, the comparison between cuticular lipid profiles, based on shared peaks between 

Pachycondyla chinensis and L. humile, showed that profiles from L. humile appear to be 

closer to P. chinensis from overlapping areas than to P. chinensis from non-overlapping areas 

(Fig. 3).  

 

3.4.2 Potential Environmental Pathways for Lipid Transfer.  

 Pachycondyla chinensis fed Blattella germanica adults had greater survival than P. 

chinensis fed L. humile (MANOVA repeated measures: F1,18=26.96, p<0.0001) and unfed P. 

chinensis (MANOVA repeated measures: F1,18=456.28, p<0.0001) (Fig. 4). More 

Pachycondyla chinensis survived when provided Linepithema humile workers than unfed P. 

chinensis (MANOVA repeated measures: f1,18=72.02, p<0.0001), suggesting that P.chinensis 

benefit by using L. humile as a food source. 
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3.4.2.1 Pachycondyla chinensis Cuticular Lipids after Consumption of L. humile. 

Comparing lipid peaks shared by P. chinensis and L. humile, we demonstrated that P. 

chinensis that consume L. humile workers shift their cuticular lipid profiles (Fig. 5b). No 

apparent difference could be observed between P. chinensis analyzed 24 h and 48 h after 

feeding (Figs. 2b, 5). 

 

3.4.2.2 Cuticular Lipid Transfer and L. humile Behavior.  Linepithema humile 

workers displayed higher aggression towards control P. chinensis than towards P. chinensis 

exposed to L. humile cuticular lipids (56.6% ± 9.2% vs. 16.6% ± 6.9% level 3 aggression, 

respectively. χ
2
=10.77, p=0.001). P. chinensis treated with L. humile cuticular lipids showed 

an apparent shift in their profiles (Figs. 2c, 6). 
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3.5 DISCUSSION 

Earlier (Chapters 1,2), we demonstrated that displacement of L. humile by P. 

chinensis may be facilitated by early season P. chinensis establishment and low aggression 

from repeated contact and habituation. These factors enable P. chinensis to establish and 

persist within L. humile territory. However, we did not observe reduced L. humile aggression 

after repeated contact with P. chinensis in lab assays and thus sought another mechanism to 

explain how these two invasive ants might co-habit the same habitat. Here, we present 

evidence that P. chinensis from areas of species overlap share cuticular compounds with L. 

humile, which may result from consumption of L. humile by P. chinensis. These cuticular 

compounds might serve as recognition cues. 

Pachycondyla chinensis is a predator/scavenger whose longevity is extended by 

consuming L. humile in the lab. Large field populations of L. humile could provide an 

abundant food supply for P. chinensis. This food would be available in early spring when L. 

humile colonies are small, allowing P. chinensis establishment (Chapter 1), and continuing 

throughout the year. After consuming L. humile workers in or near their nascent nest, P. 

chinensis could then move freely throughout L. humile colonies without being attacked. 

Ants evaluate nestmate recognition cues at the phenotype, not the genotype level 

(Sturgis and Gordon, 2012), thereby providing a doorway to flexibility in nestmate 

acceptance at the genotypic level. Cuticular lipids can be derived from endogenous, 

genetically-controlled (Drescher et al., 2010; Morrison,W.R.,,III and Witte, 2011), and/or 

exogenous sources like nest substrate (Bos et al., 2011) or diet (Buczkowski et al., 2005; 

Liang and Silverman, 2000; Soroker et al., 2003). Many ant species, including L. humile, 
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distribute food (Markin, 1970), and presumably colony odor, throughout the nest via 

trophallaxis (Dahbi et al., 1999; Soroker et al., 1995). As with most ponerine ants, P. 

chinensis do not perform trophallaxis and allogroom only at low frequency (Soroker et al., 

1998). Other Pachycondyla species distribute cuticular lipids by passing the front-basitarsal 

brush through the mouth and over the body (Hefetz et al., 2001; Soroker et al., 2003). We 

observed P. chinensis workers self-grooming extensively while consuming prey (Spicer Rice, 

pers. obs), and thus L. humile cuticular lipids may be blended with intrinsic lipids during 

feeding. We found evidence of L. humile lipids in the P. chinensis cuticular lipid profile 24 

hours after consumption of L. humile, suggesting that P. chinensis workers may distribute L. 

humile cuticular lipids externally rather than by secretion from the post pharyngeal gland. 

Experience from encounters within the nest during early development can affect 

nestmate recognition (Errard et al., 2008; Gamboa et al., 1986; Lorenzi et al., 1999). For 

example, Camponotus senex callows will form non-aggressive, mixed colonies with other 

ants (C. abdominalis, C. sp., and Pseudomyrmex ferruginea) if placed in the adoptive colony 

at emergence (Errard, 1984). Further, nest soil can indirectly transfer cuticular lipids to 

workers, affecting nestmate recognition (Bos et al., 2011). Pachycondyla chinensis nests 

frequently adjoin L. humile nests beginning early in the season when L. humile nests are 

small, yet expanding. Thus, young L. humile workers exposed to P. chinensis may imprint on 

P. chinensis cuticular lipids similar to their own and not attack co-occurring heterospecifics. 

The degree of cue overlap can determine an individual’s acceptance by the colony 

and can vary across species and across colonies (Lacy and Sherman, 1983). For example, 

while many monogynous ant colonies adhere to strict recognition parameters and have a low 
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tolerance for non-nestmates, polygynous species balance the costs of accepting non-

nestmates and rejecting nestmates with higher acceptance threshold through a more flexible 

recognition template (Reeve, 1989; Starks et al., 1998; Vander Meer and Alonso, 2002; 

Zinck et al., 2009). Linepithema humile is polygynous, and colonies within the introduced 

range have a relatively flexible neural template allowing for acceptance of non-nestmate 

conspecifics (Suarez et al., 2002; van Wilgenburg et al., 2010). It is therefore possible that 

even limited sharing of cuticular lipids between P. chinensis and L. humile may be sufficient 

to suppress L. humile aggression. 

By exploiting processes that contribute to L. humile invasion success, P. chinensis 

may improve its chances for success in L. humile-invaded landscape. Pachycondyla chinensis 

may also benefit from the prior elimination of native ant species by L. humile. 

