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Abstract

Myrmecochory is a common mutualism between ants and plants benefiting both partners: ants obtain a nutrient-rich food
source, while plants enjoy a host of benefits ranging from enhanced dispersal to protected germination sites. However, this
mutualism can be exploited by invasive myrmecochores, where native ants spread invasive plant seeds, possibly to the det-
riment of native plant assemblages. With the recent introduction of a potentially invasive myrmecochorous plant (Thesium
ramosum) in Alberta, Canada, we tested ant interest in 7. ramosum. To evaluate both general interest in 7. ramosum as a food
source, and preference for 7. ramosum over other food sources, we collected colonies of four commonly occurring native
Formica species and conducted seed removal trials and food preference trials. We then evaluated interest in and preference for
T. ramosum seeds through assessing mean rate of seed removal and food item removal, total number of seeds and food items
removed, and trends in seed and food item removal through time. We found that while all ant species tested showed interest
in T ramosum, interest level varied among species, and additional factors such as colony size and presence of host species in
socially parasitic species influenced interest in 7. ramosum. Considering native ant interest in 7. ramosum as a food source,
it seems plausible that Formica species may act as a dispersal vector for 7. ramosum, potentially enhancing its invasiveness.

Keywords Formicidae - Myrmecochory - Invasiveness - Mutualism - Thesium

Introduction

Myrmecochory, the ant-mediated dispersal of seeds, is a
diverse and globally important mutualism (Beattie 1985;
Holldobler and Wilson 1990; Richardson et al. 2000; Bron-
stein et al. 2006; Bascompte and Jordano 2007; del Toro
et al. 2012). Plants that have evolved myrmecochorous life
habits produce a nutrient-rich structure on their seeds, the
elaiosome, which acts as an attractant and reward for ants.
Ant workers harvest the seeds and carry them back to their
colonies, where the elaiosome is typically removed and fed
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to workers and larvae. The seed is discarded into waste struc-
tures known as middens, either inside or close by the nest,
where the nutrient-rich midden facilitates the germination
of the seeds (Beattie 1985; Holldobler and Wilson 1990).
Myrmecochory is ubiquitous globally; it is estimated to
have evolved over 100 times, and more than 11,000 species
of plants are myrmecochores (Lengyel et al. 2009, 2010).
Lineages that have evolved myrmecochory are more diverse
than lineages without (Lengyel et al. 2009), suggesting that
myrmecochory is both a powerful evolutionary adaptation
and a driver of increased diversification.

Elaiosomes are typically lipid- and protein-rich; both
lipids and proteins comprise an important part of ant diets
and influence the production of reproductive castes (Bono
and Heithaus 2002; Morales and Heithaus 1998; Clark and
King 2012). However, the exact nature of the benefits of
myrmecochory for plants are more complex and less clearly
defined. There are multiple theories: (i) ant-mediated dis-
persal limits parental competition with young plants, and
therefore increases the odds of newly germinated plants’
survival; (ii) ants remove seeds that would otherwise be
consumed wholesale by seed predators; (iii) seeds in ant
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mounds are more likely to survive fires than otherwise,
which may be an adaptation in drier habitats; (iv) ant-
mediated dispersal limits interspecific competition, as the
ants remove the seeds to areas with fewer plants; and (v)
ant mounds provide nutrient-rich microsites that facilitate
germination (Beattie 1985; Holldobler and Wilson 1990;
Giladi 2006). These hypotheses are not mutually exclusive
and evidence exists for multiple benefits. Xeric, dry habi-
tats where wildfire is common in Australia and southern
Africa support high biodiversity of myrmecochorous plants
(Berg 1975; Bond and Slingsby 1983; Boyd 2001). Seeds
germinate more rapidly and frequently in nutrient-rich ant
mound microhabitats (Berg-Binder and Suarez 2012; Prior
et al. 2014; Hanzawa et al. 1988; Gibson 1993); ants remove
seeds away from parental plants at varying distances, but
frequently far enough that they are not in competition with
their parents (Andersen 1998; Gémez and Espadaler 2013;
Higashi et al. 1989); and ant removal and burying of seeds
has been shown to limit seed predation by small vertebrates
(Smith et al. 1986, 1989; Higashi et al. 1989; Ohkawara and
Higashi 1994). Considered together, these benefits imply
that myrmecochory provides a significant advantage for
plants that evolve this particular adaptation.

While myrmecochory is widely distributed, there are
many areas where invasive myrmecochores have been
introduced into an ecosystem. There are at least 47 species
of introduced myrmecochores in the United States, with
undoubtedly more uncounted (Pemberton and Delilah 1990).
The effects of invasive plants on arthropod communities are
highly variable and complex, but there is some evidence
that invasive plants can negatively impact arthropod assem-
blages through competitive suppression of native plant spe-
cies used as food sources (Herrera and Dudley 2003; Gratton
and Denno 2006; Gerber et al. 2008). Conversely, invasive
myrmecochorous plants could provide a benefit for ants,
though they might damage other aspects of the ecosystem.

In the United States, native ants are known to forage
and transport seeds from a wide variety of invasive plants,
including Cirsium arvense and Centaurea maculosa (Alba-
Lynn and Henk 2010; Berg-Binder and Suarez 2012; Jensen
and Six 2006; Bossard 1991). In some circumstances, they
forage preferentially on the invasive plant’s seeds and ignore
native plants, which contingent on the dispersing ant could
enhance the invasive plant’s spread (Jensen and Six 2006;
Pearson et al. 2014). Such preferences may be due to a range
of reasons, such as the sudden increase or high abundance
of newly introduced plants, making them more easily acces-
sible and apparent (Prior et al. 2015). This dynamic may also
be enhanced by the character of the native ant assemblage;
seed-collecting ant species display a range of myrmeco-
chorous foraging behaviours, spanning collective harvesting
and caching in the nest to individual foragers who remove
the elaiosome and deposit seeds externally (Giladi 2006).
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This behavioural variation influences dispersal quality, with
caching behaviours associated with generally poor dispersal
ability and elaiosome removal and external displacement
associated with high dispersal quality (Giladi 2006). Domi-
nance hierarchies in ant communities may also influence
seed dispersal, with subordinate species typically display-
ing opportunistic individual foraging behaviour, perhaps
to expand the diversity of food sources or avoid competi-
tive interactions with other foragers (Ohkawara et al. 1996;
Giladi 2004). Behavioural variation may also be linked to
species trophic level: in a study on ant-seed interactions
examining native ants and both invasive and native plants,
the authors found that ant foraging type was a predictor of
ant-seed interactions, with seed predators correlating with
native plants and general omnivores correlating with inva-
sive plants (Pirk and Lopez de Casenave 2017). Larger ants
have also been recorded carrying a myrmecochorous plant’s
seeds back to their mounds while smaller ants stripped the
elaiosome from the seed in place (Bossard 1991; Passos and
Oliveira 2002). These findings suggest that an invasive myr-
mecochore’s dispersal ability to some extent rests upon the
ant species present.

