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Abstract In order to understand the dynamics of co-evo-
lution it is important to consider spatial variation in interac-
tion dynamics. We examined the relative importance of ant
activity, diversity and species identity in an ant seed dis-
persal mutualism at local, regional and continental scales.
We also studied the determinants of seed dispersal rates and
dispersal distances at eight sites in the Eneabba sandplain
(29.63 S, 115.22 E), western Australia to understand local
variation in seed dispersal rate and distance. To test the
generality of the conclusions derived from the eight local
sites, we established 16 sites along a 1650-km transect in
western Australia, covering 11° of latitude and a six-fold
increase in rainfall, at which we sampled the ant assem-
blage, estimated ant species richness and ant activity and
observed the removal rate of myrmecochorous seeds. We
also assessed the importance of ant species identity at a
continental scale via a review of studies carried out
throughout Australia which examined ant seed dispersal.
Among the eight sandplain shrubland sites, ant species
identity, in particular the presence of one genus, Rhytidop-
onera, was associated with the most dispersal and above
average dispersal distances. At the landscape scale, Rhyti-
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doponera presence was the most important determinant of
seed removal rate, while seed removal rate was negatively
correlated with ant species richness and latitude. Most ant
seed removal studies carried out throughout Australia rein-
force our observations that Rhytidoponera species were
particularly important seed dispersers. It is suggested that
superficially diffuse mutualisms may depend greatly on the
identity of particular partners. Even at large biogeographic
scales, temporal and spatial variation in what are consid-
ered to be diffuse mutualisms may often be linked to varia-
tion in the abundance of particular partners, and be only
weakly — or negatively — associated with the diversity of
partners.

Keywords Diversity - Ecosystem function - Functional
redundancy - Myrmecochory - Rhytidoponera

Introduction

Recent emphasis on the study of positive interactions
among species has centred on apparently diffuse mutual-
isms, such as seed dispersal, pollination and plant protec-
tion (e.g. Rico-Gray 1993; Zamora 2000; Stanton 2003).
In diffuse mutualisms, the focal species is dependent on
multiple partners. Imagine, as an example, a case where a
plant species depends on many animal species for pollina-
tion. In truly diffuse mutualisms, many of the species that
function as partners (pollinators in our example) are simi-
lar in terms of the frequency and consequences of their
interactions (Zamora 2000). We term this first type of
mutualism “evenly diffuse”, because multiple partners are
evenly represented. A more poorly explored possibility is
that one or a few species are particularly important, even
though the total number of partner species is high (Jordano
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1987), such as if there were many pollinator species, but
one that was disproportionately important. We term this
type of mutualism “unevenly diffuse” and call the mutual-
ist which plays a more fundamental role than its density
would suggest, the “keystone mutualist” (Gilbert 1980),
while the other mutualists could be considered function-
ally redundant. Depending on which form of diffuse mutu-
alism prevails, the consequences of temporal and spatial
variation in mutualist communities may be very different
for the focal species. If, in our example of the plant and its
pollinator, the mutualism is evenly diffuse, then the expec-
tation is that pollination rate will either decline or remain
invariant with reductions in pollinator diversity. If, on the
other hand, one or a few species are keystone mutualists,
then the effects of reductions in the diversity of the polli-
nator species depend on which species are lost. If the non-
keystone species are lost, species loss could actually
improve pollination rates by reducing interference compe-
tition among pollinator species (Huston 1997; Symstad
et al. 1998).