Pachycondyla chinensis also displace many ant species in non-human-disturbed 

landscapes (Guenard and Dunn, 2010). This is unusual, as most invasive ant species, 

including L. humile, use the reduced biotic resistance and fragmented patterns in disturbed 

habitats to facilitate colony expansion (Alberti, 2005; Roura-Pascual et al., 2010; Smallwood, 

1994). It is possible that a cuticular signature adoption mechanism described here could assist 

the entry of P. chinensis into habitats with an established native ant community. 

We show that through chemical mimicry P. chinensis can displace the numerically 

dominant L. humile. As P. chinensis expands within its introduced range it would be 

interesting to determine if a similar mechanism is employed when other invasive ant species 

are encountered.  
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3.8 FIGURES 

 

Figure 3.1. Co-existing P. chinensis with recently killed L. humile worker in mandibles (A) 

and L. humile (B), not exhibiting heterospecific aggression.  
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Figure 3.2. Shared peaks and their areas  of L. humile and P. chinensis workers: (A) from 

locations of interspecific overlap (LH OVERLAP, PC OVERLAP) and non-overlap (LH 

NON-OVERLAP, PC NON-OVERLAP), (B) 24 or 48h after P. chinensis consumed 

L.humile workers (PC FED 24H, PC FED48H, respectively), remained unfed (PC UNFED), 

and L. humile worker control (LH), and (C) where P. chinensis were either treated with 

L.humile cuticular lipids (TRANSFER) or with a hexane-only control (HEX) with an 

L.humile cuticular lipid control (LH). 
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Figure 3.3. NMDS plot representing the distances between the shared peaks of the cuticular 

lipid profiles from L. humile and P. chinensis workers from locations of interspecific overlap 

(PC OVERLAP represented by circles and LH OVERLAP represented by triangles) and non-

overlap (PC NON-OVERLAP represented by diamonds and LH NON-OVERLAP 

represented by squares), stress = 0.073. 
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Figure 3.4. NMDS plot representing the distances between the shared peaks of the cuticular 

lipid profiles from P. chinensis workers 24 or 48h after they consumed L. humile workers 

(PC FED 24H represented by triangles and PC FED 48H represented by diamonds), 

untreated P. chinensis workers (PC UNFED, represented by circles) and L. humile workers as 

controls (LH), stress = 0.073. 
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Figure 3.5. NMDS plot representing the distances between the shared peaks of the cuticular 

lipid profiles from P. chinensis workers either treated with L .humile cuticular lipid extracts 

(TRANSFER, represented by triangles), or with hexane (HEX, represented by diamonds) and 

from L .humile workers as controls, stress = 0.041. 
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Figure 3.6. Number P. chinensis workers surviving over 14 days fed L. humile workers 

(�),Blattella germanica adults (), or unfed (�). 
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Chapter 4. 

 

Effect of scattered and discrete bait placement on the Asian needle ant, 

Pachycondyla chinensis Emery 
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4.1 ABSTRACT 

The Asian needle ant (Pachycondyla chinensis Emery) is invading natural and disturbed 

habitats across the eastern United States. While recent studies document the impact of P. 

chinensis on native ecosystems and human health, effective control measures remain 

unknown. We thus evaluated the field performance of a hydramethylnon granular bait, 

Maxforce
®

 Complete Granular Ant Bait, dispersed in clumps or scattered against P. 

chinensis. We also measured the effect of this bait on P. chinensis outside of the treatment 

zone. Surprisingly, unlike reports for other ant species, we achieved nearly complete P. 

chinensis population reductions 1 day after treatments were applied. Significant ant 

reductions were achieved until the end of our study at 28 days. No difference was recorded 

between clumped and scattered application methods. We found no overall difference in ant 

reductions from the edge out to 5 meters beyond the treatment zone. Other local ant species 

appeared to be unaffected by the bait and increased slightly after P. chinensis removal from 

treated areas. We suggest that Maxforce Complete Granular Ant Bait can be effective in an 

Asian needle ant treatment program. 

 

Key words: Asian needle ant, Pachycondyla chinensis, Hydramethylnon, granular bait, 

control, invasive species 
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4.2 INTRODUCTION 

The Asian needle ant, Pachycondyla chinensis (Emery), is spreading in both urban 

and natural habitats across the Eastern United States. Introduced to the United States from 

Japan, this pest negatively impacts native ant species across its invaded range (Guenard and 

Dunn 2010, Yashiro et al. 2010). Pachycondyla chinensis also infests homes, zoos, nursing 

homes, and schools, and they can cause allergic reactions in humans with its venomous sting 

(Klotz et al. 2000, Leath et al. 2006, Nathan et al. 2011). Despite an emerging need for an 

adequate management program, little is known about effective treatment strategies for this 

species (Appendix 1). One possible solution is toxic baits, which are widely used for ant 

control in and around urban structures (Klotz et al. 1997, Silverman and Brightwell 2008, 

Gusmao et al. 2011). 

When selecting an optimal bait to control a given ant species, both the physiology and 

foraging strategy of the ant must be considered. Thus, ant bait distribution method can affect 

product performance. Ants employ solitary (individual acquisition of resources) or mass 

recruitment (individuals directing multiple nestmates to resources) foraging strategies 

(Hölldobler and Wilson 1990). Pachycondyla chinensis workers are solitary foragers but 

exploit large immobile food resources using a unique behavior, tandem carrying, in which 

individual workers carry nestmates to food resources (Guenard and Silverman 2011). While 

the relative effectiveness of clumped versus scattered granular bait against mass-recruiting 

species has been investigated (Krushelnycky and Reimer 1998, Klotz et al. 2000, Silverman 

and Roulston 2003), bait distribution procedures have not been explored against solitary or 

tandem-carrying pest ants. Solitary foraging ant species may be less likely to locate discrete 
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compared with scattered food (bait) sources. We thus measured the efficacy of clumped 

versus scattered bait placement against P. chinensis. 

Baits used to control large ant colonies often rely upon delayed toxicity, because a 

latent period provides time for workers to distribute toxicant to nestmates (Rust et al. 2004). 