Invasive myrmecochores benefit from these interac-
tions as well, with increased rates of germination and seed-
ling growth when associated with ants (Prior et al. 2014,
2015). In one study, invasive leafy spurge grew in greater
concentrations on and around seed-dispersing native For-
mica mounds when compared to areas >3 m away from the
mound, suggesting that the seeds were benefitting from the
nutrient-rich soil of the ant mounds (Berg-Binder and Suarez
2012). Ant-mediated dispersal of invasive plant seeds thus
has the potential to enhance invasive plant spread, and more
broadly, influence plant community dynamics in an area.

Considering the potential for ants to be significant dis-
persal vectors of invasive plants, we tested the preference
of native ant species for invasive plant seeds in a newly
emerged potential native ant-invasive plant mutualism in
Alberta, Canada. We asked the following questions (1)
do native ant species harvest Thesium ramosum seeds as
a food resource? (2) Is there a difference in preference for
T. ramosum seeds among ant species? (3) Do ant species
prefer T. ramosum seeds to other food resources present in
the park? To test these questions, we designed two sets of
experiments: (1) seed removal trials, in which laboratory
colonies of native ant species were offered 7. ramosum seeds
and their rate of harvest and removal was evaluated; and (2)
food preference trials, in which these colonies were offered
T. ramosum and other food items normally present in their
habitat and their preferences were evaluated.
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Methods
Study system

Thesium ramosum is an invasive plant native to south-
western Asia that was first noticed in the study site (Fish
Creek Provincial Park, Calgary, Alberta, Canada) in 2001,
which also marked its first recorded appearance in Canada
(Macdonald & Visser 2022). The genus Thesium, formerly
included in Sanatalacea, was placed in its own family The-
siacea by Nickrent et al. (2010) based on molecular and
morphological evidence. T. ramosum is a hemiparasitic
perennial herb which parasitizes other plant species using
root nodules to leach nutrients from its hosts (Hendrych
1972). In a study conducted on forty plant species present
in the park, T. ramosum was found to parasitize all of them
(pers. comm. McLean, work in preparation). The effect of
T. ramosum on the host plant is unknown, as is most of the
plant’s general biology, but the seeds of 7. ramosum bear
elaiosomes, suggesting that in its native range it is at least
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Fig.1 A Schematic of colony nest setup, indicating foraging arena
(small circles denote location of Rodac plates during experiments,
cylinders denote location of Falcon tubes filled with water); nest
structure (red rectangle denotes transparent red film over nest to ena-
ble visual monitoring of within-structure behaviour); and dimensions
of containers. B Schematic illustrating ant foraging behaviours meas-
ured in food item removal trials. Behaviours were assessed beginning
with antennation, where the worker taps her antennae over the food
item, to manipulation, where the worker manipulates the food item

partly reliant upon ants for dispersal (Fig. 1C). The plant
flowers and seeds from late May until frost (September or
October) in its introduced range in Canada (Macdonald
& Visser 2022) but this may differ from its flowering and
seeding period in its native range, which is unknown.
Alberta’s native ant fauna is dominated by several genera:
Formica, Lasius, Camponotus, and Myrmica (Glasier et al.
2013). These ant species are predominantly omnivorous
or generalist predators; overall, there are few specialized
granivorous ants in Canada and the northern United States
(Wheeler and Wheeler 1988a, b; Glasier et al. 2013, 2016).
However, Formica species opportunistically forage seeds
from both native and introduced myrmecochorous plants
(Berg-Binder and Suarez 2012; Jensen and Six 2006). In
this experiment, we selected four native Formica species:
F. podzolica, F. argentea, F. obscuriventris, and F. aserva
to evaluate consumption and dispersal of 7. ramosum seeds.
Selection of these species was based on field observations
of the species carrying 7. ramosum seeds, and the extreme
ecological dominance of these species in the park. Formica
species in general form large colonies, typically polydomous
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with her mandibles, to finally removal, where the worker removes the
food item to return to the colony. Arrows indicate the possible pro-
gression of each behavioural stage, where the worker may progress
to the next stage of foraging, or is insufficiently interested in the food
item and leaves it behind. C Thesium ramosum seeds showing white
elaiosome; middle seed with fully ripe elaiosome and left and right
seeds showing signs of desiccation. Each seed is~5-6 mm long.
Image by I.D. MacDonald, used with permission
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and polygynous, and are often numerically and ecologically
dominant where present (Debout et al. 2007; Romiguier
et al. 2018). F. aserva and F. obscuriventris are typically
larger-bodied though variable in body size, build thatched
dome-shaped mounds, and may be more aggressive; while F.
argentea and F. podzolica are smaller with minimal worker
size variation, build low and broad dirt mounds, and are
often less aggressive (Mackay and Mackay 2002).

Colonies were collected in early May through late June
2018. We collected four colonies per species for a total of
16 colonies. We only collected queens in four colonies, but
collected brood (larvae and pupae) in 11 colonies, and in
several colonies, winged reproductives were produced and
later enclosed. Colonies ranged from 500 to 1000 workers.
All lab colony details may be found in Table 1. In the labo-
ratory, each of the 16 colonies were kept in separate large
plastic 90 x40 x 15 cm high containers: 40 x40 cm of the
plastic container was filled with plaster-of-Paris molded into
a 4 x4 grid of nest chambers connected by channels, while
the remaining 50 X 40 cm of the container were left open
as a foraging arena (Fig. 1A). The foraging arena is within
the typical foraging range of Formica species, which does
not typically exceed more than a few metres (Traniello et al.
1991). Within the foraging arena space, four 15 mL Falcon
tubes were placed, two on each side, filled with water and
stoppered with cotton balls to provide a water source for the
colony. These tubes were kept full and replaced at regular
intervals throughout the experiments every 2—3 days. Trans-
parent red plastic film was used to cover the nesting cham-
bers to allow for observation while keeping the nest dark for
the colony. The container borders were coated with Fluon to
keep the colony contained, and a mesh net was additionally
placed over each container to prevent escapes. Each colony
was provided with a 100 mm diameter Petri dish of Bhat-
kar diet, an artificial diet enriched with sugars, vitamins,
and proteins, three times weekly (Bhatkar and Whitcomb
1970). Typically, F. obscuriventris recruited extremely
quickly to the food source during feeding times, while the
other three species foraged more sporadically. Colonies were
maintained at room temperature (20-23 °C) in the lab for
the duration of the experiments. At the completion of all
experiments, colonies were repatriated to the park at their
original locations.

Seed removal experiments

All T. ramosum seeds were collected from 7. ramosum plants
growing in Fish Creek Provincial Park and were immediately
frozen to preserve freshness. 7. ramosum produces seeds
beginning in late May and continues flowering and seed-
ing through the summer until frost occurs (under drought
conditions, however, flowering and seeding stops); we col-
lected all seeds in early July with experiments following in
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the weeks thereafter. Each seed was evaluated for the pres-
ence of an elaiosome; seeds without an elaiosome were not
harvested. The seeds were thawed immediately prior to the
experiments. Prior to 7. ramosum seed removal trials, the
colonies were starved for 48 h to encourage interest in forag-
ing, though water was continuously available.

