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Abstract

We investigated the impact of an invasive ant species from Europe, Myrmica rubra (L.), on a myrmecochorous 

system (seeds dispersed by ants) in its invaded range in North America. We assessed: 1) how M. rubra process the 

myrmecochorous diapsores (seeds and elaiosome as a single dispersal unit transported by ants) in comparison 

with native ants; 2) its preference for common native and invasive diaspore species relative to native ants; 3) how 

far they disperse diaspores in the field; and 4) the diaspore removal rate by invertebrates and vertebrates in infested 

areas compared to noninvaded sites. Field experiments demonstrated higher diaspore removal rates over a 10-min 

and 24-h period by M. rubra compared to native ants. M. rubra’s diaspore dispersal distance was 40% greater 

compared to native ants. In two of three laboratory studies and one field study, there was no significant difference 

between the seed species which M. rubra and native ants selected. Our data suggest no long-term deleterious 

effects of M. rubra’s invasion on diaspore dispersal in the Maine plant community that is comprised of both native 

and invasive species. This implies that M.  rubra benefits from the myrmechorous plant species’ diaspores by 

increasing their dispersal range away from the parent plant and potentially reducing seed predation. However, it is 

not known whether the fact that the native ant fauna and M. rubra are attracted to the same plant species’ diaspores 

creates a high level of competition between the ants with deleterious effects on the native ant community.
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Worldwide many plant species produce seeds (diaspores) adapted 

for dispersal by ants, a mutualism termed myrmecochory (Gorb 

and Gorb 2003, Lach et al. 2010, Warren and Giladi 2014). Their 

diaspores have elaiosomes, external structures that are attractive to 

certain ant species and induce ants to disperse the diaspores. These 

nutrient-rich appendages induce some ant species to carry the dias-

pores back to their nest where the elaiosome is consumed and the 

germinable seed is discarded (Gammans et al. 2005). The number 

of plant species and families that are classi�ed as myrmecochores 

ranges between 2100–3000 species and 60–90 families (Berg 1975, 

Beattie 1985, Hughes and Westoby 1992, Gorb and Gorb 2003, 

Majer et al. 2011). In eastern North American forests, 30% of native 

herbaceous plants are thought to be myrmecochores (Beattie and 

Culver 1981, Handel et al. 1981).

Diaspore dispersal by ants may offer a wide range of bene�ts to 

the plant. Ants may increase dispersal distance by moving diaspores 

away from the parent plant, move them from other competitors 

and predators, and transport them to sites favourable for germi-

nation (Andersen 1988, Bond et  al. 1991, Espadaler and Gomes 

1996, Canner 2012). Within the ant nest, seeds may be protected 

from �re and seed predators (Handel and Beattie 1990, Bond et al. 

1991, Ohkawara et al. 1996, Gorb and Gorb 2003). The bene�ts 

for the ant include the presence of four essential fatty acids, amino 

acids, and sterols in the elaiosomes (Gammans et  al. 2005, 2006; 

Reifenrath et al. 2012), especially the nitrogen rich amino acid his-

tidine (Fischer et al. 2008). However, the composition of the amino 

acids and fatty acids can impact seed removal preference by different 

ant species (Reifenrath et al. 2012). Fischer et al. (2005) have shown 

that elaiosomes of Corydalis cava (L.) Schweigg. & Körte can be a 

major food source for larvae of Myrmica rubra (L.) providing work-

ers with 39% of their nitrogen and larvae with 61% of their nitro-

gen. Fokuhl et al. (2007) showed that M. rubra colonies provided 

with elaiosomes of Scilla bifolia L. and Corydalis cava contained 

signi�cantly more worker pupae than those colonies deprived of 

elaiosomes. It has also been demonstrated that Myrmica ruginodus 

Nylander ant colonies that feed on elaiosomes may increase larval 

production by 102% and larval weight by 48% (Gammans et  al. 

2005), and that Aphaenogaster rudis (Enzmann) colonies increase 
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gyne production to 62.5% of brood when fed elaiosomes compared 

to 25.9% in controls (Morales and Heithaus 1998). The proposed 

bene�ts to the ant and plant from this interaction have been well 

studied, yet the potential impact of an invasive ant species on a myr-

mecochorous system in the invaded range has received little atten-

tion, though hypotheses abound (Lach 2003).

Social insects are some of the most successful invasive species and 

ants are among one of the most damaging invaders of terrestrial hab-

itats (Holway et al. 2002, Ness et al. 2004, Pimentel et al. 2005). The 

most studied invasive ants include the southern imported �re ant, 

Solenopsis invicta Buren, and the Argentine ant, Linepithema humile 

Mayr. Both are native to South and Central America and have been 

introduced into Europe, Australia, Africa, and the United States 

(Holway et al. 2002, Silverman and Brightwell 2008, Ascunce et al. 

2011). These introduced species have considerable negative impacts 

on their invaded communities through direct competition and pre-

dation on native species. This has led to the disruption of ecological 

processes including ant–plant mutualisms (Bond and Slingsby 1984, 

Zettler et al. 2001, Ness et al. 2004, Rodriguez-Cabal et al. 2012).

Bond & Slingsby (1984) found that Argentine ants, L. humilis, 

in Cape Fynbos, South Africa, were better competitors than native 

ants. The native ants act as mutualists, whereas the Argentine ant 

does not. They remove the elaiosome, but leave the seed on the soil 

surface so it is available to seed predators and not protected from 

�re. The authors suggest that the Argentine ant invasion could lead 

to a species composition shift of the plant community and that loss 

of plant species may occur over time. Christian (2001) found sim-

ilar results with regards to the Argentine ant invading other South 

African shrublands. Zettler et al. (2001) conducted experiments on 

diaspore dispersal by the invasive ant, S.  invicta, with several dif-

ferent myrmecochorous plant species. These invasive ants rapidly 

collected the diaspores and dispersed them, but a high percentage 

of seeds were destroyed in the process, therefore having a negative 

effect on the plant species. Other studies have shown that different 

species of ants will differentially disperse plants diaspores (Boulay 

et al. 2007, Gove et al. 2007, Ohnishi et al. 2008, Aran et al. 2010, 

Castro et al. 2010), so a shift in the ant community could result in a 

shift in diaspores dispersal and possibly shifts in the plant commu-

nity. The invasive ant Brachyponera chinensis (Emery) resulted in a 

reduction in the native seed-dispersing ant Aphaenogaster rudis, but 

did not take over the diaspore-dispensing role in its invaded range 

that ultimately led to a shift in the plant assemblage (Rodriguez-

Cabal et al. 2012, Warren et al. 2015).

Introduced populations of the European red ant, M. rubra, have 

become invasive in parts of the northeastern United States and east-

ern Canada (Groden et  al. 2005, Wetterer and Radchenko 2010). 

This ant species was �rst reported in North America by Wheeler 

(1908), who described an established population in Forest Hills, 

Massachusetts. Nest and foraging densities of M. rubra have been 

observed to be much greater in its introduced range than in their 

native European range (Groden et  al. 2005). M.  rubra has dra-

matically decreased the native ant populations in invaded habitats 

(Groden et al. 2005, Garnas 2005, Garnas et al. 2014, Naumann 

and Higgins 2015), increased abundance of Homoptera sap feed-

ing herbivores (McPhee et al. 2012), and negatively impacted other 

insect abundance (Naumann and Higgins 2015, Verble-Pearson and 

Person 2016). Previous studies have shown that M. rubra has differ-

ent diaspore handling techniques than other competing ant species. 

Seeds taken by M. rubra spend less time in nests compared to nests of 

their native counterparts, Lasius niger (L.) and Aphaenogaster rudis 

(Servigne 2010, Prior et al. 2014).