However, delayed toxicity is less optimal for controlling venomous ants (e.g., Solenopsis 

invicta, Wasmannia auropunctata, P. chinensis), as this delay can increase health risks, 

especially in nursing homes and schools, where sensitive or relatively immobile people may 

encounter ants (deShazo et al. 2004, Rupp and deShazo 2006). Laboratory tests indicate that 

baits with the active ingredient (AI) hydramethylnon were more effective against P. 

chinensis than other AIs, including abamectin, sodium tetraborate decahydrate, fipronil, 

thiamethoxam, and indoxacarb (Spicer Rice and Silverman In press). However, mortality of 

other urban ant species exposed to hydramethylnon baits is often delayed for longer periods 

compared with toxicants such as indoxacarb and spinosad (Oi and Oi 2006). A significant 

delay in worker mortality could reduce the utility of hydramethylnon baits in a P. chinensis 

treatment program. To test this, we used a field experiment to evaluate the short and long-

term effects of a hydramethylnon bait (Maxforce
®

 Complete granular) on P. chinensis. 

When evaluating bait efficacy, it is also important to quantify the spatial extent of 

control. As with other invasive ant species, P. chinensis can form large populations across 

their invaded area (Guenard and Dunn 2010), which may limit the effective range of baits to 

within the application zone and increase the risk of re-infestation from nearby untreated 

locations (Silverman and Brightwell 2008, Guenard and Dunn 2010). We considered that P. 
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chinensis control with hydramethylnon bait might be restricted to the area treated and thus 

examined this by sampling ants both in and beyond the treatment zone. 

A final criterion for evaluating bait performance is target specificity. When pest 

management professionals apply bait for P. chinensis control, they risk eliminating native ant 

taxa as well. However, many native ants active during periods when baits are applied are 

smaller than P. chinensis and may be unable to retrieve bait granules (Hooper-Bui et al. 

2002). We therefore recorded the impact of baits targeted against P. chinensis on other ant 

taxa. 

 

4.3 MATERIALS AND METHODS 

4.3.1 Field sites. We performed five replicates for each of three treatments (scattered, 

clumped, untreated control) at three locations: an office park in Morrisville, NC (35.8542˚N, 

78.824151˚W) (n=2); an office park in Raleigh, NC (35.795599˚N, 78.740873˚W) (n=2); and 

a recreational area in Raleigh, NC (5.778994˚N, 78.662249˚W) (n=1). Within sites, plots 

were separated by at least 15m and bait was applied in areas ranging from 44.6m
2
 to 

241.5m
2
. We randomly assigned treatments to plots and performed experiments between 

August and October, 2011, a period when P. chinensis are active. 

 

4.3.2 Treatment and application method. We evaluated clumped and scattered 

applications of Maxforce
®

 Complete granular ant bait (AI = hydramethylnon, 1.0%), (Bayer 

CropScience, Monheim, Germany) against P. chinensis. We applied bait at the label rate. For 

the clumped bait application, we constructed a transect across each plot and placed a pile of 
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granules at a rate of 28.35g for every 3.81 meters. Scattered bait treatments received product 

scattered evenly by hand at a rate of 28.35gper 4.6 square meters. We also performed an 

untreated control. 

We measured treatment efficacy by sampling plots for P. chinensis prior to bait 

application (day 0) and then after 1, 3, 7, 14, and 28 days. To sample ants, we placed 

notecards (7.6 x 12.7cm) baited with 0.5g of tuna in oil along treated transects at 3.8 m 

intervals. We recorded the number of P. chinensis at each card after 30 min. Plot size, and 

thus transect length, was constrained by landscape features across sites, so the number of 

baiting stations per transect ranged from 5 to 11. We also recorded the identity and number 

of other ant species on bait cards at day 14. 

We used two way repeated measures ANOVA, with site as a random factor to test the 

effects of Maxforce
®

 application type (clumped, scattered, or none) on P. chinensis number 

across time. The important term in the analysis was the time x treatment interaction. We used 

post hoc Tukey tests on least square means to explain significant treatment effects within 

sampling days. Following this analysis, we examined the P. chinensis recovery trajectory 

following Maxforce
®

 application using the profile statement in SAS V. 9.2 (2008) to test for 

differences among serial baiting events. 

 

4.3.3 Effect of bait outside the treatment zone. We next determined whether the 

bait treatment effect extended outside of application plots. We constructed 5m transects 

extending outward from the edge of each treated plot. We placed notecards with tuna at 1m 

intervals and sampled ants on day 28 following bait application as described above. 
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We used a mixed procedure model to test the effects of site, treatment (clumped vs. 

scattered), transect (nested within treatment and site), and bait distance from plot origin (1 to 

5 m) on P. chinensis abundance. Site was treated as a fixed factor, transect was random, and 

distance measured at bait stations within transects was treated as a repeated measure and 

modeled separately for each site. We applied the Kenward-Rogers correction for the 

calculation of the denominator degrees of freedom for F-test and LS Means standard error. 

The covariance structure among distance levels was modeled as autoregressive of 

order 1 [AR(1)], which implies that the correlation between two distance points h units apart 

is given by ρ
h
, where ρ is estimated AR(1) covariance parameter. Type III F tests were used 

for testing the null hypothesis of fixed effects and related contrasts. 

Since the residual variation among sites varied from 0.23 to 105.23 and the AR(1) 

varies from 0.00 to 0.62 (Table 1), we followed with analysis of the simple effects of 

treatment, distance, and their interactions within each site. The significance levels for these 

tests of simple effects were set at 0.001 to control for type I error. 

 

4.4 RESULTS 

4.4.1 Treatment and application method. Both clumped and scattered bait treatments 

reduced P. chinensis abundance over time relative to the untreated control Day x TRT: F10,420 

= 21.06; p = 0.0001) (Fig. 1). Results from Tukey tests indicated this effect was rapid, as P. 

chinensis densities trended lower from Day 0 to Day 1 in both clumped (17.2±5.7 vs. 

0.5±0.6; p = 0.06) and scattered (13.1±2.4 vs. 0.2±0.27; p = 0.06) plots relative to control 

(14.5±9.1 vs. 21.4±22.0). Thereafter, on Days 3, 7, and 14, P. chinensis abundance did not 
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differ between clumped and scattered plots, but was significantly lower than in control (Fig. 