Myrmecochory, the dispersal of seeds by ants, represents
an ideal mutualism in which to consider the functioning of
diffuse mutualisms and the consequences of variation in
mutualist communities. Myrmecochory is successful for the
plant when ants take the entire seed back to the nest, where
they remove the elaiosome (a fatty body attached to the
seed which serves as a food reward for the ants) and discard
the seed in a midden. Myrmecochorous seed removal and
dispersal is more readily observed and tracked than verte-
brate seed dispersal and so can potentially be related to
aspects of the abiotic or biotic environment. Myrmecochory
has evolved independently in Mediterranean habitats, tem-
perate forest understories, tropical forest understories and
tropical forest canopies (e.g. Dunn et al. 2007a, b) and is
common where present. Total ant species diversity, in
regions where myrmecochory occurs, ranges from two to
20 species in temperate forest understories (J. Zeilakova,
personal communication; Dunn et al. 2007a) to hundreds of
species in tropical forest understories (e.g. Longino et al.
2002).

Ant-mediated dispersal is typically considered to be
an evenly diffuse mutualism, with multiple ant species
offering similar benefits in a given site (e.g. Garrido
et al. 2002). Although several studies have emphasised
the importance of particular species groups (e.g. large-
bodied species, Horvitz and Schemske 1986; Ness et al.
2004), these groups in themselves tend to be relatively
diverse. Gorb and Gorb (1999), however, suggest seed
dispersal by ants may be most effective where one or a
few effective seed-dispersing ant species dominate,
which is to say where seed dispersal mutualisms are
unevenly diffuse. To our knowledge, no studies have sys-
tematically explored the evenness of seed dispersal
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mutualisms or tested the consequences of that evenness
for seed dispersal.

Here, we test two hypotheses regarding the dispersal of
seeds by ants. First, we test the hypothesis that dispersal is
evenly diffuse; that is, that dispersal is carried out by many
functionally similar ant species. If the mutualism is evenly
diffuse, the seed removal rate should remain constant under
changing levels of diversity, or it may increase (if there is
synergism among ant species), providing ant density
remains constant. In the second hypothesis, if the mutual-
ism is unevenly diffuse, the removal rate will depend
entirely upon the presence of a given species and may
decrease with increasing diversity, if interference competi-
tion amongst species increases with increasing diversity.

Because variation in space or among spatial scales
in the mutualist communities can mediate co-evolution
(Thompson 2005), we also examine the consistency of the
mutualism over several spatial scales. At local scales, we
examine the roles of species diversity, ant activity and the
presence of a potential keystone ant genus (Rhytidoponera)
in the variation of seed removal rates and dispersal dis-
tances at several sites in the western Australian Kwongan.
At 16 sites spanning 1650 km and strong environmental
gradients (which may alter the ant activity or assemblage
composition), we then examine the importance of ant diver-
sity, abundance and keystone (Rhytidoponera) presence.
Finally, we compare our results to those of 29 other studies
of ant seed dispersal in Australia and examine the extent to
which our conclusions regarding the importance of the
diffuseness of mutualisms are supported at a continental
scale.

Materials and methods
Sites and design

Within habitat analysis of seed removal
and dispersal distance

Eight quadrats were established in sandplain shrubland
(‘Kwongan’), approximately 300 km north of Perth (29.7 S,
115.25 W). This location was chosen as it is an area of par-
ticularly high plant diversity, where more than one third of
the plant species are ant-dispersed (Lamont et al. 1977).
Each quadrat was 10 x 10 m and was subdivided at 2-m
intervals. To account for important features of local topog-
raphy (Hnatiuk and Hopkins 1981), we paired quadrats to
sample both sand dune crests and swales. Paired sites were
at least 100 m apart, while each pair was no less than 400 m
from another pair.

Throughout the study we used the seed of Acacia blakelyi,
a species indigenous to western Australia. It is considered
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to be myrmecochorous as it possesses an off-white elaiosome
smaller than the seed itself. Seeds fall to the ground soon
after maturity. The seeds weigh approximately 22 mg,
which is perhaps heavier than average amongst ant-dis-
persed seeds, but not extreme (e.g. Moles and Westoby
2003). We chose to use this species as it is the most abun-
dant myrmecochorous plant species at our focal study site,
was readily harvestable as a fresh seed and is morphologi-
cally similar to the seeds of other ant-dispersed Acacia.
Importantly, Acacia is Australia’s most speciose genus and,
consequently, is probably the most frequently ant-dispersed
group of plants on the Australian continent.