We placed 20 T. ramosum seeds each in the bottoms of
four 65 mm diameter Rodac plates, spaced in an equidistant
line approximately 25 cm from the nest chamber openings
in the foraging arena. We observed the number of seeds
removed at timed intervals: 15 min after seeds were placed
in the foraging arena, 30 min, 1 h, 2 h, 3 h, 6 h, 24 h, and
48 h. After 48 h, the seeds were typically desiccated enough
that the workers no longer showed interest in them. Food
preference experiments were subsequently conducted; the
timeline varied, but usually were conducted within one week
after the seed removal experiments.

Food preference experiments

We compared colony preference among four different
food sources: seeds from 7. ramosum, Agropyron cris-
tatum (crested wheatgrass), Thlaspi arvense (stinkweed),
and mealworms, the larval form of Tenebrio molitor. Both
crested wheatgrass and stinkweed are prolific in Fish Creek
Provincial Park and are probably known to the colonies
collected. While they are both non-native plants, they have
been present in the area for many decades and so have been
assimilated into the local ecosystem. These plants were
selected based on initial preference trials where we offered
F. obscuriventris a spread of different plant seeds growing
in the park; they typically preferred the crested wheatgrass
and stinkweed to other plants. Neither plant’s seeds bear
elaiosomes, though elaiosome-bearing seeds from other spe-
cies were offered as part of the trials.

As in the seed removal trials, all seeds of all plants were
collected in Fish Creek Provincial Park and were immedi-
ately frozen to preserve freshness, then thawed immediately
prior to the experiments. Mealworms were purchased from
local pet stores and immediately prior to the trials were cut
into 1-3 mm pieces for easier manipulation by the ants. Prior
to the food preference trials, the colonies were starved for
48 h to encourage interest in foraging, though again water
was continuously available.

We observed colonies for 30 min at a time, and subse-
quently checked the number of food pieces at 4 h and 24 h
after the commencement of the trial. We placed four 65 mm
diameter Rodac plates at a distance of approximately 25 cm
from the nest chamber openings in the foraging arena,
spaced equidistantly from one another. Each dish held either
20 T. ramosum seeds, 20 crested wheatgrass seeds, 20 stink-
weed seeds, or 20 mealworm pieces from 5 mealworms; the
order in which these were placed was randomized.
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During the observation period of 30 min, we recorded
the number of times that antennation, manipulation, and
removal occurred at each dish (Fig. 1B). Antennation
involves the ant rapidly tapping its antennae over the piece
of food, as an initial foray to determine if the food is edible
and of interest. Manipulation is a further step after antenna-
tion, where the ant grasps the food piece in its mandibles and
moves it around, assessing its suitability as a food source.
The final stage in foraging is removal, where the ant physi-
cally removes the food piece from the Rodac plate to bring it
back to the colony. While food pieces can be set down again
after removal if the ant loses interest or finds the food piece
too heavy or unwieldy to carry, we counted any complete
removal from the Rodac plate as an instance of removal,
because it indicated sufficient interest in the food item. At
the end of the 30-min observation period, we tallied up the
number of seeds and mealworm pieces left in each dish, and
assessed this again at the 4-h and 24-h checkpoints.

Statistical analysis

While we attempted to standardize colony replicates, since
colonies were removed from Fish Creek Provincial Park and
were not lab-reared, there were some differences among
colonies. The differences initially assessed included colony
size; presence of reproductive castes; presence of brood; and
presence of host species in socially parasitic species (see
Table 1). During initial data exploration, it was apparent
that the presence of brood and reproductives did not affect
the removal of seeds or food items as their means and vari-
ances were virtually identical. Given the limited number
of data points for including all factors and the asymmetric
distribution of brood and reproductives among the colonies,
we removed brood and reproductives from later analysis. F.
aserva is an opportunistic social parasite; unlike obligate
social parasites, F. aserva colonies can function without
host species, but commonly augment their colonies with
host species. While we made an effort to only collect F.
aserva colonies that had no hosts, we subsequently discov-
ered individual hosts in two of four colonies; both host spe-
cies were identified as F. altipetens. Additionally, we evalu-
ated presence or absence of T. ramosum in a 15 m radius
around the colony’s original location, as prior exposure to
T. ramosum in their natural habitat might have some influ-
ence on whether colonies were more likely to incorporate it
as a food source.

We evaluated differences in the rate of food item removal
among species and other variables listed above for both the
food preference trials and the seed removal trials. To bet-
ter assess potential differences among species preferences,
we evaluated changes in the rate of removal three ways: (1)
mean rate of removal of food items, calculated as the mean
rate per hour at each time period and subsequently averaged;
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(2) final total number of food items removed; and (3) trends
in food removal over time. All data were tested for normal-
ity and homogeneity of variances using the Shapiro—Wilk
test and Levene’s test, respectively. Where data were nor-
mal and variances were homogeneous, we used analysis of
variance (ANOVA) and subsequently planned comparisons
using post-hoc Tukey’s tests to assess directionality of dif-
ferences among levels; where data were non-normal, we
used the non-parametric Kruskal-Wallis (K—W) test which
is a distribution-free test based on rankings (Sokal & Rohlf
1995). Following K-W tests, we assessed differences among
levels within treatments using post-hoc focused multiple
comparisons based on the Wilcoxon rank-sum test (Field
et al 2012). These results were expressed as differences with
respect to the critical difference at a=0.05 in all cases. To
assess whether there was a trend in food removal over time,
the non-parametric Jonckheere—Terpstra (J-T) test was used.
Similar to the Kruskal-Wallis test, it tests for differences
among medians of each group but also includes information
on whether there is an ordered trend in the medians, in this
case each time interval (Field et al 2012; Jonckheere 1954).

We additionally assessed potential differences in behav-
ioural observations among species (the number of times a
food item was antennated or manipulated). All behavioural
data were tested for normality and homogeneity of variances
using Shapiro—Wilk and Levene’s tests; no behavioural
data were found to be normal, so all behavioural data were
analysed using Kruskal-Wallis tests followed by post-hoc
focused comparisons. All data were analysed using R ver-
sion 4.0.2, using the car (Fox and Wiesberg 2019), clinfun
(Sehan 2018), pgirmess (Giraudoux 2012), and statsr (Run-
del et al 2021) packages.

Results
Seed removal trials

We found that all ant species assessed would remove at least
some Thesium ramosum seeds, though there was a signifi-
cant difference among species in all three metrics assessed:
mean rate of removal, final number of seeds removed, and
change in number of seeds removed over time. Formica
obscuriventris showed the greatest preference for T. ramo-
sum, though F. aserva and F. argentea also showed some
degree of preference for the seeds. F. podzolica showed very
little interest in the seeds in general, though some colonies
did remove a number of seeds. Early interest in the seeds to
some degree predicted overall interest; if the colony initially
ignored the seeds, they were less likely to remove many
overall. Seeds tended to desiccate 2448 h after initiating the
trial, at which point the workers mostly ignored the seeds.
The seeds were typically removed to random chambers
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within the nest; very few colonies formed any sort of cen-
tralized midden structure, but generally deposited the seeds
in small piles of 25 seeds.