As a large proportion of the native herbaceous �ora in the north-

eastern United States is myrmecochorous, the invasion by a European 

ant that results in displacement and elimination of the native ant 

fauna, begs the question: Does M. rubra have the potential to disrupt 

native plant population growth? The objective of this study was to 

assess the dynamics of ant mediated diaspore dispersal when native 

myrmechocorous ant species are suppressed or replaced by an inva-

sive ant species. We addressed three of the following questions: 1) Is 

M. rubra attracted to native diaspores in the invaded range; 2) How 

do they process and discard the seeds compared to native ant species; 

and 3) Will seed predation by rodents, birds and other invertebrates 

be different in areas invaded by M. rubra compared to noninvaded 

sites occupied by native ants?

Materials and Methods

Diaspore Collection and Storage

All of the diaspores (seeds with associated elaiosomes) used in our 

laboratory and �eld assays were collected when fruits ripened and 

they became available for ant foraging in Orono (Penobscot County) 

and Mt. Desert Island (Hancock County), Maine. Diaspores were 

stored in sealed plastic bags in the refrigerator at 4°C for 2–8 mo 

until needed for experiments. Diaspores were allowed to acclimate 

to experimental conditions prior to set up. In addition, 15–25 dias-

pores for each test species were measured individually (length, accur-

acy = 0.1 mm; under a dissecting microscope at 40× with a reticle 

objective lens) and weighed in replicate sets of 20–50 diaspores 

on a balance and then individual mass was calculated (mg, accur-

acy = 0.1) Then diaspores were separated into seeds and their asso-

ciated elaiosomes and individual parts were measured and weighed 

to quantify potential likelihood of detection (length) and resource 

(elaiosome wgt) for ant foragers (balance manufacturer and model: 

Ohaus, Explorer).

Laboratory Choice Assays

We designed three laboratory choice behavioral assays to determine 

the preference of M. rubra and native ant species for locally com-

mon seeds that possess elaiosomes. Diaspores of six native and one 

invasive plant species were collected from multiple sites throughout 

central Maine during the spring and summer of 2005. The diaspores 

collected were: sessile bellwort (Uvularia sessilifolia L.), rock har-

lequin (Corydalis sempervirens (L.)), common blue violet (Viola 

sororia Willd.), wood rush or luzula (Luzula multi�ora (Ehrh.) 

Lejeune), bloodroot (Sanguinaria canadensis L.), longstalk sedge 

(Carex pedunculata Muhl.), and Canada thistle (Cirsium arvense 

(L.)). All diaspores were stored in paper bags at 4°C until used in 

experiments.

Experiments were conducted using M.  rubra and �ve native 

ant species that are common in the Acadian forest ecosystem of 

Maine and known to forage for diaspores (Frank Drummond, per-

sonal observation). The Acadian forest ecosystem is a temperate 

ecoregion comprised of a combination of northern hardwood and 

boreal forest tree species that includes a variety of habitats on the 

hilly and mountainous terrain of New England in the Northeastern 

United States and Quebec and the Maritime provinces of Canada 

(Simpson 2015). Ant colonies were collected with an aspirator dur-

ing the summer of 2005, either on Mt. Desert Island (Hancock Co., 

Maine) or at the University of Maine (Orono, Penobscot Co., Maine, 

44°54′14′′N, 68° 40′21′′W). Six arti�cial nests of each ant species 

derived from individual colonies separated in distance by a mini-

mum of 50–100 m, were constructed containing 50 workers and 20 
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larvae. These colony fragments were placed into plastic nest boxes, 

22 × 22 × 10 cm. Twelve to �fteen additional larvae were added to 

the nests to stimulate workers to forage for food at the beginning of 

each trial. Each nest box was attached to a smaller ‘foraging arena’, 

7 × 7 × 4 cm, by a 20 cm long Tygon tube. All colony fragments 

were fed and watered each week with a standard diet of white sugar 

and Drosophila melanogaster L. larvae placed into the foraging box 

(Brian and Abbot 1977, Elmes et al. 2004, Gammans et al. 2005, 

2006). All colony fragments experienced high brood and worker sur-

vival during the experiment such that only a few individual cadavers 

(<10) were observed in the middens.

Colony fragments were allowed to habituate for 1 wk prior to 

the start of laboratory assays. Nests were selected randomly for 

each assay trial. When assays were not being conducted, the ants 

were allowed to roam freely between the nest box and foraging 

arenas. Prior to each assay, food was removed from the foraging 

arena, and the arena was cleaned with water to remove food resi-

due and residual pheromone trails. Ants within the foraging arena 

were also removed except for a randomly chosen ‘focus’ ant that was 

allowed to settle while the foraging tube was closed. If the focus ant 

attempted to leave the foraging arena the foraging tube was opened 

and remained so until a new ant entered under its own volition. If no 

ant was present in the foraging box at the start of the experiment, the 

tube was left open until an ant entered. This procedure minimized 

disturbance and ensured that the workers observed were active for-

agers. Assays were conducted for 30 min.

Three different replicated experiments were conducted between 

August and September of 2005. The reason for three experiments is 

that the availability of diaspores and ant species varied over the dur-

ation of our study. Either three diaspores of sessile bellwort, Canada 

thistle, common blue violet, and woodrush (experiment 1) or three 

diaspores of bloodroot, woodrush, longstalk sedge and Canada this-

tle (experiment 2) were placed into the foraging arena and presented 

to the native ants: Myrmica detritinodis Emery, Crematogaster cer-

asi Emery, or M. rubra. A third experiment was conducted with the 

same diaspore species as experiment 1 (sessile bellwort, Canada 

thistle, common blue violet, and woodrush), but with three differ-

ent species of native ant: Formica argentea Wheeler (fusca group), 

Lasius alienus (Foerster), and Leptothorax longispinosus Mayr, and 

M. rubra for comparison. For all experiments, all diaspores assayed 

were placed in the foraging arenas simultaneously at the start of 

each experiment in a randomized order using sterile soft-forceps 

(sterilized with �ame from an alcohol lamp). During the assays, the 

duration (seconds) and frequency (number of events) that the ants 

antennated diaspores, moved diaspores to the nest, and chewed the 

elaiosome was recorded by stopwatch or counted. Chewing/biting 

the elaiosome was de�ned as the ant chewing/biting the seed/elaio-

some with its mandibles. This was recorded as a measure of attrac-

tion towards the diaspores by the different ant species. Observations 

were made for 30 min after diaspores were deployed in the foraging 

arenas and then were left in the ant foraging and nest arenas for 2 d 

to determine diaspore fate.

In all of the laboratory assays, after each trial was completed, 

diaspore condition was visually inspected under magni�cation with 

a dissecting microscope for cracks in the seed coat and other signs 

of damage. Each experiment was analyzed separately. Data from 

the laboratory assays were analyzed by ANOVA using a split-plot 

design (JMP 2007). The unit of replication (a block factor) for all 

experiments was a 30-min period of observation in which a different 

colony fragment from a unique colony of each species was observed 

simultaneously by a laboratory researcher. Each colony was observed 

only once. There were six replicate blocks in experiments 1 and 2 

and three replicate blocks in experiment 3. Main treatment effects 

were ant species. Ant species crossed with bioassay period was the 

random effect used to test ‘ant species’. The ‘diaspore species’ effect 

was the split-plot factor. The interaction between ant species and 

diaspore species was tested by the residual mean square. Data were 

square root transformed to meet the assumptions of analysis of vari-

ance. Ordinal logistic regression was used to test the number of seed 

moves for each diaspore species by ant species since the data could 

not be normalized (JMP 2007).

The frequency of ant attraction, antennation and chewing, to dia-

spore and elaiosome length and mass was assessed with a linear model 

(attraction  =  experiment + diaspora or elaiosome length or mass). 