At each site we placed a seed at each of 36 points in each
quadrat. The seeds were then observed from approximately
0600 to 1400 hours in an attempt to maximise observed dis-
persal events. When a dispersal event was observed, we fol-
lowed the ant to its nest, measured the dispersal distance
and identified the ant to genus/species. We replaced all
removed seeds whether or not we observed the dispersal
event. We recorded each unique dispersal event and the
number of total depots from which seed removal occurred.
A dispersal event was considered unique if it involved a
new depot or a new nest (i.e. no matter how many times a
single colony exploited a particular depot, only a single dis-
persal event was recorded). Our aim in replenishing depots
was to increase the opportunity to observe new, unique dis-
persal events.

To sample the local ant fauna at each site more gener-
ally, we collected leaf litter in 0.5 x 1-m plots on either
side of the depot grid. At each of ten plots, we sorted all lit-
ter, including sticks and logs (Bestelmeyer et al. 2000). Ant
activity was defined as the total number of ants found in the
litter samples. Western Australia does not possess a particu-
larly specialised litter ant assemblage, so the ants we sam-
pled were ground-foraging species that could potentially
interact with seeds. All ants were removed, preserved and
identified to species wherever possible. Final identifications
were provided by Dr. Brian Heterick at Curtin University,
Perth, western Australia.

Landscape level analysis of dispersal rate

We established a latitudinal transect spanning 1650 km,
representing approximately 11° of latitude and a strong
rainfall gradient (approx. 200—1200 mm; Bureau of Meteo-
rology 2000) in western Australia (Fig. 1). The range in
yearly mean minimum and maximum temperatures was
9.8-20.4°C in the south to 17.7-31.6°C in the north. Six-
teen sites were established along the gradient to reflect the
major vegetation types of the region.

At each site, we established a 3 x 6 grid of seed depots,
with depots separated by 5 m. We placed three seeds at
each of the 18 depots. We then recorded the number of
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Fig.1 Map of western Australia, showing sample sites. The focal
study site, Eneabba, is shown as an open circle. Background shading
represents average annual precipitation

remaining seeds each hour. Here we compare the number of
seeds remaining after 5 h — which is generally the time at
which dispersal had subsided. Each trial began at approxi-
mately 0800 hours and covered the range of daily tempera-
tures (from high teens to high 30s). We noted all
observations of dispersal events, and ants dispersing seeds
were collected and later identified. The ant assemblage was
sampled at each site as described above for the within-habi-
tat studies.

Continental review of ant seed dispersers
and dispersal distance

We surveyed all research articles in which ant seed dis-
persal was examined in Australia. Formis (a database of all
ant-related papers published up until 2001) and Webof-
Science were searched for all articles with Australia and
either elaiosome, myrmecochory or ant (seed dispersal in
their keywords or abstract. We did not include studies
which focussed exclusively on granivory, as the ants
involved generally interact with a subset of available seed
species which they consume (e.g. Gross etal. 1991). We
recorded the frequency with which dispersal by Rhytidop-
onera species was observed and compared the recorded
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dispersal distance with that of other species. Where a paper
spanned several regions, we treated each region as an inde-
pendent sample. Where papers used multiple species of
seeds, we combined data to provide single measure of dis-
persal for each ant species.

Analyses

Within-habitat analysis of seed removal
and dispersal distance

At a local scale, we examined the influence of the same
three variables on seed removal rate: ant species richness,
ant activity and the presence of Rhytidoponera species.
Species richness was estimated using the CHA02 estimator
based on species sampled in the litter plots with each quad-
rat as the sample unit (Colwell 2000). Because of the
smaller sample size at the local scale, we used three sepa-
rate non-parametric tests in lieu of a single parametric test,
such as a linear model. We used the Mann—Whitney U-test
to examine the effect of Rhytidoponera presence and Pear-
son’s correlation to examine the effect of ant activity and
species richness on seed removal rate.