The final number of 7. ramosum seeds removed was
significantly affected only by ant species (H(3)=10.441,
p=0.0152). Focused comparisons revealed that F. obscurive-
ntris removed significantly more seeds than did F. podzolica
(difference =9.625, critical difference =8.8817) (Figs. 2A,
S1A, Table S1). When assessing the mean rate of 7. ram-
osum seed removal, we found that both ant species (F(3,
10)=13.27, p=0.00081) and colony size (F(2,10)=11. 50,
p=0.00256) significantly influenced the mean rate of seed
removal. Planned comparisons showed that F. podzolica
removed seeds at a significantly slower mean rate than the
other three species (r=-3.555, p=0.0052) (Figs. 2B, S1B,
Table S2). Similarly, large colonies removed seeds signifi-
cantly faster than did medium (=-2.458, p=0.0338) or
small colonies (#=-4.650, p=0.00091) (Fig. S1C, Table S2).

The number of seeds removed over time significantly
increased for all ant species; F. argentea JT=349.5, p=4
e-04), F. aserva JT=311, p=0.0044), F. obscuriventris
(JT=297.5, p=0.004), F. podzolica JT=328, p=0.0016)
(Fig. 3, Table S3).

Food preference trials: food item removal
Number of food items removed within the first thirty minutes
of observations was influenced by species (H(3) =24.83),

p=1.67 e-5) and colony size (H(2) =24.55), p=4.658 e-6)
(Table S4). F. obscuriventris removed more food items

Fig.2 Both final number of A

during this time period than F. argentea (diff =22.00), F.
aserva (diff =23.59), and F. podzolica (diff =28.28, crit
diff=17.37 in all cases). Large colonies also removed more
food than medium (diff =27.80, crit diff = 14.52) and small
colonies (diff =27.77, crit diff =20.34).

Several factors influenced the final number of food items
removed (Figs. 4A, S2A-C, Table S5). Food type had a sig-
nificant effect on the final number of food items removed
(H(3)=36.66, p=5.43 e-8). T. ramosum was removed at
higher numbers than either crested wheatgrass (diff =35.06),
and stinkweed seeds (diff =37.75, crit diff =29.93 in both
cases). The total number of mealworms removed was signifi-
cantly higher than both crested wheatgrass (diff=53.29) and
stinkweed seeds (diff =55.98, crit diff =29.93 in both cases)
(Figs. 4A, S2A, Table S5). Colony size also had an effect
on the final number of food items removed (H(2)=49.90,
p=1.46 e-11), with larger colonies removing greater
numbers of food items than medium (diff =70.06, crit
diff =25.01) or small colonies (diff=74.10, crit diff =35.06)
(Fig. S2B, Table S5). Species again influenced the final
number of food items removed (H(3)=51.75, p=3.39 ¢
-11), with Formica obscuriventris removing more items in
total than F. argentea (diff =57.28), F. aserva (diff =65.09)
and F. podzolica (diff =69.96, crit diff =29.93 in all cases)
(Fig. S2C, Table S5). Time also significantly affected the
number of food items removed (H(2)=12.78, p=0.00168),
with significantly more food items removed at 24 h than at
30 min (diff=33.49, crit diff =23.52) (Fig. 4C, Table S5).

Several factors (species, food type, colony size and
presence of Thesium around the original nest) influenced
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Fig.3 The number of seeds
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the mean rate of food item removal (Figs. 4B, S3A-D,
Table S6). Mean rate of removal of food items showed
only that mealworms were removed more quickly than
stinkweed seeds (diff =17.44, crit diff=17.37). Col-
ony size additionally affected the mean rate of removal
for all food items (H(2)=21.87, p=0.000018): larger
colonies again removed food at faster rates than either
medium (diff =27.44, crit diff =14.52) or small colonies
(diff =29.06, crit diff =20.34) (Fig. S3B, Table S6). The
presence of 7. ramosum around the original colony collec-
tion site had a significant effect (H(1)=4.28, p=0.040);
colonies that had T. ramosum on or nearby the nest struc-
tures removed all food items at a faster mean rate than
did colonies without 7. ramosum nearby (diff =9.65,
crit diff =9.20) (Fig. S3C, Table S6). Finally, species
had a significant effect on removal rate (H(3)=22.00,
p =0.000065); Formica obscuriventris removed all food
items more rapidly than F. argentea (diff =21.94), F.
aserva (diff =24. 28) and F. podzolica (diff =27.66, crit
diff =17.37 in all cases (Fig. S3D, Table S6).
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Food preference trials: behavioural observations

All behavioural trends were assessed within the first thirty
minutes of constant observation. We found no significant
difference in antennation rates among food item types,
but some differences among other variables assessed (Fig.
S5, Table S7). Species (H(3)=18.86, p=0.0003), pres-
ence of T. ramosum around the original nest (H(1)=12.62,
p=0.0004), and presence of hosts (H(1)=15.17, p=1.0
e-05) all significantly affected antennation rates of food
items (Fig. S5A-C, Table S7). F. aserva antennated signifi-
cantly more frequently than did F. argentea (diff =18.66)
or F. podzolica (diff =28.03, crit diff =17.37) (Fig. S5A,
Table S7). The presence of hosts in F. aserva nests also sig-
nificantly affected antennation rates, as colonies with hosts
antennated significantly more frequently than those without
(diff =23.18, crit diff=11.69) (Fig. S5B, Table S7). Addi-
tionally, species with T. ramosum near their original nesting
sites antennated significantly more frequently (diff = 16.64,
crit diff =9.20) than those without 7. ramosum near their
nests (Fig. S5C, Table S7).
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Food type (H(3)=8.97, p=0.0297) and presence
of T. ramosum around the original nest (H(1)=10.69,
p=0.0011) significantly affected the number of times
ants manipulated food items (Figs. 5A, S6A, S6B,
Table S8). Mealworms were manipulated significantly
more often than crested wheatgrass seeds (diff =18.88,
crit diff =17.37) (Figs. 5A, S6A, Table S8). Colonies that
had T. ramosum around the original nest site (diff =15.11,
crit diff =9.20) manipulated food items significantly more
often than did colonies without 7. ramosum nearby (Fig.
S6B, Table S8).

Preliminary observations noted that many of the forag-
ers who interacted with food items did not immediately
remove items of interest, but remained on the items, pre-
sumably feeding from them. Food type (H(3)=9.39,
p=0.025), ant species (H(3)=24.83, p=1.67 e-5), colony
size (H(2)=24.55, p=4.66 e-6), and presence of Thesium
by nest sites (H(/)=7.42, p=0.006) significantly affected
the number of ants on food items in the first 30 min of the
trial (Figs. 5B, S7A-D, Table S9). Workers remained on
mealworms significantly more frequently than on crested
wheatgrass (diff=17.75, crit diff =17.37) (Figs. 5B, S7A,
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Table S9). Similar to other behavioural observations, F.
obscuriventris was observed on food items significantly
more often than either F. argentea (dift =22.00), F. aserva
(diff=23.59), or F. podzolica (diff =28.28, crit diff=17.37)
(Fig S7B, Table S9). Ants from large colonies were more
often observed on food items than those from medium
(diff =27.80, crit diff = 14.52) or small colonies (diff=27.77,
crit diff=20.34) (Fig. S7C, Table S9). Lastly, colonies with
Thesium growing on or about their original nest sites were
observed on food items more frequently than those without
(diff=12.57, crit diff =9.20) (Fig. S7D, Table S9).