This was conducted for both native ants together and M. rubra.

Field Diaspore Removal Assays

Field experiments designed to assess diaspore removal rates and the 

distances that diaspores are dispersed by M. rubra and several com-

mon native ant species in the Maine Acadian Forest habitat were 

conducted at sites with native ants and M. rubra invaded sites on 

Mount Desert Island in August and September, 2005 and 2006.

Field experiments were conducted to determine the rate at which 

seven diaspore species: sessile bellwort, common blue violet, Canada 

thistle, longstalked sedge, rock harlequin, wood rush, and bloodroot 

were removed by M. rubra and two common native ant species of 

similar size: M. detritinodis and C. cerasi. Additional objectives were 

to determine the distance and the �nal location of the seed once the 

elaiosome had been removed. Each experiment was conducted at 

three native ant sites and three M. rubra invaded sites. These sites 

were embedded in an Acadian mixed hardwood/softwood forest 

(see following paragraph for representative plant communities). 

The native sites were: Bear Brook (44°21′ 44′′N, 68°11′49′′W), 

Thompson Island (44°25′32′′N, 68°21′75′′W) and Sierre de Mont 

(44°21′47′′N, 68°12′34′′W) and three M. rubra invaded sites: Wood 

Chip (44°22′33′′N, 68°15′31′′W), Old Farm Road (44°22′36′′N, 

68°11′44′′W) and Bear Brook (44°21′42′′N, 68°11′52′′W).

To determine diaspore removal rates by M. rubra and native ants, 

glass plates were placed onto shaded areas of high ant activity. Two 

experiments were conducted with seven diaspore species in total. 

Each plate had either three diaspores of Uvularia sessilifolia, Viola 

sororia, and Cirsium arvense (experiment 1) or three diaspores of 

Carex pedunculata, Corydalis sempervirens, Luzula multi�ora, and 

Sanguinaria Canadensis (experiment 2). A  stopwatch was started 

once all diaspores were added and the plate watched for 10 min. Ant 

species removing diaspores over this time were noted. Experiments 

were conducted during 20–31 August and 1–7 September 2005, 

respectively; for experiments 1 and 2.  Ordinal logistic regression 

was used to test for differences in removal rates by ants for various 

offered diaspore species and the interaction between ant and dia-

spore species (Hosmer and Lemeshow 2000, JMP 2007).

To compare diaspore dispersal distances by M. rubra with native 

ant species, diaspore of Viola sororia were placed into areas of high 

ant activity. When a diaspore was picked up and carried by an ant 

it was followed until the diaspore was brought into the nest. The 

distance carried was then measured with a metric measuring tape. 

Ant tracking was conducted at various times of the day, but during 

normal hours of activity. Experiments were conducted during 25–30 

September 2006. A t-test (Zar 1984, JMP 2007) was used to com-

pare square root transformed diaspore dispersal distances observed 

in native ant habitats and invaded habitats.

To determine the �nal position of diaspores once ants had 

taken them to the nest and removed the elaiosomes, three M. rubra, 
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M. detritinodis, and C. cerasi �eld colonies were located by baiting 

with cookie crumbs. To do this, we laid down trails of crumbs (3–4 

m in length) starting from the locations that diaspores were set out 

on the glass plates along cardinal direction vectors. Then we watched 

foraging ants pick up the crumbs and followed them back to their 

nests. After nests were located, ten Viola sororia diaspores painted 

with yellow acrylic paint were placed adjacent to the nest entrance. 

The midden piles and surroundings of the nests were searched after 

1, 7, and 10 d for any marked diaspores or seeds. Experiments were 

conducted during 25–30 September 2006.

Comparative Predation Experiments

Field experiments were carried out in September 2005 and 

September 2006 to investigate diaspore removal by invertebrates 

and vertebrates in M. rubra and native ant sites. Field studies were 

conducted on Mount Desert Island, Hancock Co. (44°22′11′′N, 

68°18′52′′W). This geographoic region represents one of the earlier 

invasions in Maine, with documented presence of M. rubra in the 

1960’s (Groden et al. 2005). Three sites were used in this study. The 

sites were the same for both years. In 2005, at each site only invaded 

areas were used in the experiment. In 2006, at each site one locale 

with only native ants present was paired with one invaded locale 

with M. rubra present and associated with an absence of native ant 

fauna. The paired locales within sites were matched such that soils, 

elevation, and plant communities were similar. One site (Old Farm 

Road) was adjacent to the NE coast of the island (44°22′36′′N, 

68°11′44′′W). Both paired locales (invaded and native) had a pre-

dominately deciduous forest landscape of oak (Quercus rubra 

L.), cherry (Prunus serotina Ehrh.), alder (Alnus rugosa (Du Roi) 

Spreng.), white pine (Pinus strobes L.), and black spruce (Picea 

mariana (Mill.) B.S.P.). A second site chosen was Bear Brook, in the 

interior of the island (44°21′42′′N, 68°11′52′′W). In the M. rubra 

invaded area, the predominant vegetation is alder (Alnus rugosa 

(Du Roi) Spreng.), viburnum (Viburnum spp.), paper (Betula papy-

rifera Marsh) and gray birch (Betula populifera Marsh), and black 

spruce (Picea mariana (Mill.) B.S.P.), and white pine (Pinus strobes 

L.). In the native ant locale within the second site, there is alder 

(Alnus rugosa (Du Roi) Spreng.), viburnum (Viburnum spp.), pin 

cherry (Prunus pensylvanica L. f.), meadow sweet (Spiraea spp.), and 

gray birch (Betula populifera Marsh). The third site was on the N 

side of the island, near the Acadia National Park Visitor’s Center 

(44°24′37′′N, 68°15′ 17′′W). This native ant habitat was charac-

terized by alder (Alnus rugosa (Du Roi) Spreng.), gray birch (Betula 

populifera Marsh), and meadowsweet (Spiraea alba Du Roi). The 

invaded habitat was predominately alder (Alnus rugosa (Du Roi) 

Spreng.), meadowsweet (Spiraea alba Du Roi), white ash (Fraxinus 

americana L.), and Japanese barberry (Berberis thunbergii DC).

The three diaspore species in each year were deployed in each 

of four (2005) or three (2006) exclosure treatments. In 2005, one 

exclosure, referred to as the ‘vertebrate’ treatment, excluded ants 

and other invertebrates, but allowed access to birds and rodents. 

A  plant pot saucer 8  cm wide and 1  cm deep was �xed to the 

top of wooden stake of 1  cm diameter. The bottom of the saucer 

and the wooden stake were coated in a nondrying sticky coating 

(Tanglefoot), greatly reducing access to ants and other invertebrates. 

We acknowledge that a few insects could blow into the saucer, but 

we assumed that this number of insects would not appreciably affect 

our results. A  stake was hammered into the ground so the saucer 

rested 4 cm above the soil surface. A second exclosure, referred to 

as the ‘small invertebrate’ treatment, excluded birds and rodents, 

allowed access to ants and other small invertebrates, but excluded 

large invertebrates such as Harpalus ru�pes (Degeer), a common 

seed predating carabid beetle in Maine (Zhang et  al. 1997). Wire 

mesh size of 0.32 cm2 was formed into cylinders with a diameter 

of 11 cm and 18 cm in height, and a mesh lid was placed on top. 