Landscape level analysis of dispersal rate

A generalised linear model, with Poisson distribution, was
used to examine the relationship between numbers of seeds
removed and ant activity, species richness, Rhytidoponera
presence and latitude. The best statistical model was arrived
at by manual stepwise model reduction (Crawley 2002).

Continental review of ant seed dispersers
and dispersal distance

Using the 14 studies from nine publications in which seed-
removing genera and/or species were quantified, we com-
pared the observed dominance (proportion of seeds
removed by the most active genus) to that expected were
seed removals to be performed evenly by the observed
seed-removing ant assemblage. Within each study, we anal-
ysed the number of study sites in which each genus was
recorded and the total number of seeds removed by each
genus and species. We created our null distribution, to
which we compared our observed dominance using EcoSmm
7 (Gotelli and Entsminger 2004). Our null distribution was
created by randomly distributing the same number of
removed seed within the study over all genera and/or spe-
cies which were observed removing seed in the given
study. For each study, we performed this randomisation and
calculated a dominance index 1000 times in order to estab-
lish 95% confidence limits with which to compare our
observed dominance index.
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Results

Within-habitat analysis of seed removal
and dispersal distance

In the focal study region, dispersal rates varied among sites.
No dispersal events were recorded at three sites, while one
site had more than sixfold the dispersal rate of any other
site. Of the observed seed removal events, 72% were car-
ried out by ants of one genus, Rhytidoponera (R. metallica,
16%; R. violacea, 57%). However, only 2% of individual
ants were Rhytidoponera species. The presence of Rhyti-
doponera in each plot was associated with numbers of
seed being removed to nests (Mann—Whitney U = 2.5,
n=38, P=0.051). Seed removal was not a consequence of
Rhytidoponera presence alone, as sites where Rhytidop-
onera was present did not uniformly exhibit high rates
of seed dispersal (Fig. 2). Species richness (r=0.192,
n=238, P=0.649) and ant activity (r=-0.303, n =38,
P =0.466) were not associated with seed removal rates.
Like removal rate, dispersal distance was also a function
of species identity. Mean dispersal distances for Rhyti-
doponera dispersals were: R. metallica =1.83 m (n=17)
and R. violacea = 3.80 m (n = 25). All other species com-
bined had an average dispersal distance of 0.22 m (n = 11),
and all of these resulted in a seed being dropped on the
soil surface, with the exception of one dispersal event by
Iridomyrmex greensladei.

Landscape level analysis of dispersal rate

Latitude, species richness and composition of the ant
assemblage were all associated with seed removal rate
(Table 1). Removal rates were greater where Rhytidopon-
era spp. were present and were negatively correlated with
ant species diversity and latitude (Fig. 2). Latitude and spe-
cies richness were not correlated (n=16, p,=0.254,
P =0.343). Of 912 ant individuals sampled, only 8% were
Rhytidoponera species. The four Rhytidoponera species
sampled (and the percentage of all individuals sampled)
were R. inornata (2%), R. metallica (3%), R. rufonigra
(1%) and R. violacea (2%). All of these species, except for
R. rufonigra (which has not been studied), have been
shown to disperse seeds, either at our main study site
(herein) or elsewhere in Australia (Table 2).

Continental review of ant seed dispersers
and dispersal distance

We surveyed 29 study sites from 23 published papers that
included the identity of ant seed dispersers in Australia
(Table 2). A total of 20 seed-removing ant genera were
recorded (Table 3). Of the 29 study sites, 23 had at least
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one Rhytidoponera species as a seed disperser. Of the 23
studies where Rhytidoponera was a seed disperser, 14
offered some comparison of frequency of seed dispersal by
different species. Of these 14 studies, ten found that Rhyti-
doponera species were the most common seed-removing
ants.