Discussion

Our experiments were designed with three questions in
mind: (1) do native ant species harvest Thesium ramosum
seeds as a food resource? (2) Is there a difference in prefer-
ence for 7. ramosum seeds among ant species? (3) Do ant
species prefer T. ramosum seeds above other food resources
present in the park? We found several general trends with
respect to these initial questions. All ant species tested
removed T. ramosum seeds to at least some extent. How-
ever, preference for 7. ramosum differed significantly among
the four ant species tested: Formica obscuriventris removed
more 7. ramosum seeds than did other species, and in gen-
eral F. podzolica removed seeds significantly slower than
all other species. When comparing preference for 7. ramo-
sum seeds above other food sources, we found that colonies
removed mealworms more rapidly than seeds of two other
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plants present in the park, and final numbers of mealworms
and T. ramosum seeds removed were significantly greater
than the other two species of seeds. Behavioural patterns
followed a similar trend: workers were observed antennating
and manipulating mealworms more frequently than seeds.

We additionally found several factors that influenced seed
removal and food preference aside from ant species. Gen-
erally, larger colonies removed more seeds and food items
more rapidly; species who had known prior exposure to 7.
ramosum (measured by presence of 7. ramosum on or about
their original nesting site) removed more seeds and food
items more rapidly; and the presence of hosts in functionally
parasitic colonies also influenced interaction with seeds and
food items, increasing antennation rates.

Variables influencing ant interest in Thesium
ramosum

We found consistent statistical support that F. obscurive-
ntris preferred T. ramosum seeds to a greater degree than
the three other ant species tested; in particular, F. podzolica
demonstrated minimal interest in the seeds. F. obscuriven-
tris’ definitive interest in the seeds could be a result of mul-
tiple different factors: typically we found that their colonies
in the park were larger than the other species’; they were
much more active foragers in general than the other species
while in the lab; and several of the larger lab colonies were
also F. obscuriventris colonies. While there is little known
in general about the ecology of F. obscuriventris, obser-
vations of their colonies in Nevada noted that the species
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frequently formed large foraging columns from their nest
sites (Wheeler and Wheeler 1986), which was also observed
in Michigan (Talbot 1964). We additionally observed this
ourselves in Fish Creek Park while scouting for potential
F. obscuriventris nests. It is possible that this high level
of extremely active foraging predisposed the colonies to
remove 1. ramosum at a higher rate than other species. Simi-
larly, F. obscuriventris were more active foragers in the food
preference trials and frequently removed most or all of the
food items presented; this removal could be a reflection of
active foraging in general.

F. podzolica was comparatively uninterested in 7. ramo-
sum; though the colonies removed a few seeds on average,
for the most part they left the 7. ramosum, other seeds, and
mealworm pieces untouched. F. podzolica differs both in
its morphology and nesting habits from F. obscuriventris
and aserva, being smaller-bodied and forming low-slung
dirt mounds compared to thatched domed mounds, but is
morphologically highly similar to F. argentea, and more
closely related (Borowiec et al. 2021). However, foraging
behaviour between F. podzolica and F. argentea was quite
different. F. podzolica is known to be a smaller-bodied, less
aggressive species similar to other F. fusca group species
(Mooney 2006), though there is minimal research on F.
argentea behaviours. Thus, it is unclear why the two species
should be so divergent in their foraging behaviour.

One of the more intriguing behaviours we observed was
the increased interest in food items in F. aserva colonies that
had host members. Colonies with hosts had elevated rates
of antennation of food items compared to colonies without,
and we observed hosts interacting with the 7. ramosum seeds
at higher rates than other members of the colony, though
this was an incidental observation during the food removal
trials and was not statistically evaluated. F. aserva colonies
are facultatively dulotic, meaning that colonies can function
without hosts to carry out foraging and nest maintenance
tasks, though the fitness of the colony may be decreased
(Mori et al. 2001; Savolainen and Deslippe 2001; Borowiec
et al. 2021). The host species in both F. aserva colonies
with hosts was F. altipetens, which we did not encounter in
the park outside of their presence in these colonies. Despite
dulotic behaviour being broadly studied, we could not find
any information on colony diets changing as a result of host
species being introduced. It is possible that the F. altipe-
tens hosts were sourced from colonies that had been using
T. ramosum as a food source for longer than the F. aserva
colonies; however, since adult workers are not taken in raids
but only late-stage brood and pupae, it is unclear how these
foragers could have previously learned 7. ramosum seeds
as a food source. It may also be the case that host foragers
forage further afield and longer than parasite foragers, expos-
ing them to more types of food sources, but without further
experimentation this is pure speculation.

The role of elaiosomes in western North American eco-
systems is comparatively understudied to that of eastern
North American deciduous or mixed forest ecosystems.
Many spring ephemerals in eastern North American eco-
systems have elaiosome-bearing seeds and their spread is at
least partially mediated by ants (Beattie and Culver 1981;
Clark 2022). However, a few western North American plant
species are known to bear elaiosomes; the introduced weed
genus Euphorbia (leafy spurge) is known to have elaiosomes
and is present in Fish Creek Provincial Park. Formica
obscuripes is known to harvest leafy spurge elaiosomes and
may facilitate the spread of the plant, with the plant being
found on or about F. obscuripes nests (Pemberton 1988).
Interestingly, in preliminary food trials where we offered
many types of seeds to F. obscuriventris in order to deter-
mine seed interest for our food trials, leafy spurge seeds were
included and foragers showed minimal interest in them. It is
possible that prior exposure to the plant is required for the
foragers to learn it as a food source; while the plant is pre-
sent in the park, there is no guarantee that the foragers from
one particular colony would have encountered leafy spurge
elaiosomes previously. Alternatively, just as interest in 7.
ramosum is to some extent species-specific in our findings
even between closely related taxa, interest in leafy spurge
elaiosomes may similarly vary among species.

Prior exposure to 7. ramosum may also partially explain
colony interest in the seeds. We found that colonies pre-
viously exposed to 7. ramosum harvested food items at a
higher rate than naive colonies. Foraging workers have been
shown to recruit to and harvest familiar food resources at
a faster rate than novel resources (Johnson 1990; Howard
et al. 1996). Additionally, foragers exhibit learning behav-
iour; foragers preferentially select foods to which they have
been previously exposed even when offered other edible
foods (Nelson et al. 2020). T. ramosum has been present in
Canada and the park since 2001; though the exact extent of
the spread is not known, it is likely that many of the colo-
nies in the park have had ample time to identify 7. ramosum
seeds as a food source, even if few other plants in the park
have elaiosomes to assist with prior learning. Considering
that our colonies harvested more food items after exposure
to T. ramosum seeds, it seems likely that prior exposure to
T. ramosum increases their interest in the seeds.