The open bottoms of the mesh cylinders were dug into the ground 

such that they covered an 8 cm diameter plant pot saucer. A third 

exclosure treatment, referred to as the ‘large invertebrate’ treatment, 

excluded birds and rodents, but allowed access to ants and all other 

invertebrates. Wire mesh of 1.27 cm square width was formed into 

cylinders with a diameter of 11 cm and 18 cm in height and a mesh 

lid was placed on top. The cylinder was similarly dug into the ground 

over an 8 cm diameter plant pot saucer as for the ‘small invertebrate’ 

treatment. The fourth treatment, referred to as the ‘all’ treatment or 

positive ‘control’, allowed free access to all seed predator species and 

comprised a plant pot saucer 8 cm in diameter and 1 cm deep placed 

directly onto the ground. In 2005, 20 diaspores each of bloodroot, 

wood rush, and blue violet were placed into each exclosure type. In 

2006, three exclosure treatments were deployed: 1) control or all, 

2)  small invertebrate, and 3) vertebrate, and 15 diaspores each of 

bellwort, blue violet and wood rush were placed into each exclosure 

type. In both years, the numbers removed were recorded after 24 h.

A split-plot ANOVA (Milliken and Johnson 1984, JMP 2007) for 

was used in the 2005 experiment (three blocks, but four replicates of 

treatments within blocks) to test for the signi�cance of the following 

effects within invaded habitats: exclosure treatment (main plot treat-

ment) and diaspore species type (split-plot treatment); and the two-

way interaction. In 2006, a split-split-plot ANOVA (Milliken and 

Johnson 1984, JMP 2007) was used to test for the signi�cance of the 

following effects (three blocks, but four replicate treatments in each 

block): invaded versus noninvaded habitats (main plot treatments), 

exclosure treatment (split-plot treatments), and diaspore species type 

(split-split-plot treatments); and all two-way and three-way interac-

tions. In both analyses, the dependent variable, proportion of dias-

pores taken from the feeding platforms, was transformed with the 

arcsine square root of the proportion (Zar 1984). A generalized lin-

ear mixed model was not used because of the complex nested design 

and the simpler approach with �xed effects ANOVA, as suggested by 

Murtaugh (2007).

Results

Diaspore Resource

The size and mass of diaspores and elaiosomes that we used in 

our experiments are listed in Table 1. Diaspore length has a range 

of almost 3.5× (1.1 to 3.8  mm), while diaspore and elaiosome 

masses have ranges of 55 and 23 times, respectively (0.3–15.0 and 

0.1–2.3 mg).

Laboratory Choice Assays

Antennation of diaspores and subsequent chewing of elaiosomes 

were highly correlated in experiment 1 (r  =  +0.738, P  <  0.0001) 

and experiment 2 (r = +0.938, P < 0.0001) for the three ant species. 

Therefore, the frequencies and durations of antennation and chew-

ing were summed into a single index of preference for analysis.

In experiment 1, where four diaspore species (sessile bellwort, 

wood rush, Canada thistle, and blue violet) were presented to three 

ant species (M.  rubra, M.  detritinodis, and C.  cerasi), differences 

in diaspore handling were observed between plant species, but not 

between ant species. There were no signi�cant differences in the fre-

quencies or durations of the combined measure of antennation and 

chewing by the three ant species (P > 0.05). However, there was 

a signi�cant difference (Fig. 1) in diaspore antennation and chew-

ing frequency (F
(3,45)

  =  15.453 P  <  0.0001) and chewing duration 
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(F
(3,45)

 = 129.879, P < 0.0001) due to diaspore species. Ants exhib-

ited a higher rate of behavioral response (frequency and duration) 

to bellwort than the other three diaspore species (Tukey multiple 

comparison test, P < 0.05). There was no signi�cant interaction in 

antennation and chewing frequency or duration measures between 

ant species and diaspore species (P = 0.101, P = 0.123, respectively). 

There was also no signi�cant relationship between ant species, dia-

spore species or their interaction on attempts to move diaspores to 

the nest by ants (P > 0.05).

In experiment 2, where four diaspore species (bloodroot, wood 

rush, longstem sedge, and Canada thistle) were tested with the same 

three ant species included in experiment 1, similar responses were 

observed. There were no signi�cant differences in the frequency 

of antennation and chewing of diaspores by the three ant species 

(P = 0.07), however, in this experiment, there was a signi�cant dif-

ference in ant species for duration (F
(2,10)

 = 4.573, P = 0.038). There 

were signi�cant differences in antennation and chewing frequency 

and duration due to diaspore species (F
(3,45)

 = 40.212, P < 0.0001, 

F
(3,45)

  = 47.522, P  < 0.0001; frequency and duration, respectively) 

and the interaction of ant species and diaspore species (F
(6,45)

 = 4.004, 

P = 0.003, F
(6,45)

 = 6.821, P < 0.0001; frequency and duration, respec-

tively). Figure 2A and B demonstrates that the interaction between 

ant and diaspore species for both frequency and duration of anten-

nation and chewing can be explained by a more pronounced pref-

erence for bloodroot diaspores over the other three diaspore species 

by M. rubra (ca. 2.75× and 6×, frequency and duration, respectively) 

compared to the native ant species (1.7–2× and 3×, frequency and 

duration, respectively).

There was also a signi�cant difference in attempts to move 

diaspores into the nest due to diaspore species (χ2 = 12.234, df = 3, 

P = 0.007), but not due to ant species (P > 0.05) or the interaction 

between ant species and diaspore species (P > 0.05). The proportion 

of diaspores that ants attempted to move to the nest were 50% for 

bloodroot, 16.7% for wood rush, 11.1% for thistle, and 5.6% for 

longstem sedge. Therefore, the attempt to move a diaspore to the 

nest appeared to be correlated with preference as re�ected by anten-

nating and chewing and diaspore size.

In experiment 3, with four diaspore species and four ant species, 

there was a signi�cant difference in antennation and chewing fre-

quency (square root transformed) between ant species (F
(3,6)

 = 5.253, 

P  =  0.041), and a signi�cant interaction between ant species and 

diaspore species (F
(9,24)

 = 3.628, P = 0.006). Formica argentea and 

L. alienus exhibited little preference for any of the diaspore species, 

whereas, L.  longispinosus tended to prefer bellwort and M. rubra 

preferred violet (Fig. 3A). This preference of M. rubra in experiment 

3 is in contrast to experiment 2 where M. rubra preferred bloodroot, 

although violet was not a diaspore species choice in that experiment. 

When duration (square root transformed) of antennation and chew-

ing is considered, diaspore species was signi�cant (F
(3,24)

  =  2.949, 

P = 0.053). Bellwort appeared the most preferred diaspore species 

and wood rush appeared to be the least preferred, independent of 

ant species (Fig. 3B). There was no signi�cant relationship between 

movement of diaspores to the nest and ant species or diaspore spe-

cies (P > 0.05).

Inspection of seeds for damage after each experiment showed 

no signs of cracked or damaged seed coats in any of the diaspore 

species, except for wood rush (the smallest of the diaspores species, 

Fig.  3A and B). We found �ve wood rush seeds with elaiosomes 

Table 1. Length and mass of diaspores and elaiosomes in study

Diaspore Diaspore Elaiosome Elaiosome

Species Mass (mg) Length (mm)a Mass (mg) Length (mm)a

Bellwortb Uvularia sessilifolia 15.0 ± 1.51 3.2 ± 0.07 1.6 ± 0.13 4.9 ± 0.11

Bloodroot Sanguinaria canadensis 11.6 ± 0.41 2.3 ± 0.36 1.5 + 0.02 3.8 ± 0.94

Canada thistlec Cirsium arvense 2.9 ± 0.07 3.8 ± 0.03 0.1 ± 0.07 0.5 ± 0.01

Common blue violet

Viola sororia

0.9 ± 0.11 1.9 + 0.03 0.2 ± 0.06 1.1 ± 0.04

Longstalk sedge Carex pedunculata 0.3 ± 0.02 1.2 ± 0.03 0.1 ± 0.03 0.2 ± 0.08

Rock harlequinb Corydalis sempervirens 12.1 ± 0.21 1.6 ± 0.1 2.3 ± 0.32 1.4 ± 0.10

Wood rush Luzula multi�ora 0.6 ± 0.08 1.1 ± 0.02 0.2 ± 0.04 0.4 ± 0.01

aDiaspores and elaiosomes varied in shape, length represents longest dimension.
bSpherical diaspores, length represents diameter.
cExotic species.