Overall, Rhytidoponera species removed seed in more
studies than would be expected by chance (Table 4). Rhyti-
doponera was also the most common seed-removing genus
in 6/13 studies that contained data on seed removal rates. In
6/10 studies in which a genus was found to be significantly
dominant, that genus was Rhytidoponera. At the species
level, one of five different Rhytidoponera species domi-
nated 7/10 studies (Table 4).

Of the four studies in which Rhytidoponera was present,
but was not the most important seed remover, “seed
removal” events may have actually been seed parasitism
rather than dispersal in two cases (Pheidole and Monomo-
rium, Majer and Lamont 1985; Mossop 1989). In the other
two studies, the primary ants removing seeds were actually
seed dispersers (Melophorus and Iridomyrmex, Schatral
et al. 1994; Hughes and Westoby 1990). Overall, in those
studies that provided information on the number of dispersal
events by different ant taxa, 45% of individual events were
carried out by Rhytidoponera species, 13% by Pheidole

species, 12% by Iridomyrmex species, 9% by Melophorus
species and 6% by Monomorium species (Table 3).

Global dispersal distances of seeds taken by ants average
0.96 m (Gomez and Espadaler 1998). All four Australian
studies which measured dispersal distances recorded Rhyti-
doponera providing above the global average dispersal dis-
tance, as did our own data from the sandplains site for R.
‘metallica’ and R. violacea. Further, in three of four stud-
ies, dispersal distances by Rhytidoponera species were
above the average distance calculated for Australia by
Gomez and Espadaler (1998).

Discussion

Based on our results, we find that the mutualism of dis-
persal of seeds by ants is unevenly diffuse in terms of the
ant partners. Locally, regionally and continentally, seed dis-
persal by ants is generally dominated by one keystone
mutualist genus, Rhytidoponera. Along our transect in
western Australia, the presence of species of Rhytidoponera
was the best predictor of the rate of seed removal. Our
results stand in contrast to frequent statements in the lit-
erature on seed dispersal by ants, which emphasise the
diversity of ant partners (e.g. Garrido et al. 2002). Other
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Table 2 continued

Dispersal distance

Percentage of seeds

dispersed &

Rhytidoponera Plant species

Rhytidoponera
as seed

Regions

Author

by R. species, Overall

most frequent
remover?

Rhytidoponera spp.

remover?

NA

NA

Grevillea pteridifolia

No

Groote Eylandt, No

Majer and Lamont 1985

Acacia aulacocarpa

Northern Territory

NA

NA

Grevillea pteridifolia

No

No

Gove, Northern Territory

Majer and Lamont 1985

Acacia aulacocarpa

ND

6.25%, R. ‘metallica’.

Grevillea pteridifolia

No

Weipa, Queensland Yes

Majer and Lamont 1985

Acacia aulacocarpa

ND

Acacia terminalis & 5 %, R. metallica

Yes No

Royal N.P. New South Wales

Mossop 1989

Bossiaea obcordata

ND

5 %, R. violacea

NA

Hibbertia hypericoides

No

Yes

No

Kings Park, Western Australia

Schatral et al. 1994

ND
ND

Hibbertia hypericoides

No

Wireless Hill, Western Australia

Schatral et al. 1994

Yes Yes Hibbertia hypericoides 70%, R. violacea

Cooljarloo, Western Australia

Schatral et al. 1994
Whitney 2005

ND

91% (approximately),

Acacia ligulata

Yes Yes

Kinchega N.P., New South Wales

R. mayri &
R. metallica

Table 3 Ant genera observed removing seed in Australian myrmec-
ochory studies

Genus Seed removal
Number Number Mean %
of sites of seeds of seeds®

Rhytidoponera 11 461 33
Pheidole® 7 134 16
Iridomyrmex 10 127 13
Melophorus 2 89 15
Monomorium 5 63 11
Notoncus 2 31 2
Aphaenogaster 2 28 2
Crematogaster 3 25 2
Meranoplus® 4 11 1
Tetramorium® 2 11 1
Camponotus 3 9 1
Paratrechina 3 8 1
Solenopsis 2 5 1
Prolasius 2 4 <1
Papyrius 1 4 <1
Technomyrmex 1 4 <1
Polyrhachis 2 4 <1
Opisthopsis 1 1 <1
Oecophylla 1 1 <1
Bothroponera 1 1 <1