Preference for Thesium ramosum over other food
items

The marked preference for mealworms over other food items
offered indicates a possible preference for protein sources.
Protein typically comprises a lower proportion of Formica
diets than other nutrient sources such as carbohydrates
(Bernstein 1976), but composition of colony diet fluctu-
ates throughout the year and is contingent on factors such
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as colony life stage and resource availability, with protein
often being foraged at higher rates when brood or reproduc-
tives are present in colonies (Cook et al. 2011; Dussutour
and Simpson 2009). Most of our colonies were either col-
lected with brood or began producing some shortly there-
after; we did not find any evidence that brood influenced
food item removal, but workers from all colonies may have
increased protein foraging given the timing of collection and
experiments. Seasonality can affect foraging preferences and
nutrient regulation, especially considering that reproductive
cycles in colonies are temporally constrained (Cook et al.
2011); while we conducted these experiments during the
summer, we do not have other seasonal groups with which
to compare and so cannot speculate if seasonality was a fac-
tor here.

The colonies did show some preference for 7. ramosum
seeds over other types of seeds, though not over meal-
worms. Elaiosomes are typically lipid-rich structures; the
chemical composition of 7. ramosum elaiosomes is currently
unknown, but likely similar to other elaiosomes. When com-
pared to seeds, elaiosomes generally have higher propor-
tions of amino acids and fatty acids (Fischer et al. 2008).
This chemical composition makes them more attractive
to foraging ants than the more carbohydrate-heavy seeds,
particularly for larval nutrition; the presence of elaiosomes
in colony diets has been associated with brood provision-
ing and the production of reproductive alates (Fischer et al.
2008; Warren and Giladi 2014; Warren et al. 2019). We did
not find evidence of brood and reproductives influencing
seed removal or food item removal, but most of our colo-
nies already had or began producing brood, which may have
influenced their interest in 7. ramosum elaiosomes. It has
also been proposed that elaiosome fatty acid composition
evolved to mimic that of insect prey, thus attracting car-
nivorous and omnivorous ants that might otherwise avoid
harvesting seeds (Hughes et al. 1994).

The Alberta ant assemblage is composed mostly of
omnivorous species with some predaceous species; there are
few specialized granivorous species in the province, none of
which we recorded in the park (Glasier et al. 2013). Elaio-
some foraging may thus be an opportunistic part of their
diet, and perhaps linked to the timing of brood and alate
production in native species. While little is known about
the exact timing of brood production in Alberta Formica
species, some Formica are known to produce alates in June
through August (Mackay and Mackay 2002); during our
fieldwork we found many reproductive alates from several
Formica species, and all four species studied here were col-
lected at least once with brood. The flowering and seeding
period of T. ramosum does overlap with the likely brood and
alate production period of local Formica species, suggesting
that T. ramosum elaiosomes may be used as lipid sources
for larval consumption. However, while we found that our
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Formica colonies preferred mealworms over other seeds and
to some degree preferred 7. ramosum seeds over others, we
did not find any evidence of increased 7. ramosum seed col-
lection by colonies with brood versus those without. It may
be that colonies collected without brood were still primed
to collect protein- and lipid-rich food sources given their
phenology, but we cannot be certain this is the case.

Conclusions

Overall, we find that common ant species in the park use 7.
ramosum seeds as a food source and may prefer it to other
seeds present in the park, though to what extent is depend-
ent on a multitude of factors. This interest and preference
indicate it is likely that native ant species in Fish Creek
Provincial Park are facilitating the spread of 7. ramosum to
some extent. Given its status as a hemiparasitic plant, such
dispersal may impact the composition of plant communities
within the park. However, our laboratory experiments only
established native species’ interest in seeds, and not in situ
dispersal dynamics. Subsequent experiments conducted in
the field with T. ramosum populations are needed to evaluate
these dispersal dynamics more conclusively.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11829-024-10046-9.

Acknowledgements We would like to thank members of the Friends
of Fish Creek Provincial Park Society for their aid in tracking the
spread of Thesium ramosum throughout the park. We thank Stephanie
Wright for her aid with laboratory colonies. This work was funded by
a grant from the Alberta Conservation Association and a grant from
TD Friends of the Environment.

Author contributions Conceptualization: C.S., M.A.M; Methodology:
CS.,JPT,FEV, AR., M.AM, Data collection: C.S., ].P.T.,F.V., AR,
M.A.M; Data analysis: M.A.M; Writing — original draft: C.S., J.P.T.,
M.A.M; Writing — review and editing: C.S., J.P.T., F.V., AR., M.AM.

Data availability All data and code required to reproduce the analyses
and evaluate the conclusions in this manuscript are available in the
appended supplementary materials.

Declarations

Competing interests The authors declare that they have no competing
interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not


https://doi.org/10.1007/s11829-024-10046-9

Native ants vary in their use of seeds from a recently introduced myrmecochorous exotic plant 491

permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Alba-Lynn C, Henk S (2010) Potential for ants and vertebrate preda-
tors to shape seed-dispersal dynamics of the invasive thistles
Cirsium arvense and Carduus nutans in their introduced range
(North America). Plant Ecol 210:291-301. https://doi.org/10.
1007/s11258-010-9757-2

Andersen AN (1998) Dispersal distance as a benefit of myrmecochory.
Oecologia 75:507-511

Bascompte J, Jordano P (2007) Plant-animal mutualistic networks: the
architecture of biodiversity. Annu Rev Ecol Evol Syst 38:567-593

Beattie AJ (1985) The evolutionary ecology of ant-plant mutualisms.
Cambridge University Press, New York

Beattie AJ, Culver DC (1981) The guild of myrmecochores in the her-
baceous flora of West Virigina forests. Ecology 62(1):107-115

Berg RY (1975) Myrmecochorous plants in Australia and their disper-
sal by ants. Aust J Bot 23:475-508

Berg-Binder MC, Suarez AV (2012) Testing the directed dispersal
hypothesis: are native ant mounds (Formica sp.) favorable micro-
habitats for an invasive plant? Oecologia 169:763—772. https://doi.
org/10.1007/s00442-011-2243-2

Bernstein RA (1976) The adaptive value of polymorphism in an alpine
ant, Formica neorufibarbis gelida (Wheeler). Psyche 83:180-184

Bond W1, Slingsby P (1983) Seed dispersal by ants in shrublands of
the Cape Province and its evolutionary implications. S Afr J Sci
79:231-233

Bono JM, Heithaus ER (2002) Sex ratios and the distribution of
elaiosomes in colonies of the ant. Aphaenogaster Rudis Insectes
Soc 49:320-325. https://doi.org/10.1007/PL00012655

Borowiec ML, Cover SP, Rabeling C (2021) The evolution of social
parasitism in Formica ants revealed by a global phylogeny. Proc
Natl Acad Sci 118(38):€2026029118

Bossard CC (1991) The role of habitat disturbance, seed predation
and ant dispersal on establishment of the exotic shrub Cytisus
scoparius in California. Am Midl Nat 126:1-13

Boyd RS (2001) Ecological benefits of myrmecochory for the endan-
gered chaparral shrub Fremontodendron decumbens (Sterculi-
aceae). Am J Bot 88:234-241. https://doi.org/10.2307/2657014

Bronstein JL, Alarcén R, Geber M (2006) The evolution of plant-insect
mutualisms. New Phytol 172:412-428. https://doi.org/10.1111/j.
1469-8137.2006.01864.x

Carroll CR, Janzen DH (1973) The ecology of foraging by ants. Annu
Rev Ecol Syst 4:231-258