1). 

However, by Day 28, P. chinensis exhibited signs of recovery on both clumped (p = 

0.051) and scattered (p = 0.057) plots relative to control (Fig. 1). This slight increase in ant 

abundance from Day 15 to 29 was limited to treated plots (Profile test, Day 14 vs. 28: F2,84 = 

3.47; p = 0.04) and was driven by slight increases during this interval from an average of 1 to 

3 workers in clumped treatment plots, and 0 to 2 workers in scattered treatment plots (Fig. 1). 

A total of nine non-Pachycondyla genera were present at baits in treated plots on day 14 

(Table 1). 

 

4.4.2 Effect of bait outside of treatment zone. On Day 28, neither treatment nor 

distance from treated plot significantly affected overall P. chinensis abundance (Table 2). 

However, because both overall site effects and site x treatment effects were significant (Table 

2), we further partitioned the analysis by site. The site effects were driven by higher P. 

chinensis numbers surrounding scattered plots at RTP1 (site*TRT; Table 3; Figure 2), slight 

P. chinensis increases 5 m away from both treatments at Judicial1 (site*distance; Table 3; 

Figure 2), and significantly elevated P. chinensis numbers in scattered plots on bait cards 

>5m from treatment site at Judicial1 (site*TRT*distance; Table 3; Figure 2). 

 The sites Judicial2 and RTP2 exhibited substantial spatial autocorrelation among baits 

within transects, with AR(1) covariance estimates of 0.41 and 0.62, respectively (Table 3; 

Figure 2). This was due to a gradual increase in P. chinensis abundance leading away from 

treated plots at Judicial2 and a decline leading away from plots at RTP2 (Fig. 2). Because we 
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expected that we would be most likely to detect ant reductions beyond the treatment zone at 

transects where no ants were sampled at the first bait inside the plot, we followed this test by 

a mixed model analysis of only these transects. Here, we treated site as a random factor. In 

this test, we detected a trend towards increasing P. chinensis activity away from plots 

(p=0.12, (AR(1) covariance estimate = 0.29) (Table 4; Fig. 3). 

 

4.5 DISCUSSION 

We demonstrated that a granular hydramethylnon bait (Maxforce
®

 Complete 

Granular Ant Bait) provided rapid control of P. chinensis in urban landscapes, while the 

effects of a single treatment last for at least 28 days. Moreover, in contrast to our initial 

solitary foraging hypothesis, clumped and scattered bait application yielded the same level of 

control. However, the effects of bait application outside of treated plots varied by site, and 

further studies will be needed to understand the efficacy at greater temporal and spatial 

scales. 

Hydramethylnon is an inhibitor of electron transport with delayed effects (>2 days) 

against many pest ants including Wasmannia auropunctata (Hara et al. 2011), Solenopsis 

invicta (Thompson et al. 2009), Tapinoma melanocephalum (Ulloa-Chacon and Jaramillo 

2003), Pheidole megacephala, and Linepithema humile (Hooper-Bui and Rust 2001). 

Delayed action insecticides provide an advantage over fast-acting insecticides when 

managing large populations of ants by allowing foragers to collect and share insecticide with 

nestmates before the onset of morbidity symptoms (Lopez et al. 2000, Rust et al. 2004). 

However, despite this apparent delayed action for other ant species, we observed control of 
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P. chinensis that was both rapid and robust. In addition to rapid action, this hydramethylnon 

bait reduced P. chinensis in treated areas for at least 28 days. Pachycondyla chinensis 

workers were nearly eliminated from the treated area with little migration from neighboring 

non-treated areas. 

Pachycondyla chinensis’s food transport and storage mechanisms may be influencing 

the activity onset and duration of the hydramethylnon bait. For most ant taxa, proventricular 

restriction regulates trophallaxis with undigested nutrients stored in a sclerotized crop. More 

primitive species like P. chinensis, on the other hand, do not perform trophallaxis and do not 

store undigested communal food in their crops (Davidson et al. 2004, Hölldobler and Wilson 

1990). Thus, we considered that P. chinensis absorb hydramethylnon more quickly and 

consequently die faster than other ant species that consume hydramethylnon bait. This 

relatively fast-acting performance of hydramethylnon against P. chinensis would appear to be 

beneficial in that workers are eliminated from treated areas quickly hence reducing stinging 

risks to sensitive humans and their pets (DeShazo et al. 2004, Rupp and DeShazo 2006). 

Hydramethylnon is photolabile and degrades relatively quickly when applied 

outdoors (Mallipudi et al. 1986). However, in lab trials, P. chinensis tend to stockpile food, 

including insecticide bait granules, inside their dark nests (E. Spicer Rice pers obs. D.M. 

Bednar pers obs). Thus, light sensitivity may be offset if bait is rapidly harvested and stored 

following application. As reported for other pest ants (Krushelnycky and Reimer 1998, Klotz 

et al. 2000, Silverman and Roulston 2003), we saw no difference in bait performance 

whether granules were scattered or distributed in clumps. Accordingly, it appears that P. 
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chinensis adjust foraging behavior to resource availability regardless of their recruitment 

strategy. 

Since P. chinensis are polydomous (one colony can have multiple nest locations) 

(Gotoh and Ito 2008), we expected resources and toxicants to be translocated at larger spatial 

scales, with resource flow between nearby nests. Therefore, we predicted that 

hydramethylnon toxicity should extend beyond the treatment zone. Our analysis across sites 

revealed no overall effect 5m outside treated plots, supporting this prediction. Movement into 

the treatment zone by other pest ants with polydomous colony structure results in ant 

reductions in nearby nests (Drees et al. 1992). In this study, on the other hand, there was a 

weak albeit non-significant trend of unaffected workers outside the treatment zone, 

suggesting possibly restricted resource flow between the treatment zone and non-treated 

areas. With species and treatment programs in which workers remain unaffected outside the 

treatment area, re-infestation of the treated location often occurs (Oi et al. 2000, Silverman et 

al. 2006, Silverman and Brightwell 2008). However, in our study workers outside the 

treatment zone did not readily re-colonize the treated area. Understanding P. chinensis 

foraging patterns and determining colony boundaries will be necessary to develop efficient 

baiting strategies. 