Fig. 1. The square root transformed frequency (shaded bars) and duration 

(black bars) of diaspore investigation (antennation) and chewing by three 

ant species for four plant species in the laboratory. Small letters denote 

differences in frequency and the capital letters denote differences in duration 

among the diaspore species when pooled over the three ant species (both 

ant and ant × diaspore species interaction, P > 0.05). Different letters 

associated with bars in each figure are significantly different (Tukey multiple 

comparisons, P < 0.05), lowercase letters for frequency and uppercase letters 

for duration. Diaspore species are ordered in the graph from smallest (left) 

to largest (right) in mass (mg). Error bars are standard errors of the mean.
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removed that were partially eaten and cracked. However, this dam-

age constituted less than 3.1% of the total diaspores handled by the 

ants. Based upon our laboratory assays, we investigated if anntena-

tion frequency by native ants and M. rubra were determined by dia-

spore or elaiosome length or mass. For native ants, only elaiosome 

length was related to the frequency of antennation (F
(1,8)

  = 9.539, 

P = 0.015, r2 = 0.406). Chewing frequency, but not antennation, in 

M. rubra was related to elaiosome length (F
(1,8)

 = 5.621, P = 0.045, 

r2  =  0.251). Elaiosome length and mass were highly correlated 

(r  = + 0.739, P  = 0006) and diaspore mass was highly correlated 

to elaiosome length and mass (r = + 0.681, P < 0.0001; r = + 0.764, 

P < 0.0001, respectively). Thus, the larger the mass of the diaspore 

and/or elaiosome mass or length, the greater the handling (antenna-

tion/chewing) was of a diaspore. This appeared to be the case for 

both native ant species and M. rubra in our laboratory studies.

Field Seed Removal Assays

Diaspore removal during the 10 min observation interval was much 

greater by M. rubra compared to the native ant species (C. cerasi and 

M. detritonidis) for both experiments (χ2 = 11.839, df = 2, P = 0.003; 

χ
2 = 27.401, df = 2, P < 0.0001) (Fig. 4A and B). M. rubra consist-

ently removed all diaspore species at a greater rate than native ant 

species in both experiments. A diaspore species effect was also seen 

in the �eld experiment 1 (χ2 = 7.875, df = 3, P = 0.048) showing that 

Fig. 3. The square root transformed frequency (A) and duration (B) of antennation and chewing of diaspore species by four species of ants. The interaction 

between diaspore species and ant species is P = 0.006 for frequency and the diaspore species effect is P = 0.053 for duration. Different letters associated with 

bars in Fig. 3B are significantly different (Tukey multiple comparisons, P < 0.05). Diaspore species are ordered in the graph from smallest (left) to largest (right) 

in mass (mg).

Fig. 2. The square root transformed frequency (A) and duration (B) of antennation and chewing of diaspore species by three species of ants. The interaction 

between diaspore species and ant species is P = 0.003 and P < 0.0001, for frequency and duration, respectively. Diaspore species are ordered in the graph from 

smallest (left) to largest (right) in mass (mg). Error bars are standard errors of the mean.
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removal of bloodroot was greater than the other three diaspore spe-

cies, by all three species of ants. There was no ant species by diaspore 

species interaction (P > 0.05) for either �eld experiment.

M.  rubra were found to take violet diaspores longer distances 

than native ants (31.4 cm ± 4.2 (SE) compared to 12.2 cm ± 2.2; t
(0.05, 

21)
 = 3.66, P < 0.001). The median distance for M. rubra dispersal of 

all diaspores was 24 cm, the mean 31.4 cm, the minimum recorded 

distance was 5  cm, and the maximum distance was 110  cm. The 

median diaspore dispersal distance for native ants was 7  cm, the 

mean 12.2 cm, and the minimum and maximum distances were 3 and 

43 cm. The native ants recorded collecting diaspores were Formica 

subsericea, C. cerasi, and M. detritinotus. Marked (painted) violet 

diaspores placed adjacent to the nest entrances of these three ant spe-

cies were not found as seeds in the middens or in the surrounding 1 

m neighborhood of the nests. Therefore, it is assumed that the seeds 

remained within the nest, although we could have missed them.

Comparative Predation Experiments

A split-plot ANOVA for the 2005 �eld experiment revealed that 

exclosure treatment (F
(3,6)

 = 27.333, P = 0.0007) and diaspore species 

(F
(2,124)

 = 15.670, P < 0.0001) were signi�cant, but the interaction 

between exclosure and diaspore treatment was not (P > 0.05). More 

diaspores were taken from the control (no exclusion) than the other 

exclosure treatments (Fig. 5A). Wood rush diaspores were removed 

at a higher rate than violet diaspores (Fig. 5B).

A split-split-plot ANOVA for the 2006 experiment revealed 

the following factors to be signi�cant: ant invasion (F
(1,2)

 = 20.222, 

P  = 0.046), exclosure type (F
(2,8)

  = 28.159, P  = 0.0002), and seed 

Fig. 4. The number of diaspores removed over a 10-min period by an invasive ant M. rubra and two native ants M. detritinodis and C. cerasi on Mt Desert Island, 

ME in 2005 for experiment 1 (A) and experiment 2 (B). Different letters associated with bars in each figure are significantly different (ordinal logistic regression 

multiple comparisons, P < 0.05). Diaspore species are ordered in Fig. 4A and B, within groups of bars, from smallest (left) to largest (right) in mass (mg). Error 

bars are standard errors of the mean.

Fig. 5. The proportion of diaspores (arcsin transformed) removed over 24 h from M. rubra invaded sites in 2005. Different exclosures represent seed access to 

only small invertebrates (up to 0.32 cm in width), large invertebrates (up to 1.27 cm in width), vertebrates, or all fauna (A) and the proportion of seeds taken of 

the three seed species pooled across all exclosure treatments (B). Different letters associated with bars in each figure are significantly different (Tukey multiple 

comparisons, P < 0.05). Diaspore species is ordered in the Fig. 5B from smallest (left) to largest (right) in mass (mg). Error bars are standard errors of the mean.
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species (F
(2,24)

 = 5.062, P = 0.015). No two-way or three-way inter-

actions were signi�cant, although the exclosure × seed species inter-

action suggested a potential effect if the experiment had increased 

power (P  =  0.061). More seeds were removed in invaded areas 

than noninvaded areas (Fig. 6A). The control (no exclosure or ‘all’) 

treatment had more seeds removed than either the invertebrate or 

large animal exclosures (Fig. 6B) and violet seeds were removed at a 

higher rate than sessile bellwort seeds (Fig. 6C).

Discussion

What are the native plant community reproduction rami�cations 

of an ant invasion in north temperate North America? In the �eld, 

we found that diaspore dispersal distance of violet was signi�cantly 

greater when dispersed by M. rubra in comparison with the native 

ant species. Also again, in the �eld, M. rubra consistently removed a 

greater number of diaspores over an average 10-min period and over 

24 h. Diaspores also appeared to be cached in nests by both M. rubra 

and the native ant species. There was also no consistent difference in 

diaspore preference between M. rubra and the native ant species in 

both the laboratory and �eld assays. Laboratory experiment 2 was 

the one exception to this, but the interaction between ant species and 

diaspore species appeared to be due to an exceptional attraction of 

bloodroot to M. rubra. The lack of a consistent difference in ant pref-

erence for diaspore species implies that there may be no long-term 

effect on plant community composition due to M. rubra’s invasion. 