Clark RE (2022) Are seed-dispersing ants elaiosome-limited? An
experimental test in a Connecticut forest dominated by myrme-
cochorous plants. Food Webs 32:¢00242

Clark RE, King JR (2012) The Ant, Aphaenogaster picea, benefits from
plant elaiosomes when insect prey is scarce. Environ Entomol
41:1405-1408. https://doi.org/10.1603/EN12131

Cook SC, Eubanks MD, Gold RE, Behmer ST (2011) Seasonality
directs contrasting food collection behavior and nutrient regula-
tion strategies in ants. PLoS ONE 6:e25407

Debout G, Gabriel D, Bertrand S, Marianne E, Doyle M (2007) Poly-
domy in ants: what we know, what we think we know, and what
remains to be done. Biol J Linn Soc Lond 90:319-348

Dussutour A, Simpson SJ (2009) Communal nutrition in ants. Curr
Biol 19:740-744

Fischer RC, Richter A, Hadacek F, Mayer V (2008) Chemical differ-
ences between seeds and elaiosomes indicate an adaptation to
nutritional needs of ants. Oecologia 155:539-547

Field A, Miles J, Field Z (2012) Discovering statistics using R. Sage,
London

Fox J, Weisbert S (2019) An R companion to applied regression, 3rd
edn. Sage, Thousand Oaks

Gerber E, Krebs C, Murrell C, Moretti M, Rocklin R, Schaffner U
(2008) Exotic invasive knotweeds (Fallopia spp.) negatively affect
native plant and invertebrate assemblages in European riparian
habitats. Biol Conserv 141:646-654. https://doi.org/10.1016/j.
biocon.2007.12.009

Gibson W (1993) Selective advantages to hemi-parasitic annuals, genus
Melampyrum, of a seed-dispersal mutualism involving ants: 1
favorable nest sites. Oikos 67:334-344

Giladi I (2004) The role of habitat-specific demography, habitat spe-
cific dispersal, and the evolution of dispersal distances in deter-
mining current and future distributions of the antdispersed forest
herb. Hexastylis Arifolia Inst Ecol 1:175

Giladi I (2006) Choosing benefits or partners: A review of the evidence
for the evolution of myrmecochory. Oikos 112:481-492. https://
doi.org/10.1111/5.0030-1299.2006.14258.x

Giraudoux P (2012) Pgirmess: spatial analysis and data mining for
ecologists. https://cran.r-project.org/package=pgirmess

Glasier JRN, Acorn JH, Nielsen SE, Proctor H (2013) Ants (Hymenop-
tera: Formicidae) of Alberta: a key to species based primarily on
the worker caste. Can J Arthropod Identif 22:1-104. https://doi.
org/10.3752/cjai.2013.22

Glasier JRN, Nielsen S, Acorn JH, Borysenko LH, Radtke T (2016) A
checklist of ants (Hymenoptera: Formicidae) of Saskatchewan.
Can Field-Naturalist 130:40. https://doi.org/10.22621/cfn.v130il.
1791

Gomez C, Espadaler X (2013) An update of the world survey of myr-
mecochorous dispersal distances. Ecography (cop.) 36:1193—
1201. https://doi.org/10.1111/j.1600-0587.2013.00289.x

Gratton C, Denno RF (2006) Arthropod food web restoration follow-
ing removal of an invasive wetland plant. Ecol Appl 16:622-631

Hanzawa FM, Beattie AJ, Culver DC (1988) Directed dispersal: demo-
graphic analysis of an ant-seed mutualism. Am Nat 131:1-13

Hendrych R (1972) The natural history and systematic of the genus
Thesium L. Acta Univ Carolinae 1970:293-358

Herrera AM, Dudley TL (2003) Reduction of riparian arthropod
abundance and diversity as a consequence of giant reed (Arundo
donax) invasion. Biol Invasions 5:167-177

Higashi S, Tsuyuzaki S, Ohara M, Ito F (1989) Adaptive advantages
of ant-dispersed seeds in the myrmecochorous plant Trillium
Tschonoskii (Liliaceae). Oikos 54:389-394

Holldobler B, Wilson EO (1990) The Ants. Harvard University Press,
Cambridge

Horvitz CC, Beattie AJ (1980) Ant dispersal of Calathea (Maranta-
ceae) seeds by carnivorous ponerines (Formicinae) in a tropical
rainforest. Am J Bot 67:321-326

Howard JJ, Henneman ML, Cronin G, Fox JA, Hormiga G (1996) Con-
ditioning of scouts and recruits during foraging by a leaf-cutting
ant, Atta colombica. Anim Behav 52:299-306

Hughes L, Westoby M, Jurado E (1994) Convergence of elaiosomes
and insect prey: evidence from ant foraging behaviour and fatty
acid composition. Funct Ecol 8:358-365

Jensen JM, Six DL (2006) Myrmecochory of the exotic plant, Cen-
taurea maculosa: a potential mechanism enhancing invasiveness.
Environ Entomol 35:326-331. https://doi.org/10.1603/0046-
225X-35.2.326

Johnson RA (1990) Learning, memory, and foraging efficiency in two
species of desert seed-harvester ants. Ecology 72(4):1408-1419

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s11258-010-9757-2
https://doi.org/10.1007/s11258-010-9757-2
https://doi.org/10.1007/s00442-011-2243-2
https://doi.org/10.1007/s00442-011-2243-2
https://doi.org/10.1007/PL00012655
https://doi.org/10.2307/2657014
https://doi.org/10.1111/j.1469-8137.2006.01864.x
https://doi.org/10.1111/j.1469-8137.2006.01864.x
https://doi.org/10.1603/EN12131
https://doi.org/10.1016/j.biocon.2007.12.009
https://doi.org/10.1016/j.biocon.2007.12.009
https://doi.org/10.1111/j.0030-1299.2006.14258.x
https://doi.org/10.1111/j.0030-1299.2006.14258.x
https://cran.r-project.org/package=pgirmess
https://doi.org/10.3752/cjai.2013.22
https://doi.org/10.3752/cjai.2013.22
https://doi.org/10.22621/cfn.v130i1.1791
https://doi.org/10.22621/cfn.v130i1.1791
https://doi.org/10.1111/j.1600-0587.2013.00289.x
https://doi.org/10.1603/0046-225X-35.2.326
https://doi.org/10.1603/0046-225X-35.2.326

492

C. Sosiak et al.

Jonckheere AR (1954) A distribution-free k-sample test against ordered
alternatives. Biometrika 41(1/2):133-145

Lengyel S, Gove AD, Latimer AM, Majer JD, Dunn RR (2009) Ants
sow the seeds of global diversification in flowering plants. PLoS
ONE 4:1-6. https://doi.org/10.1371/journal.pone.0005480

Lengyel S, Gove AD, Latimer AM, Majer JD, Dunn RR (2010) Conver-
gent evolution of seed dispersal by ants, and phylogeny and bioge-
ography in flowering plants: a global survey. Perspect Plant Ecol
Evol Syst 12:43-55. https://doi.org/10.1016/j.ppees.2009.08.001

Mackay WP, Mackay E (2002) The ants of New Mexico (Hymenoptera:
Formicidae). Edwin Mellen Press, Lewiston