Pachycondyla chinensis negatively impact native ant species (Guenard and Dunn 

2010). By targeting an ant pest species over a broad area, the treatment can further impact 

local native ants (Zakharov and Thompson 1998). Though our sample size was small, we did 

not detect negative impacts on non-target local ants, other than P. chinensis. In fact, 

eliminating P. chinensis from the habitat may have a slight positive effect on local ants. 
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Invasive ants often alter the structure of ant communities through competition 

(Sanders et al. 2003, Bos et al. 2008, Lessard et al. 2009, Rowles and O'Dowd 2009). They 

generally recruit to food resources more quickly and prevent native ants from accessing these 

resources (Human and Gordon 1996, Holway 1999). This behavioral dominance can also 

negatively impact invasive ants if they out-compete native ants at toxic baits (Buczkowski 

and Bennett 2008). Food particle size acceptance by P. chinensis vs. native ants could affect 

toxic bait selectivity, with larger granules retrieved by P. chinensis, but not other ants. 

Selectively removing invasive insects from a habitat can have a positive effect on native taxa 

(Hu and Frank 1996, Calixto et al. 2007). Our results may be applied to P. chinensis in 

natural environments, by selectively removing an invasive pest without affecting smaller 

native ants. While our results suggest that some native ants were unaffected by 

hydramethylnon bait, more extensive sampling is needed to understand bait selectivity. 

We demonstrate how granular hydramethylnon bait can rapidly reduce P. chinensis in 

an urban landscape. Moreover, these effects persisted for at least 28 days. A clearer 

understanding of P. chinensis colony structure and foraging behavior is needed to optimize 

the delivery of bait granules in urban and natural habitats to prevent further spread of this 

invasive pest. 

  



 

128 

4.6 ACKNOWLEDGEMENTS  

We thank R. Dunn, C. Schal, and D. Tarpy for critical comments on the manuscript. 

We also thank C. Arellano for assistance with statistical analyses. This work was supported 

by the Blanton J. Whitmire Endowment at North Carolina State University and Bayer 

Cropscience Incorporated. 

  



 

129 

4.7 REFERENCES CITED 

Bos, M. M., J. M. Tylianakis, I. Steffan-Dewenter, and T. Tscharntke. 2008. The 

invasive Yellow Crazy Ant and the decline of forest ant diversity in Indonesian cacao 

agroforests RID B-6634-2011. Biol. Invasions 10:1399-1409.  

Brightwell, R. J., and J. Silverman. 2007. Argentine ant foraging activity and interspecific 

competition in complete vs. queenless and broodless colonies. Insectes Soc. 54:329-333.  

Buczkowski, G., and G. W. Bennett. 2008. Detrimental effects of highly efficient 

interference competition: Invasive argentine ants outcompete native ants at toxic baits. 

Environ. Entomol. 37:741-747.  

Calixto, A. A., M. K. Harris, A. Knutson, and C. L. Barr. 2007. Native ant responses to 

Solenopsis invicta Buren reduction using broadcast baits. Environ. Entomol. 36:1112-

1123.  

Davidson, D., S. Cook, and R. Snelling. 2004. Liquid-feeding performances of ants 

(Formicidae): ecological and evolutionary implications. Oecologia 139:255-266.  

deShazo, R., S. Kemp, M. deShazo, and J. Goddard. 2004. Fire ant attacks on patients in 

nursing homes: An increasing problem. Am. J. Med. 116:843-846.  

Drees, B., C. Barr, and S. Vinson. 1992. Effects of Spot Treatments of Logic(r) 

(Fenoxycarb) on Polygynous Red Imported Fire Ants - an Indication of Resource 

Sharing. Southwest. Entomol. 17:313-317.  

Gotoh, A., and F. Ito. 2008. Seasonal cycle of colony structure in the Ponerine ant 

Pachycondyla chinensis in western Japan (Hymenoptera, Formicidae). Insectes Soc. 

55:98-104.  

Guenard, B., and R. R. Dunn. 2010. A New (Old), Invasive Ant in the Hardwood Forests 

of Eastern North America and Its Potentially Widespread Impacts. Plos One 5:e11614.  

Guenard, B., and J. Silverman. 2011. Tandem carrying, a new foraging strategy in ants: 

description, function, and adaptive significance relative to other described foraging 

strategies. Naturwissenschaften 98:651-659.  

Gusmao, F. A., N. Sibinel, and A. E. de Carvalho Campos. 2011. Control of Tramp Ants 

(Hymenoptera: Formicidae) With Methoprene Baits. Sociobiology 57:329-339.  



 

130 

Hara, A. H., S. K. Cabral, R. Y. Niino-Duponte, C. M. Jacobsen, and K. Onuma. 2011. 

Bait Insecticides and Hot Water Drenches Against the Little Fire Ant, Wasmannia 

Auropunctata (Hymenoptera: Formicidae), Infesting Containerized Nursery Plants. Fla. 

Entomol. 94:517-526.  

Holway, D. 1999. Competitive mechanisms underlying the displacement of native ants by 

the invasive Argentine ant. Ecology 80:238-251.  

Hooper-Bui, L., A. Appel, and M. Rust. 2002. Preference of food particle size among 

several urban ant species. J. Econ. Entomol. 95:1222-1228.  

Hooper-Bui, L., and M. Rust. 2001. An oral bioassay for the toxicity of hydramethylnon to 

individual workers and queens of Argentine ants, Linepithema humile. Pest Manag. Sci. 

57:1011-1016.  

Hu, G., and J. Frank. 1996. Effect of the red imported fire ant (Hymenoptera: Formicidae) 

on dung-inhabiting arthropods in Florida. Environ. Entomol. 25:1290-1296.  

Human, K., and D. Gordon. 1996. Exploitation and interference competition between the 

invasive Argentine ant, Linepithema humile, and native ant species. Oecologia 105:405-

412.  

Klotz, J., L. Greenberg, and G. Venn. 2000. Evaluation of two hydramethylnon granular 

baits for control of Argentine ant (Hymenoptera : Formicidae). Sociobiology 36:201-

207.  