M. rubra’s higher removal rate of the diaspores in comparison to the 

native ant species that we observed in the �eld is most likely due to 

the high nest density and increased demand for food from crowding 

of M. rubra colonies (Groden et al. 2005, Garnas et al. 2007).

Previous studies have found invasive ants such as L. humile and 

S.  invicta to behave in different manners to the native ant species 

which results in a detrimental effect on native plant �tness (Bond 

and Slingsby 1984, Christian 2001, Zettler et al. 2001, Rowles 2009; 

although see Stuble et al. 2010), however the results shown in this 

paper suggest that some invasive ants may potentially have greater 

bene�ts for native plant species, as was also shown by Rowles 

(2009), for an Argentine ant invasion in southeastern Australia. 

Although not extensively tested, from our laboratory observations 

on seed coat appearance after encounters, we believe M. rubra does 

not signi�cantly affect seed germination. Seeds were consistently 

found with only the elaiosome removed and no visible damage to 

the seed in laboratory assays, except in one case with wood sedge.

Dispersal distance was greater by 40% when diaspores were dis-

persed by M. rubra compared to native ant-diaspore dispersal. This 

increases the likelihood of a given diaspore to be dispersed away from 

the parent plant and other competitors, and numerically responding 

seed predators. Although diaspores are taken only short distances by 

ants in comparison with wind or vertebrate dispersal (Höldobler and 

Wilson 1990, He 2009), this may be enough to reduce competition 

with the parent plant and siblings (Andersen 1988, Espadaler and 

Gómez 1996). Higher dispersal distances also increase the ability to 

colonize new habitats (Cain et al. 2000) and ant dispersal distances 

can be increased by habitat change such as �re (Parr 2007).

M.  rubra removed the diaspores at a signi�cantly greater rate 

when compared with native ant species in the �eld. This may poten-

tially reduce the risk of predation by seed eating large size inverte-

brates, rodents and birds. We found that on Mt. Desert Island, these 

seed predating taxa appear to contribute at least half of the seed 

removal, the other half by ants and other small invertebrates. A pos-

sible bene�t to the plant of diaspore dispersal by ants is suggested 

by the predator avoidance hypothesis; diaspores that are taken by 

mutualistic ants are removed to nests or midden piles where seed 

predators do not readily encounter them (Beattie 1985, Hanzawa 

et al. 1985, Fedriani et al. 2004). Seed predation is a key process 

for many plant species and can affect population size, persistence 

and spatial distribution, and the diversity and structure of plant 

communities (Da Silva and Tabarelli 2001, Fedriani et al. 2004). If 

diaspores are taken into an ant’s nest or buried under the soil sur-

face, they may gain protection from �re, as well as, protection from 

predators as shown by Ness (2008). Both the observed native ants 

and M. rubra did not take seeds to midden piles during the length of 

this study. Therefore, it is assumed that all species tested left seeds 

without the elaiosome within the nest, as seen in other ant-diaspore 

mutualisms (Bond et al. 1991, Westoby et al. 1992). Servigne and 

Detrain (2008), however, found that after 24 h, M. rubra pulled all 

seeds brought into the nest out to middens and at least half of those 

rejected seeds still had the elaiosome attached. It is possible given 

the high rate of diaspore removal in the 24 h comparative preda-

tion study, that some diaspores were removed from the nest as these 

authors suggest, but picked up and consumed by another seed preda-

tor. However, no evidence of this was observed. Servigne and Detrain 

(2008) also reported a ‘seed-size effect’. They found greater removal 

of smaller compared to larger diaspores, although they only tested 

two diaspore sizes. In the laboratory, we found that larger diaspores 

that possessed larger elaiosomes in length or mass were more highly 

Fig. 6. The proportion of seeds (arcsin transformed) removed over 24 h from both M. rubra invaded and noninvaded sites in 2006 (A). Different exclosures 

represent seed access to only small invertebrates (up to 0.32 cm in width), vertebrates, or all fauna (B) and the proportion of seeds taken of the three seed 

species pooled across both invasion habitats and all exclosure treatments (C). Different letters associated with bars in each figure are significantly different 

(Tukey multiple comparisons, P < 0.05). Diaspore species is ordered in Fig. 6C from smallest (left) to largest (right) in mass (mg). Error bars are standard errors 

of the mean.
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attractive as measured by antennation and chewing. This is a similar 

pattern reported by Mark and Olesen (1995). In fact, some believe 

that this relationship is consistent enough that it is ants that have 

created selection for large elaiosome size in diaspores (Edwards et al. 

2006). However, in the �eld, similar to Servigne and Detrain (2008), 

we found that a higher proportion of wood sedge (the smallest dia-

spore) was removed compared to bloodroot or bellwort (both large 

diaspores), but the intermediate size violet diaspore was taken at the 

lowest rate in the �rst experiment and the highest rate in the second 

experiment. Our data suggest that while size may play a role, elaio-

some quality might be more just as or more important, as suggested 

by Turner and Frederickson (2013).

Our results strongly suggest that the current M. rubra invasion 

of Maine Acadian Forest landscsapes may be resulting in a posi-

tive interaction with native and invasive (Canada thistle) myrme-

cochorous plants. However, see McPhee et al. (2012), in regards to 

potential plant stress due to M. rubra-aphid mutualism and result-

ing enhanced herbivory. Most importantly our laboratory and �eld 

bioassays demonstrated that M.  rubra was not selecting different 

seed species from the native ant species, implying that this ant’s 

invasion will have little long-term effect on the native plant com-

munity through differential seed dispersal. However, Bologna and 

Detrain (2015) have shown that M. rubra sharply decrease and then 

completely stop seed retrieval after only a few weeks. It is possi-

ble our study did not run long enough to capture this behavioral 

shift. If M. rubra collects seeds for shorter periods of time compared 

to native species, this could result in a shift in the plant commu-

nity. This shift could also be food resource dependent and might be 

determined by the availability and competition with other high-qual-

ity foods (Mayer et al. 2005). Ness (2009) showed that in eastern 

deciduous North American forests, Aphaenogaster spp. ants collect 

74 ± 26% of the native mymecochorous seeds. In those areas where 

M. rubra has invaded, native ant fauna have been almost eliminated 

(Groden et al. 2005, Garnas 2005, Garnas et al. 2014). Possibly, the 

competition for myrmecochorous seeds might play a role in the out-

come of the negative consequence of such an invasion that results in 

the decline of native ant biodiversity (Garnas et al. 2007).

Acknowledgments

We would like to thank Beth Choate, Katie McPhee, Carrie Graham, Judy 

Collins, Sara Hoffmann, and Erica Davis for their help with the �eld and lab-

oratory work. We also thank Elissa Ballman for helping with the literature 

search. We also thank Dr. Karsten Schonrogge and an anonymous reviewer 

for critically reviewing this manuscript. This study was supported by a U.S. 

Geological Survey/National Park Service grant (ACAD-00064) awarded to 

Drs. Groden and Drummond. It was also supported by Hatch project number 

ME0-21505 through the Maine Agricultural and Forest Experiment Station. 

This is Maine Agricultural Experiment Station Journal no. 3600. We dedicate 

this study to our good friend who passed recently, Dr. Graham Elmes.

References Cited

Anderson, A. N. 1988. Dispersal distance as a bene�t of myrmecochory. Oecol. 

75: 507–551.

Aran, X., J. Retana, A. Rodrigo, and X. Cerda. 2010. Foraging behaviour of 

harvesting ants determines seed removal and dispersal. Insect. Soc. 57: 

421–430.

Ascunce, M. S., C. C. Yang, J. Oakey, L. Calcaterra, W. J. Wu, C. J. Shih, J. 