Macdonald ID, Visser S (2022) Notes on the nomenclature, character-
istics, status, and biology of Field Thesium, Thesium des Champs
(Thesium ramosum Hayne; Thesiaceae/Santalaceae), a potentially
serious invasive plant in Alberta. Can Field Nat 236(2):167-177.
https://doi.org/10.22621/ctn.v136i2.2819

Mooney K (2006) The disruption of an ant-aphid mutualism increases
the effects of birds on pine herbivores. Ecology 87(7):1805-1815

Morales MA, Heithaus ER (1998) Food from seed-dispersal mutual-
ism shifts sex ratios in colonies of the ant Aphaenogaster rudis.
Ecology 79:734-739

Mori A, Grasso DA, Visicchio R, Le Moli F (2001) Comparison of
reproductive strategies and raiding behaviour in facultative and
obligatory slave-making ants: the case of Formica sanguinea and
Polyergus rufescens. Insectes Soc 48:302-314

Nelson AS, Zapata GD, Sentner KT, Mooney KA (2020) Are ants
botanists? Ant associative learning of plant chemicals mediates
foraging for carbohydrates. Ecol Entomol 45:251-258

Nickrent DL, Malecot V, Vidal-Russell R, Der JP (2010) A revised
classification of Santalales. Taxon 59(2):538-558

Ohkawara K, Higashi S (1994) Relative importance of ballistic and ant
dispersal in two diplochorous viola species (Violaceae). Oecologia
100:135-140

Ohkawara K, Higashi S, Ohara M (1996) Effects of ants, ground bee-
tles and the seed-fall patterns on myrmecochory of Erythronium
Jjaponicum Decne (Liliaceae). Oecologia 106:500-506

Passos L, Oliveira PS (2002) Ants affect the distribution Clusia criuva,
a primarily rain forest tree. J Ecol 90:517-528

Pearson DE, Icasatti NS, Hierro JL, Bird BJ (2014) Are local filters
blind to provenance? Ant seed predation suppresses exotic plants
more than natives. PLoS ONE 9:1-11. https://doi.org/10.1371/
journal.pone.0103824

Pemberton RW (1988) Myrmecochory in the introduced range weed,
leafy spurge (Euphorbia esula L.). Am Midl Nat 119(2):431-435

Pemberton R, Delilah I (1990) Elaiosomes on weed seeds and the
potential for myrmecochory on naturalized plants. Weed Sci
38:615-619

Pirk GI, Lopez de Casenave J (2017) Ant interactions with native and
exotic seeds in the Patagonian steppe: influence of seed traits,
disturbance levels and ant assemblage. Plant Ecol 218:1255-1268.
https://doi.org/10.1007/s11258-017-0764-4

Prior KM, Saxena K, Frederickson ME (2014) Seed handling behav-
iours of native and invasive seed-dispersing ants differentially
influence seedling emergence in an introduced plant. Ecol Ento-
mol 39:66-74

Prior KM, Robinson JM, Dunphy SAM, Frederickson ME, Prior KM
(2015) Mutualism between co-introduced species facilitates inva-
sion and alters plant community structure. Proc R Soc B 1:282

@ Springer

Richardson DM, Allsopp N, D’Antonio CM, Milton SJ, Rejmanek M
(2000) Plant invasions - the role of mutualisms. Biol Rev 75:65—
93. https://doi.org/10.1111/j.1469-185x.1999.tb0004 1 .x

Romiguier J, Rolland J, Morandin C, Keller L (2018) Phylogenomics of
palearctic Formica species suggests a single origin of temporary
parasitism and gives insights to the evolutionary pathway toward
slave-making behaviour. BMC Evol Biol 18:40

Rundel C, Cetinkaya-Rundel M, Clyde M, Banks D (2021) Companion
software for the coursera statistics with R specialization. https://
cran.r-project.org/package=statsr

Savolainen R, Deslippe RJ (2001) Facultative and obligate slave mak-
ing in Formica ants. Naturwissenschaften 88:347-350

Seshan VE (2018) Clinical trial design and date analysis functions.
https://cran.r-project.org/package=clinfun

Sokal RR, Rohlf FJ (1995) Biometry: the principles and practice of
statistics in biological research, 3rd edn. WH Freeman & Co, New
York

Smith BH, Ronsheim ML, Swartz KR (1986) Reproductive ecology
of Jeffersonia diphylla (Berberidaceae). Am J Bot 73:1416-1426

Smith BH, Forman PD, Boyd AE (1989) Spatial patterns of seed dis-
persal and predation of two myrmecochorous forest herbs. Ecol-
ogy 70:1649-1656

Suetsugu K (2015) Seed dispersal of the hemiparasitic plant Thesium
chinense by Tetramorium tsushimae and Pristomyrmex punctatus.
Entomol Sci 18(4):523-526

Talbot M (1964) Nest structure and flights of the ant Formica
obscuriventris Mayr. Anim Behav 12:154-158

del Toro I, Ribbons RR, Pelini S (2012) The little things that run the
world revisited: a review of ant-mediated ecosystem services
and disservices (Hymenoptera: Formicidae). Myrmecol News
17:133-146

Traniello JFA, Fourcassie V, Graham TP (1991) Search behavior and
foraging ecology of the ant Formica schaufussi: colony-level and
individual patterns. Ethol Ecol Evol 3:35-47

Warren RJ, Giladi I (2014) Ant-mediated seed dispersal: a few ant spe-
cies (Hymenoptera: Formicidae) benefit many plants. Myrmecol
News 20:129-140

Warren RJ, Elliott KJ, Giladi I, King JR, Bradford MA (2019) Field
experiments show contradictory short- and long-term myrme-
cochorous plant impacts on seed-dispersing ants. Ecol Entomol
44:303-339

Wheeler GC, Wheeler, J (1986) The ants of Nevada. Natural History
Museum of Los Angeles County, Los Angeles

Wheeler GC, Wheeler J (1988a) A checklist of the ants of Wyoming
(Hymenoptera: Formicidae). Insecta Mundi 2:231-239

Wheeler GC, Wheeler J (1988b) A checklist of the ants of Montana.
Psyche (Stuttg) 95:101-114

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1371/journal.pone.0005480
https://doi.org/10.1016/j.ppees.2009.08.001
https://doi.org/10.22621/cfn.v136i2.2819
https://doi.org/10.1371/journal.pone.0103824
https://doi.org/10.1371/journal.pone.0103824
https://doi.org/10.1007/s11258-017-0764-4
https://doi.org/10.1111/j.1469-185x.1999.tb00041.x
https://cran.r-project.org/package=statsr
https://cran.r-project.org/package=statsr
https://cran.r-project.org/package=clinfun

	Native ants vary in their use of seeds from a recently introduced myrmecochorous exotic plant
	Abstract
	Introduction
	Methods
	Study system
	Seed removal experiments
	Food preference experiments
	Statistical analysis

	Results
	Seed removal trials
	Food preference trials: food item removal
	Food preference trials: behavioural observations

	Discussion
	Variables influencing ant interest in Thesium ramosum
	Preference for Thesium ramosum over other food items

	Conclusions
	Acknowledgements 
	References