# Mean % of seeds: the percentage of seeds taken by each genus, aver-
aged over all studies

b Likely seed predators

cases of keystone dispersal agents exist, including cases of
saurochory (Traveset and Reira 2005) and dispersal by
functionally unique bird species such as rattites (Stocker
and Irvine 1983; Cancela et al. 2006), but the example doc-
umented here is among the most general in that it could
potentially apply across many plant species and broad
spatial scales, including an entire continent.

Is myrmecochory an unevenly diffuse mutualism?

In the study region, myrmecochory appears to be an
unevenly diffuse mutualism at all scales. At the local scale,
removal of seeds was almost entirely due to two species of
Rhytidoponera: R. metallica and R. violacea. Although sev-
eral other ant genera removed seed, in most cases, these
seeds were dropped after a short distance or represented
rare events. Similarly, in other studies in Australia, seed
dispersal tends to be dominated by Rhytidoponera species
to a greater extent than would be expected based on the
number of ant genera known to take seeds. Uneven mutual-
isms with ants may be relatively common. For example,
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Table 4 Analysis of dominant seed-removing genera and species

Genus level dominance®

Species level dominance®

Observed 95% Confidence Dominant genus Observed 95% Confidence ~ Dominant species
interval interval
Andersen 1988 90.6 34.4-42.7 Rhytidoponera  90.6 34.4-42.7 R. tasmaniensis
Andersen and Morrison 1998 47.4 11.7-16.8 Rhytidoponera  34.4 8.4-12.3 R. aurata
Brew et al. 1989 61 21.3-27.9 Rhytidoponera 61 21.3-27.9 R. victoriae
Drake 1981 68.6 25.7-34.3 Rhytidoponera  68.2 20.3-21.9 R. metallica
Hughes and Westoby 1990 45.7 16.3-23.9 Iridomyrmex 18.3 8.6-14 R. metallica
Hughes and Westoby 1992 56.9 20.8-26.9 Rhytidoponera  56.9 10.2-14.2 R. metallica
Majer and Lamont 1985 70 27.5-40 Monomorium Genera only
Majer and Lamont 1985 35.7 21.4-39.3 Pheidole Genera only
Majer and Lamont 1985 37.5 20.8-37.5 Monomorium/ Genera only
Pheidole
Mossop 1989 63.2 15.8-26.3 Pheidole 333 10.3-20.5 Pheidole sp. 4
Schatral and Fox 1994 90.4 34.9-46 Melophorus 69.8 27-36.5 Melophorus sp. JDM 358
Schatral and Fox 1994 100 ~ Melophorus® 100 ~ Melophorus sp. JDM 358
Schatral and Fox 1994 68.8 50-68.8 Rhytidoponera  68.8 50-68.8 R. violacea
All (no. of studies)® 16.9 7.6-13.8 Rhytidoponera

* Dominance is defined as the fraction of seed removed by the most common seed remover. This dominance is compared with a null model which
assumes an even number of seed removals over the genera/species observed. Genera or species which are significantly dominant (P < 0.05) are in

bold

® Tests whether Rhytidoponera appears in more studies than expected by chance

¢ Only one genus observed, hence no statistical test possible

since the submission of this manuscript, Beattie (2006) has
suggested a small guild of ant species may be selected for
their effectiveness in plant pollination.