Goudet, K. G. Ross, and D. Shoemaker. 2011. Global invasion history of 

the �re ant Solenopsis invicta. Science. 331: 1066–1068.

Beattie, A. J. 1985. Distribution of ant dispersed plants. Sonderbl. Naturwiss. 

Ver. Hamburg 7: 249–270.

Beattie, A. J., and D. C. Culver. 1981. The guild of myrmecochores in the her-

baceous �ora of West Virginia forests. Ecol. 62: 107–115.

Berg, R. Y. 1975. Myrmecochorous plants in Australia and their dispersal by 

ants. Austral. J. Bot. 23: 475–508.

Bond, W., and P.  Slingsby. 1984. Collapse of an ant-plant mutualism: the 

Argentine ant (Iridomyrmex humilis) and myrmecochorous Proteaceae. 

Ecol. 65:1031–1037.

Bond, W. J., R.  Yeaton, and W. D.  Stock. 1991. Myrmecochory in Cape 

Fynbos, pp. 448–462. In C. R. Huxley and D. F. Cutler (eds.), Ant plant 

interactions. Oxford Univ. Press, Oxford.

Boulay, R., J.  Coll-Toledano, A. J.  Manzaneda, and X.  Cerda. 2007. 

Geographic variations in seed dispersal by ants: are plant and seed traits 

decisive? Sci. of Nat. 94: 242–246.

Brian, M. V., and A. Abbot. 1977. The control of food �ow in a society of the 

ant Myrmica rubra L. Anim. Behav. 25: 1047–1055.

Bologna, A., and C. Detrain. 2015. Steep decline and cessation in seed disper-

sal by Myrmica rubra ants. PLos ONE. 10: 1–18.

Cain, M. L., B. G. Milligan, and A. E. Strand. 2000. Long-distance seed disper-

sal in plant populations. Am. j. Bot. 87: 1217–1227.

Canner, J. E. 2012. Redispersal of seeds by a keystone ant augments the spread 

of common wildl�owers. Acta Oecol. 40: 31–39.

Castro, S., P. Silveira, L. Navarro, X. Espadaler, V. Ferrero, and J. Loureiro. 

2010. Dispersal mechanisms of the narrow endemic Polygala vayredae: 

dispersal syndromes and spatio-temporal variations in ant dispersal 

assemblages. Plant Ecol. 207: 359–372.

Christian, C. E. 2001. Consequences of a biological invasion reveal the impor-

tance of mutualism for plant communities. Nature. 413: 635–639.

Da Silva, J.M.C., and M. Tabarelli. 2001. The future of the Atlantic forest in 

northeastern Brazil. Conserv. Biol. 15: 819–820.

Edwards, W., M. Dunlop, and L. Rodgerson. 2006. The evolution of rewards: 

seed dispersal, seed size, and elaiosome size. Ecol. 94: 687–694.

Elmes, G. W., J. C. Wardlaw, K. Schönrogge, J. A. Thomas, and R. T. Clarke. 

2004. Food stress causes differential survival of socially parasitic cater-

pillars of Maculinea rebeli integrated in colonies of host and non-host 

Myrmica ant species Entomol. Exper. Et Appl. 110: 53–63.

Espadaler, X., and C. Gomes. 1996. Seed production, predation, and dispersal 

in the Mediterranean myrmecochor Euphorbia characias (Euphorbiaceae). 

Ecogeogr. 19: 7–15.

Fedriani, J. M., P. J. Rey, J. L. Garrido, J. Guitián, C. M. Herrera, M. Medrano, 

A. M. Sánchez‐Lafuente, and X. Cerdá. 2004. Geographical variation in 

the potential of mice to constrain an ant‐seed dispersal mutualism. Oikos. 

105: 181–191.

Fischer, R. C., S. M.  Olzant, W.  Wanek, and V.  Mayer. 2005. The fate of 

Corydalis cava elaiosomes within an ant colony of Myrmica rubra: elaio-

somes are preferentially fed to larvae. Insect. Soc. 52: 55–62.

Fischer, R. C., V. Mayer, F. Hadacek, and A. Richter. 2008. Chemical differ-

ences between seeds and elaiosomes indicate an adaptation to nutritional 

needs of ants. Oecol. 155: 539–547.

Fokuhl, G., J. Heinze, and P. Poschlod. 2007. Colony growth in Myrmica rubra 

with supplementation of myrmecochorous seeds. Ecol. Res. 22: 845–847.

Gammans, N., J. M. Bullock, and K. Schönrogge. 2005. Ant bene�ts in a seed 

dispersal mutualism. Oecol. 146: 43–49.

Gammans, N., J. M. Bullock, H. Gibbons, and K. Schönrogge. 2006. Reaction 

of mutualistic and granivorous ants to Ulex Elaiosome chemicals. J. 

Chem. Ecol. 32: 1935–1947.

Garnas, J. 2005. European �re ants on Mount Desert Island, Maine: popu-

lation structure, mechanisms of competition and community impacts of 

Myrmica rubra L. (Hymenoptera: Formicidae). M.S. Thesis, Univ. Maine, 

Orono, ME. pp. 157.

Garnas, J. R., F.  A. Drummond, and E.  Groden. 2007. Intercolony aggres-

sion within and among local populations of the invasive ant, Myrmica 

rubra (Hymenoptera: Formicidae), in coastal Maine. Environ. Entomol. 

36: 105–113.

Garnas, J., E.  Groden, and F. A.  Drummond. 2014. Mechanisms of com-

petitive displacement of native ant fauna by invading Myrmica rubra 

(Hymenoptera: Formicidae) populations. Environ. Entomol. 43:1496–506.

Gomez, C., and X. Espadaler. 1998. Myrmecochorous dispersal distances: a 

world survey. J. BioGeog. 25: 573–580.

916 Environmental Entomology, 2018, Vol. 47, No. 4

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
e
/a

rtic
le

/4
7
/4

/9
0
8
/4

9
9
6
7
6
1
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



Gorb, E., and S. Gorb. 2003. Seed dispersal by ants in a deciduous forest eco-

system, pp. 225. Kluwer Acad. Publ., Dordrecht, The Netherlands.

Gove, A. D., R. E. Dunn, and J. D. Majer. 2007. A keystone ant species pro-

motes seed dispersal in a “diffuse” mutualism. Oecol. 153: 687–697.

Groden, E., F. A. Drummond, J. Garnas, and A. Franceour. 2005. Distribution 

of an invasive ant, Myrmica rubra (Hymenoptera: Formicidae), in Maine. 

J. Econ. Entomol. 98: 1774–1784.

Handel, S.N, and A.J.  Beattie. 1990. Seed dispersal by ants. Sci. Am. 263: 

76–83.

Handel, S. N., S. B. Fisch, and G. E. Schatz. 1981. Ants disperse a majority 

of herbs in a mesic forest community in New York State. Bull. Torr. Bot. 

Club. 108: 403–437.

Hanzawa, F. M., A. J.  Beattie, and A.  Holmes. 1985. Dual function of the 

elaiosome of Corydalis aurea (Fumariaceae): attraction of dispersal agents 

and repulsion of Peromyscus maniculatus, a seed predator. Am. J. Bot. 72: 

1707–1711.

He, T. 2009. Ants cannot account for interpopulation dispersal of the arillate 

pea, Daviesia tri�ora. New Phytol. 181: 725–733.

Höldobler, B., and E. O. Wilson. 1990. The ants, pp. 746. Harvard University 

Press, Cambridge, MA.

Holway, D. A., L.  Lach, A. V.  Suarez, N. D.  Tsutsui, and T. J.  Case. 2002. 

The causes and consequences of ant invasions. Ann. Rev.Ecol. Syst. 31: 

181–223.