Klotz, J., L. Greenberg, H. Shorey, and D. Williams. 1997. Alternative control strategies 

for ants around homes. J. Agric. Entomol. 14:249-257.  

Krushelnycky, P., and N. Reimer. 1998. Efficacy of maxforce bait for control of the 

Argentine ant (Hymenoptera : Formicidae) in Haleakala National Park, Maui, Hawaii. 

Environ. Entomol. 27:1473-1481.  

Leath, T., T. Grier, R. Jacobson, and M. Fontana-Penn. 2006. Anaphylaxis to 

Pachycondyla Chinensis. J. Allergy Clin. Immunol. 117:S129-S129.  

Lessard, J., J. A. Fordyce, N. J. Gotelli, and N. J. Sanders. 2009. Invasive ants alter the 

phylogenetic structure of ant communities. Ecology 90:2664-2669.  

Lopez, R., D. Held, and D. Potter. 2000. Management of a mound-building ant, Lasius 

neoniger Emery, on golf putting greens and tees using delayed-action baits or fipronil. 

Crop Sci. 40:511-517.  



 

131 

Mallipudi, N., S. Stout, A. Lee, and E. Orloski. 1986. Photolysis of Amdro Fire Ant 

Insecticide Active Ingredient Hydramethylnon (Ac 217,300) in Distilled Water. J. Agric. 

Food Chem. 34:1050-1057.  

Nathan, R., N. Horvitz, Y. He, A. Kuparinen, F. M. Schurr, and G. G. Katul. 2011. 

Spread of North American wind-dispersed trees in future environments RID A-9380-

2008 RID A-7210-2008. Ecol. Lett. 14:211-219.  

Oi, D. H., and F. M. Oi. 2006. Speed of efficacy and delayed toxicity characteristics of fast-

acting fire ant (Hymenoptera : Formicidae) baits. J. Econ. Entomol. 99:1739-1748.  

Oi, D., K. Vail, and D. Williams. 2000. Bait distribution among multiple colonies of 

Pharaoh ants (Hymenoptera : Formicidae). J. Econ. Entomol. 93:1247-1255.  

Rowles, A. D., and D. J. O'Dowd. 2009. Impacts of the invasive Argentine ant on native 

ants and other invertebrates in coastal scrub in south-eastern Australia. Austral Ecol. 

34:239-248.  

Rupp, M., and R. deShazo. 2006. Indoor fire ant sting attacks: A risk for frail elders. Am. J. 

Med. Sci. 331:134-138.  

Rust, M., D. Reierson, and J. Klotz. 2004. Delayed toxicity as a critical factor in the 

efficacy of aqueous baits for controlling argentine ants (Hymenoptera : Formicidae). J. 

Econ. Entomol. 97:1017-1024.  

Sanders, N., N. Gotelli, N. Heller, and D. Gordon. 2003. Community disassembly by an 

invasive species RID A-6945-2009. Proc. Natl. Acad. Sci. U. S. A. 100:2474-2477.  

Silverman, J., and T. Roulston. 2003. Retrieval of granular bait by the Argentine ant 

(Hymenoptera : Formicidae): Effect of clumped versus scattered dispersion patterns. J. 

Econ. Entomol. 96:871-874.  

Silverman, J., and R. J. Brightwell. 2008. The Argentine ant: Challenges in managing an 

invasive unicolonial pest. Annu. Rev. Entomol. 53:231-252.  

Silverman, J., C. E. Sorenson, and M. G. Waldvogel. 2006. Trap-mulching Argentine ants. 

J. Econ. Entomol. 99:1757-1760.  

Spicer Rice, E. and J. Silverman 2012. Efficacy of insecticide baits against Asian needle 

ants. Arthropod Management Tests. (In Press) 

Thompson, A. N., R. E. Gold, and J. W. Austin. 2009. Field Evaluation of Aerial 

Applications of Hydramethylnon and Metaflumizone to Control the Red Imported Fire 



 

132 

Ant, Solenopsis invicta and Related Ant Species (Hymenoptera: Formicidae). 

Sociobiology 54:219-242.  

Ulloa-Chacon, P., and G. Jaramillo. 2003. Effects of boric acid, fipronil, hydramethylnon, 

and diflubenzuron baits on colonies of ghost ants (Hymenoptera : Formicidae). J. Econ. 

Entomol. 96:856-862.  

Yashiro, T., K. Matsuura, B. Guenard, M. Terayama, and R. R. Dunn. 2010. On the 

evolution of the species complex Pachycondyla chinensis (Hymenoptera: Formicidae: 

Ponerinae), including the origin of its invasive form and description of a new species. 

Zootaxa 39-50.  

Zakharov, A., and L. Thompson. 1998. Effects of repeated use of fenoxycarb and 

hydramethylnon baits on nontarget ants. J. Entomol. Sci. 33:212-220.  

 

  



 

133 

4.8 TABLES 

Table 4.1. The non-Pachycondyla genera present at baits in hydramethylnon bait- treated 

plots at each site on day 14.  

Site 

Pretreat 

  

Day 14  

 

RTP Linepithema Solenopsis, Lasius, Linepithema 

Judicial Camponotus Tapinoma, Lasius 

Pullen 

Solenopsis, 

Pheidole 

Solenopsis, Forelius, Crematogaster, Monomorium, 

Brachymyrmex 
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Table 4.2. Results from mixed model testing the effect of Site, Maxforce®  treatment, and 

Distance (from Maxforce®  treated plot; 1-5m) on the abundance of workers of P. chinensis 

foraging at tuna baits on Day 28 following Maxforce®  application. Low AR(1) covariance 

estimates (e.g. < 0.4) indicate a lack of spatial autocorrelation among baiting stations within 

transects. 

Source F Numerator 

D.F. 

Denominator 

D.F. 