Rhytidoponera species were not the only dispersers of
seeds. We also recorded dispersal of seeds by Iridomyrmex
species and have seen dispersal of seeds by a Melophorus
species at our main field sites in the Eneabba sandplains. In
a separate investigation at our main study landscape (Ene-
abba), Neil McCoy (personal communication) found that a
species other than a species of Rhytidoponera, 1. greensla-
dei, was the most important seed disperser at one of the 17
sites. Our continental analysis of myrmecochory also sug-
gests that a range of other ant genera are sometimes effec-
tive seed dispersers, particularly ants of these two genera as
well as species of Pheidole. However, at all scales of analy-
sis, Rhytidoponera appears to play a disproportionate role
in seed removal.

Our results concerning the unevenness of myrmecoch-
ory may also extend beyond Australia. Globally, just a
handful of ant genera disperse most of the seeds. In tem-
perate forests, species of Formica, Aphaenogaster and
Myrmica take almost all seeds. In the Fynbos, most seeds
are taken by species of Anoplolepis and Pheidole. Thus,
although many species do occasionally take seeds (Beattie
1985), most are taken by only a subset of the species pres-
ent in a community.

@ Springer

What governs spatial variation in the rate
of seed removal?

We considered seed removal across a large (1650 km) spa-
tial gradient, in part because we suspected that the strong
environmental gradient along the transect would influence
seed removal through changes to ant activity or assemblage
structure. We did observe a correlation between seed
removal with latitude. However, the presence of the key-
stone mutualist Rhytidoponera explained more variation in
removal rate than did latitude per se. The presence of spe-
cies of the genus Rhytidoponera appear to be main determi-
nants of the rate at which seeds are removed.

In contrast to the pattern for other regions (e.g. Kaspari
et al. 2003), ant diversity was not strongly correlated with
latitude. Understanding why latitude and ant diversity are
not correlated in western Australia is beyond the scope of
the present study, but the lack of correlation has the advan-
tage that it allows us to disentangle the effect of diversity
and the other potential correlates of latitude (such as cli-
mate). Ant diversity played some role in the removal rate of
seeds, but not in the direction we might predict if myrmec-
ochory were an evenly diffuse mutualism and certainly not
if species diversity acts synergistically (e.g. Loreau et al.
2001). Removal rates were lower where ant diversity was
higher. We suspect that the higher removal rates of seeds in
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lower diversity ant communities were due to reduced
competition of Rhytidoponera with behaviourally dominant
species. Andersen (1993) demonstrated a negative associa-
tion between ant species density and Rhytidoponera pres-
ence. Anecdotally, we noted that where diversity was higher,
seeds were more likely to be behaviourally dominated by
small, aggressive seed parasites, such as Iridomyrmex
chasei and Crematogaster species. Although some authors
have linked myrmecochory to higher ant activity (see Beattie
and Culver 1981 for a site in eastern North America), we
found no advantage of increased ant activity to seed removal
across space. Sites with many individual ants tended to be
dominated by small seed parasites rather than by individuals
of Rhytidoponera or other seed-dispersing ants.

What makes Rhytidoponera special?

Rhytidoponera species are behaviourally subordinate
(Andersen 1990, 1992), avoid competition by foraging at
relatively cool temperatures (Andersen 1986) and take
advantage of disturbed sites (Andersen 1986, 1991; Ander-
sen and McKaige 1987; reviewed in Hoffmann and Ander-
sen 2003), which means that Rhytidoponera species may be
more likely than other ant genera to rapidly remove seeds,
rather than feed on seed in situ and risk interference compe-
tition (Messler and Lu 1983). Globally, the behaviour of
behaviourally subordinate species appears to be integral to
successful myrmecochory (e.g. Messler and Lu 1983).
Howe (1979) suggested a similarly important behaviour of
“fearful frugivores” responding to predation pressure
around abundantly fruiting trees. Behavioural subordinance
may be important for seed dispersers in many regions. The
important seed-dispersing ant genus in temperate forests in
Asia, North America and Mediterranean Europe, Aphae-
nogaster, is also behaviourally subordinate where it has
been studied (e.g. Fellers 1987). One of the two ant genera
that are important to the dispersal of seeds in Europe, Myr-
mica, but not the other, Formica, is typically considered to
be behaviourally subordinate (Vepsildinen and Savolainen
1990). Perhaps the most general statement we can make at
this time is that effective seed removers are those that need
to remove seeds to the nest rapidly. One factor that encour-
ages such rapid removal is behavioural subordinance.