Hosmer, D. W., and S. Lemeshow. 2000. Applied logistic regression, 2nd ed. 

Wiley, New York, NY.

Hughes, L., and M. Westoby. 1992. Fate of seeds adapted for dispersal by ants 

in Australian sclerophyl vegetation. Ecology. 73: 1285–1299.

JMP. 2007. JMP statistics and graphics guide, pp. 1035. SAS Institute Inc., 

Cary, NC.

Lach, L. 2003. Invasive ants: unwanted partners in ant-plant interactions? 

Ann. Missouri Bot. Garden 90: 91–108.

Lach, L., C. L.  Parr, and K. L.  Abott. 2010. Ant ecology, pp. 397. Oxford 

University Press, Oxford, UK.

Majer, J. D., P. Searle, C. Portlock, A. D. Gove, and S. Sochacki. 2011. A com-

parison of the autecology of two seed-taking ant genera, Rhytidoponera 

and Melophorus. Insect. Soc. 58: 115–125.

Mark, S., and J. M. Olesen. 1995. Importance of elaiosome size to removal of 

ant-dispersed seeds. Oecol. 107: 95–101.

Mayer, V., S. Ölzant, and R. C. Fischer. 2005. Myrmecochorous seed dispersal 

in temperate regions, pp. 175–196. In P. M. Forget, J. E. Lambert, P. E. 

Hulme, and S. B. Vander Wall (eds.), Seed fate: predation, dispersal, and 

seedling establishment. CABI Publ., Oxfordshire, UK, pp. 410.

McPhee, K., J. Garnas, F. Drummond, and E. Groden. 2012. Homopterans 

and the invasive European red ant, Myrmica rubra (L.). Environ. Entomol. 

41: 59–71.

Milliken, G. A., and D. E.  Johnson. 1984. Analysis of Messy Data 1. Van 

Nostrand Reinhold, New York, NY.

Morlaes, M. A., and E. R. Heithaus. 1998. Food from seed-dispersal mutual-

ism shifts sex ratios in colonies of the ant Aphaenogaster rudis. Ecol. 79: 

734–739.

Murtaugh, P. A. 2007. Simplicity and complexity in ecological data analysis. 

Ecol. 88: 56–62.

Naumann, K., and R. J. Higgins. 2015. The European �re ant (Hymenoptera: 

Formicidae) as an invasive species: impact on local ant species and other 

epigaeic arthropods. Can. Entomol. 147: 592–601.

Ness, J. H. 2008. Forest edges and landscape history shape interactions 

between plants, seed-dispersing ants and seed predators. Biol. Conserv. 

141: 838–847.

Ness, J. H. 2009. Uncommon specialization in a mutualism between a temper-

ate herbaceous plant guild and an ant: are Aphaenogaster ants keystone 

mutualists? Oecol. 118: 1793–1804.

Ness, J. H., J. L. Bronstein, A. N. Andersen, and J. N. Holland. 2004. Ant body 

size predicts dispersal distance of ant-adapted seeds: implications of small-

ant invasions. Ecol. 85: 1244–1250.

Ohkawara, K., S. Higashi, and M. Ohara. 1996. Effects of ants, ground beetles 

and the seed-fall patterns on myrmecochory of Erythronium japonicum 

Decne. (Liliaceae). Oecologia. 106: 500–506.

Ohnishi, Y., S. Teranishi, N. Katayama, and N. Suzuki. 2008. Seasonally differ-

ent modes of seed dispersal in the prostrate annual, Chamaesyce maculate 

(L.) small (Euphorbiaceae), with multiple overlapping generations. Ecol. 

Res. 23: 299–305.

Parr, C. L. 2007. Savanna �res increase rates and distances of seed dispersal by 

ants. Oecol. 151: 33–41.

Pimentel, D., R. Zuniga, and D. Morrison. 2005. Update on the environmental 

and economic costs associated with alien-invasive species in the United 

States. Ecol. Econ. 52: 273–288.

Prior, K. M., K. Saxena, M. E. Frederickson. 2014. Seed handling behaviors 

of native and invasive seed-dispersing ants differentially in�uence seedling 

emergence in an introduced plant. Ecol. Entomol. 39: 66–74.

Reifenrath, K., C. Becker, and H. J. Poethke. 2012. Diaspore trait preferences 

of dispersing ants. J. Chem. Ecol. 38: 1093–1104.

Rodriguez-Cabal, M. A., K. L.  Stuble, B.  Guenard, R. R.  Dunn, and N. 

J. Sanders. 2012. Disruption of ant-seed dispersal mutualisms by the inva-

sive Asian needle ant (Pachycondyla chinensis). Biol. Inv. 14: 557–565.

Rowles, A. D. 2009. New mutualism for old: indirect disruption and direct 

facilitation of seed dispersal following Argentine ant invasion. Oecol. 158: 

709–716.

Servigne, P. 2010. Opening myrmecochory’s black box: what happens inside 

the ant nest? Ecol. Res. 25: 663–672.

Servigne, P., and C. Detrain. 2008. Ant-seed interactions: combined effects of 

ant and plant species on seed removal patterns. Insect. Soc. 55: 220–230.

Silverman, J., and R. J.  Brightwell. 2008. The Argentine ant: challenges in 

managing an invasive unicolonial pest. Annu. Rev. Entomol. 53: 231–252.

Simpson, J. 2015. Restoring the Acadian forest 2nd edition: a guide to for-

est stewardship for woodlot owners in Eastern Canada, pp. 180. Nimbus 

Publ., Halifax, NS, Canada.

Stuble, K. L., L. K. Kirkman, and C. R. Carroll. 2010. Are red imported �re 

ants facilitators of native seed dispersal? Biol. Invas. 12: 1661–1669.

Turner, K. M., and M. E. Frederickson. 2013. Signals can trump rewards in 

attracting seed-dispersing ants. PLoS One. 8: e71871.

Verble-Pearson, R., and S. Pearson. 2016. European �re ant presence decreases 

native arboreal insect abundance in Acadia National Park, Maine, USA. 

Nat. Areas J. 36: 162–165.

Warren, R. J., and I. Giladi. 2014. Ant-mediated seed dispersal: a few ant spe-

cies (Hymenoptera: Formicidae) bene�t many plants. Myrmecol. News. 

20: 129–140.

Warren, R. J., A.  McMillan, and J. R.  King. 2015. Forest invader replaces 

predation but not dispersal services by a keystone species. Biol. Inv. 17: 

3153–3162.

Westoby, M., E. Jurado, and M. Leishman. 1992. Comparative evolutionary 

ecology of seed size. Trends Ecol. and Evol. 7: 368–372.

Wetterer, J. K., and A. G. Radchenko. 2010. Worldwide spread of the ruby ant, 

Myrmica rubra (Hymenoptera: Formicidae). Myrmecol. News. 14: 87–96. 

Wheeler, W. M. 1908. A European ant (Myrmica laevinodis) introduced into 

Massachusetts. J. Econ. Entomol. 1: 336–339.

Zar, J. H. 1984. Biostatistical analysis, 2nd ed. Prentice-Hall, Inc., New Jersey. 

pp. 718.

Zettler, J. A., T. P. Spira, and C. R. Allen. 2001. Ant-seed mutualisms: can �re 

ants sour the relationship? Biol. Conserv. 101: 249–253.

Zhang, J., F. A. Drummond, M. Liebman, and A. Hartke. 1997. Biology of 

Harpalus ru�pes DeGeer, an exotic ground beetle invading Maine and 

northeastern North America. Trends Entomol. 1: 63–70.

Environmental Entomology, 2018, Vol. 47, No. 4 917

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
e
/a

rtic
le

/4
7
/4

/9
0
8
/4

9
9
6
7
6
1
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2