P  Covar. 

estimate 

Random effects — — — —  

Residual (Jud1) — — — — 0.23 

AR(1) (Jud 1) — — — — 0.00 

Residual (Jud2) — — — — 8.04 

AR(1) (Jud 2) — — — — 0.41 

Residual (RTP1) — — — — 29.00 

AR(1) (RTP 1) — — — — 0.00 

Residual (RTP2) — — — — 105.23 

AR(1) (RTP 2) — — — — 0.62 

Residual (pullpk) — — — — 0.45 

AR(1) (pullpk) — — — — 0.21 

Fixed effects      

Site 15.86 4 21.70 0.0001 — 

Trt 0.00 1 12.70 0.95 — 

Site*Trt 9.50 4 21.70 0.0001 — 

Distance 0.21 4 72.70 0.93 — 

Trt*Distance 0.55 4 72.70 0.70 — 

Site*Distance 1.31 16 89.10 0.21 — 

Site*Trt*Distance 0.90 16 89.10 0.57 — 
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Table 4.3. Day 28 analysis of P. chinensis abundance using mixed model on the simple 

effects of treatment (scattered vs. clumped), distance from plot (0-4 m) and their interactions 

within each site. Results significant at α = 0.001 in bold (see methods for details).  

Effect Site TRT Num 

DF 

Denom 

DF 

F P 

Site*TRT Jud1 — 1 5.44 0.00 1.00 

Site*TRT Jud2 — 1 8.41 16.15 0.004 

Site*TRT RTP1 — 1 20.80 13.97 0.001 

Site*TRT RTP2 — 1 9.41 4.39 0.06 

Site*TRT Pullpk — 1 10.80 7.36 0.02 

Site*Distance Jud1 — 4 11.60 10.62 0.0007 

Site*Distance Jud2 — 4 30.10 0.61 0.66 

Site*Distance RTP1 — 4 33.50 0.27 0.90 

Site*Distance RTP2 — 4 33.60 0.50 0.73 

Site*Distance Pullpk — 4 23.30 0.35 0.84 

Site*TRT*Distance Jud1 Clumped 4 11.60 3.40 0.05 

Site*TRT*Distance Jud1 Scattered 4 11.60 9.40 0.001 

Site*TRT*Distance Jud2 Clumped 4 30.10 0.04 1.00 

Site*TRT*Distance Jud2 Scattered 4 30.10 0.95 0.45 

Site*TRT*Distance RTP1 Clumped 4 34.30 1.57 0.20 

Site*TRT*Distance RTP1 Scattered 4 32.60 1.33 0.28 

Site*TRT*Distance RTP2 Clumped 4 33.60 0.48 0.75 

Site*TRT*Distance RTP2 Scattered 4 33.60 0.21 0.93 

Site*TRT*Distance Pullpk Clumped 4 23.30 0.95 0.46 

Site*TRT*Distance Pullpk Scattered 4 23.30 0.00 1.00 
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Table 4.4. Results from mixed model on only transects along which no P. chinensis were 

sampled at the first bait within the plots. We treated Site as a random factor and tested the 

effect of Maxforce®  treatment and Distance (from Maxforce®  treated plot; 1-5m) on the 

abundance of workers of P. chinensis foraging at tuna baits on Day 28 following Maxforce®  

application. High AR(1) covariance estimates (e.g. > 0.4) indicate spatial autocorrelation 

among baiting stations within transects. 

 

Source F Numerator 

D.F. 

Denominator 

D.F. 

P  Covar. 

estimate 

Random effects — — — —  

Site — — — — 1.26 

Site*TRT  — — — — 2.77 

Site*Distance — — — — 0.60 

AR(1)  — — — — 0.29 

Residual     7.38 

Fixed effects      

Trt  0.22 1 3.27 0.67 — 

Distance 2.34 4 10.5 0.12 — 

Trt*Distance(Site) 1.03 4 100.00 0.39 — 
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4.9 FIGURES 

 

 

Figure 4.1. The effects of Maxforce
®

 density on P. chinensis abundance prior to and after 

application on Day 1. Least square means plotted + SE for clumped and scattered plots and – 

SE for control plots. 
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Figure 4.2. Spatial extent of treatment effects. P. chinensis abundance on transects extending 

out from treatment plots on Day 28. The first bait at 0 m was inside the plot. LS means were 

plotted, combining the effects of site, treatment and distance. 
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Figure 4.3. The spatial extent of treatment effects in transects along which no P. chinensis 

were sampled at the first baits between plots. The first bait at 0m was inside the plot. We 

treated Site as a random factor and tested the effect of Maxforce
®

 treatment and Distance 

(from Maxforce
®

 treated plot; 1-5m) on the abundance of workers of P. chinensis foraging at 

tuna baits on Day 28 following Maxforce
®

 application. 
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APPENDICES 
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Appendix A 

We compared the efficacy of ten commercial baits against Asian needle ants in the 

laboratory. We placed 50 P. chinensis workers in plastic trays (25 X 18.5 X 2 cm) furnished 

with a nest (20 X 150 mm test tube one-half filled with water, stopped with cotton plug and 

wrapped in aluminum foil). Freshly-killed German cockroaches (Blattella germanica ) were 

provided as food. Ants acclimated 24 hours before commercial product (0.5 g) was presented 

either within open plastic tubing (for gel or liquid bait) or on Parafilm (for granular baits). 

We evaluated Terro®-PCO (sodium tetraborate decahydrate, 5.40%), Advance® liquid ant 

bait (sodium tetraborate decahydrate 1.3%), Abathor ® granular (abamectin B1, 0.011%), 

Maxforce®Killer Ant Bait Gel (fipronil, 0.001%), Maxforce® Carpenter Ant Bait (fipronil, 

0.001%), Maxforce® Fine Granular (hydramethylnon, 1.0%), Maxforce® Complete granular 

(hydramethylnon, 1.00%), Advion® Ant Gel (indoxacarb, 0.05%), Optigard® Ant Gel Bait 

(thiamethoxam, 0.010%), and Extinguish® Plus  granular (hydramethylnon0.365%, plus s-

methoprene, 0.250%). We performed four replicates per treatment. Environmental conditions 

were 26°C with 12:12 L:D.  

We recorded percent mortality four and 10 days after treatment application. All data were 

arcsine transformed and each treatment was compared to an untreated control with ANOVA 

with significance tested by a student’s t-test (P≤0.05) (SAS JMP 9.0.0). 

Optigard® Ant Gel Bait, Maxforce® Complete, Maxforce® Fine Granular, and Extinguish® 

Plus caused  significant P. chinensis mortality by day 10 compared to the untreated control. 