Our conclusion that Rhytidoponera species are keystone
dispersers may not generalize to all groups of ant-dispersed
plant species in Australia. Rhytidoponera species are rela-
tively large (Shattuck 1999) and could be disproportion-
ately effective as dispersers of large-seeded plant species.
Such large-seeded species would include not only Acacia,
which is widespread and particularly speciose, but most
likely most of the peas as well (Papilionaceae, Table 2). We
can not entirely exclude the possibility that smaller seeds
might favour a more diffuse assemblage of ants or simply a

different keystone group of ants which are unable to dis-
perse large seeds. However, smaller ants, such as some of
the smaller Iridomyrmex species, were able to remove Aca-
cia blakeleyi seed individually, while smaller ants co-oper-
atively transport larger items to the nest (e.g. Pfeiffer et al.
2006). In addition, when we repeated the local seed dis-
persal trials with a seed a quarter the mass of A. blakeleyi
(A. neurophylla), Rhytidoponera species were still the most
important seed dispersers at those sites. We also noted,
anecdotally, that seed parasitism (in situ ‘aril robbing’)
tended to be an innate behaviour rather than a consequence
of seeds being too difficult to transport, such that our results
may actually generalize to smaller seeds; such generaliza-
tion will await further tests.

Consequences of an unevenly diffuse mutualism

If Rhytidoponera species are the key to seed dispersal in
Australia, a remaining question is what governs the distri-
bution of Rhytidoponera? At the largest scale, Rhytidopon-
era species can be found throughout Australia, from the
wettest forests to the driest deserts (e.g. Shattuck 1999). At
a landscape scale, however, our results show that Rhytidop-
onera species are patchily distributed. One explanation for
patchiness in Rhytidoponera presence in space may be the
disturbance history of the sites. Species of the genus Rhyti-
doponera are recognised as disturbance specialists in func-
tional group classifications (e.g. Hoffman and Andersen
2003) and are common both in urban environments (May
and Heterick 2000) and in relatively large disturbances
such as restored minesites (Majer 1982). Historically, and
across much of modern Australia, the most common distur-
bance would have been fire (Gill et al. 1981). In studies of
the relationship between ants and fire in Australia, species
of Rhytidoponera, including R. metallica (Andersen 1991;
York 2000; Hoffmann and Andersen 2003), R. (turneri gp)
sp.3 (Andersen 1991), R. trachypyx (Andersen 1991), R.
aurata (Andersen 1991) and R. victoriae (York 2000), are
all more common in recently burned sites than in either
unburned sites or sites that burn less frequently. Some vari-
ation among plots in our study and, more generally, in seed
removal rates may thus be due to the time since fire or
another type of disturbance has occurred at the study sites.
Disturbance would then be the over-riding mechanism cre-
ating a shifting mosaic (see Thompson 2005) in which the
strength and outcomes of the ant-plant mutualism vary.

If Rhytidoponera is most common after fires, it suggests
to us the following testable scenario. After fires, Rhytidop-
onera species recruit into plots. In the years following fires,
plants begin to produce seeds, and those seeds are dispersed
primarily by Rhytidoponera species. As the canopy closes,
the environment becomes less suitable for Rhytidoponera
species, and seed dispersal rates decrease (as documented
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for one site by Parr et al. 2007), such that more seeds are
abandoned and consequently parasitized or predated. We
offer this scenario as a hypothesis for further testing.
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