Extinguish® Plus treatment resulting in fast-acting effectiveness, killing 100% of the ants by 
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day four.  Optigard® Ant Gel Bait and Maxforce® Complete also showed significantly 

higher mortality when compared to the control at day four (Table 1). 

This research was supported by industry gifts of insecticide. 

Table 1. 

Insecticide Day 4 mean percent  

mortality 

Day 10 mean percent 

mortality 

Terro®-PCO
 

4.5 

 

13.4 

 

Advance® liquid ant bait
 

4.9 9.0 

 

Advance gel 25.6 32.7 

Abathor ® granular
 

5.4 17.2 

Maxforce® Killer Ant Bait 

Gel
 

12.5 

 

25.5 

 

Maxforce® Carpenter Ant 

Bait
 

13.3 

 

20.6 

 

Maxforce® Fine Granular
 

18.8 83.6* 

Maxforce® Complete
 

28.6* 70.7* 

Advion® Ant Gel
 

36.0 50.5 

Optigard® Ant Gel Bait 45.3* 50.2* 

Extinguish® Plus  100* 100* 

Fed Control 6.2 20.5 

* indicates significantly higher mortality than fed control (student’s t-test (P≤0.05)) 
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Part II. Materials Tested for Arthropod Management 

Brand 

Name Formulation 

Common 

Name Composition Manufacturer 

Terro®-

PCO 

Bait borax Sodium Tetraborate 

Decahydrate 

Nisus 

Corporation, 

Rockford, TN 

Advance® 

liquid ant 

bait 

Bait borax Sodium Tetraborate 

Decahydrate 

BASF 

Corporation, St. 

Louis, MO 

Abathor ® 

granular 

Bait avermectin 

B1 

(10E,14E,16E)-

(1R,4S,5′S,6S,6′R,8

R,12S,13S,20R,21R,

24S)-6′-[(S)-sec-

butyl]-21,24-

dihydroxy-

5′,11,13,22-

tetramethyl-2-oxo-

(3,7,19-

trioxatetracyclo[15.

6.1.1
4,8

.0
20,24

]pentac

osa-10,14,16,22-

Ensystex IV, 

Inc., 

Fayetteville, 

NC 
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tetraene)-6-spiro-2′-

(5′,6′-dihydro-2′H-

pyran)-12-yl 2,6-

dideoxy-4-O-(2,6-

dideoxy-3-O-

methyl-α-L-

arabino-

hexopyranosyl)-3-

O-methyl-α-L-

arabino-

hexopyranoside and 

≤ 20% 

(10E,14E,16E)-

(1R,4S,5′S,6S,6′R,8

R,12S,13S,20R,21R,

24S)-21,24-

dihydroxy-6′-

isopropyl-

5′,11,13,22-

tetramethyl-2-oxo-

(3,7,19-
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trioxatetracyclo[15.

6.1.1
4,8

.0
20,24

]pentac

osa-10,14,16,22-

tetraene)-6-spiro-2′-

(5′,6′-dihydro-2′H-

pyran)-12-yl 2,6-

dideoxy-4-O-(2,6-

dideoxy-3-O-

methyl-α-L-

arabino-

hexopyranosyl)-3-

O-methyl-α-L-

arabino-

hexopyranoside 

Maxforce®

Killer Ant 

Bait Gel 

Bait fipronil 5-amino-1-[2,6-

dichloro-4-

(trifluoromethyl)ph

enyl]-4-

[(trifluoromethyl)su

lfinyl]-1H-pyrazole-

3-carbonitrile 

Bayer 

CropScience, 

Monheim am 

Rhein, 

Germany 
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Maxforce® 

Carpenter 

Ant 

Bait fipronil 5-amino-1-[2,6-

dichloro-4-

(trifluoromethyl)ph

enyl]-4-

[(trifluoromethyl)su

lfinyl]-1H-pyrazole-

3-carbonitrile 

Bayer 

CropScience, 

Monheim am 

Rhein, 

Germany 

Maxforce® 

Fine 

Granular 

Bait hydramethyl

non 

tetrahydro-5,5-

dimethyl-2(1H)-

pyrimidinone [3-[4-

(trifluoromethyl)ph

enyl]-1-[2-[4-

(trifluoromethyl)ph

enyl]ethenyl]-2-

propenylidene]hydr

azone 

Bayer 

CropScience, 

Monheim am 

Rhein, 

Germany 

Maxforce® 

Complete 

Bait hydramethyl

non 

tetrahydro-5,5-

dimethyl-2(1H)-

pyrimidinone [3-[4-

(trifluoromethyl)ph

enyl]-1-[2-[4-

Bayer 

CropScience, 

Monheim am 

Rhein, 

Germany 
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(trifluoromethyl)ph

enyl]ethenyl]-2-

propenylidene]hydr

azone 

Advion® 

Ant Gel 

Bait indoxacarb methyl (4aS)-7-

chloro-2,5-dihydro-

2-

[[(methoxycarbonyl

)[4-

(trifluoromethoxy)p

henyl]amino]carbon

yl]indeno[1,2-

e][1,3,4]oxadiazine-

4a(3H)-carboxylate 

DuPont 

Professional 

Products, 

Wilmington, 

DE 

Optigard® 

Ant Gel 

Bait 

Bait thiamethoxa

m 

3-[(2-chloro-5-

thiazolyl)methyl]tet

rahydro-5-methyl-

N-nitro-4H-1,3,5-

oxadiazin-4-imine 

Syngenta Crop 

Protection, 

LLC, 

Greensboro, NC 

Extinguish

® Plus   

Bait hydramethyl

non plus s-

tetrahydro-5,5-

dimethyl-2(1H)-

Wellmark 

International, 
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methoprene pyrimidinone [3-[4-

(trifluoromethyl)ph

enyl]-1-[2-[4-

(trifluoromethyl)ph

enyl]ethenyl]-2-

propenylidene]hydr

azone 

plus 

1-methylethyl 

(2E,4E)-11-

methoxy-3,7,11-

trimethyl-2,4-

dodecadienoate 

 

Schaumburg, Ill 

 

 

 

 


