


EV-2

introductions – over time introduced species incre-
mentally acquire natural enemies in their new environs  
(Grabenweger et al. 2010, Mitchell et al. 2010) and this 
guild can include a combination of natural enemies that  
are native to the environment as well as those that are  
themselves introduced (Parker et al. 2006). In some cases, 
these acquisitions can diminish or mute among-species dif-
ferences in either the incidence or consequences of attacks 
by natural enemies (Parker and Gilbert 2007, Van Kleunen  
and Fischer 2009). Thus, spatial and temporal variation 
in community composition should have important conse-
quences for the population dynamics of introduced species.

Facilitation can also play an important role in success-
ful invasions. For example, the competitive dominance of 
invasive species can result from their ability to deprive native 
species with access to their mutualists (e.g. by distracting or 
poisoning the allies; Chittka and Schurkens 2001, Stinson 
et al. 2006). More directly, invading populations can ben-
efit from the presence of other species (native or introduced) 
that act as seed dispersers (Bourgeois et al. 2005, Best 2008, 
Best and Arcese 2009, Heimpel et al. 2010), alternative  
hosts (Heimpel et al. 2010), natural enemies of native  
competitors (Grosholz 2005, Adams et al. 2003) or that  
provide new or augmented resources (Best 2008, Madritch 
and Lindroth 2009, Heimpel et al. 2010).

Because protection mutualisms inherently link facili-
tation with natural enemy attack, these interactions are 
uniquely suited for understanding the importance of  
positive and negative species interactions for species intro-
ductions. Ant-protection mutualisms are a well-studied 
example of protection mutualism in which a host part-
ner, such as a plant or hemipteran aggregation, provides 
a resource reward to ants in exchange for protection  
from enemies or competitors. There is considerable  
evidence that these mutualisms can mediate, and be influ-
enced by, invasion of introduced species. For example, 
access to mutualist-provided food rewards can enhance the 
success of introduced ant species (Hoffman et al. 1999, 
Holway et al. 2002, Ness and Bronstein 2004, Styrsky  
and Eubanks 2007, Lach et al. 2009, Savage et al. 2009, 
Helms et al. 2011) and can magnify the effect of intro-
duced ants on the recipient community (Kaplan and  
Eubanks 2005, Brightwell and Silverman 2010). Further, 
because the quantity and quality of mutualistic inter-
actions (e.g. numbers or per capita effects) can depend  
on ant community composition, the benefits received by 
protected partners in invaded and non-invaded commu-
nities can differ substantially – for better (Savage et al.  
2009) or for worse (Bond and Slingsby 1984, Christian 
2001, Ness 2004, Ness et al. 2004, Lach and Hoffmann 
2011). Finally, introduced ants sometimes engage in protec-
tion mutualisms with reward producers that are themselves 
introduced (Koptur 1979, Bach 1991, Abbott and Green 
2007, Lach et al. 2010, Helms et al. 2011) – an interaction 
that could promote invasional meltdown.

Notably, the outcome of protection mutualisms for 
both partners may depend on natural enemy abundance. 
Protected partners only benefit from protection when  
the presence of natural enemies makes them vulnerable 
(Cushman and Whitham 1989). Further, because protected 
partners often increase reward production in response to 

attacks (Agrawal 1998a, Ness 2003a, Rogers et al. 2003, 
Lach et al. 2009), the magnitude of benefit received by  
protectors can be mediated by the natural enemy com-
munity. Specifically, in the absence of substantial enemy  
pressure, non-native protected partners will not need pro-
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2010). Japanese knotweed produces a carbohydrate-rich 
solution at extrafloral nectaries on the petioles and nodes of 
stems that can attract ants and other insects (Kawano et al. 
1999). In its native range, knotweed interacts with a vari-
ety of ants (nine species in six genera reported in Kawano 
et al. 1999) and an assemblage of natural enemies that often  
defoliate  30% of total leaf area (Kawano et al. 1999).

Myrmica rubra is a Palearctic ant species first reported  
in the United States by Wheeler (1908) in the Arnold  
Arboretum, Forest Hills, MA. Additional populations have 
since been discovered primarily along coastal locations of the 
northeastern United States (Creighton 1950). Nevertheless, 
a few inland populations are widely distributed (including 
the one in our study system) and evidence supports the 
hypothesis that the ant has been introduced several times 
(Groden et al. 2005). Although M. rubra can spread by 
colony budding (Elmes 1980) or nuptial flights, budding 
is the dominant mode of expansion in its introduced range 
(Groden et al. 2005). Myrmica rubra can achieve much 
higher densities in its introduced range relative to its native 
range (Groden et al. 2005), and in the area of our study  
site the presence of M. rubra is associated with a decline in 
the number of native ant species (Morales et al. unpubl.).

Popillia japonica (Japanese beetle) is a univoltine insect 
that feeds on plant roots and leaves (as larvae and adults, 
respectively). Adults emerge in July in the area of our study 
sites at which point they feed, mate, and oviposit for appro-
ximately one month (Vittum 1986). Japanese beetles are 
extreme generalist herbivores and feed on  300 species in  
at least 79 families (Potter and Held 2002), including  
Fallopia in their shared native range in Japan (Kawano  
et 
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65 plants and introduced five beetles onto approximately  
half of these plants beginning 22 July 2008. Beetles were  
confined to plants using an insect rearing bag with the  
bottom of the bag open to allow access by ants. A large rain 
event on 23 July resulted in heavy flooding and decreased 
the number of available plants to 21 treatment plants  
and 20 beetle-control plants (i.e. bagged plants without 
beetles). We monitored ant attendance on the plants at 
morning and afternoon censuses from 25 July to 1 August 
for a total of 15 censuses. The experiment was repeated 
in 2009 with ant counts beginning on 23 July for a total 
of 13 censuses (n  30 plants per treatment). Because 
the effect of beetles did not vary between years (Year   
Beetles  Year  Beetles  Day|Year  Beetles  Day   
Beetles  Day, c2

DF  3  2.22, p  0.53), data were com-
bined for analysis. This experiment was performed at the 
Hoosic site.

To describe the relationship between the amount of 
beetle herbivory and the magnitude of ant induction, we 
monitored 50 plants beginning 4 July 2008. We introduced 
five beetles onto each treatment plant (n  12). Beetles  
were confined to treatment plants using an insect rearing  
bag with the bottom of the bag open to allow access by  
ants. We also established two sets of controls: beetle-control 
plants (n  6 bagged plants without beetles) and bag   
beetle-control plants (n  32 non-bagged plants without 
beetles). We monitored ant attendance on the plants for 
three censuses between five and six days after initiating  
treatments. We also recorded any incidence of beetle  
attack on control plants (n  5 plants attacked). After  
the third census, we collected all damaged leaves and 
estimated the mass lost using the relationship between 
petiole diameter (mm) and leaf mass (mg) inferred from 
100 undamaged leaves collected at that time (mass   
20.437  0.861  diameter; R2  0.58; one plant was  
omitted that ‘gained’ mass in spite of evident beetle damage). 
The experiment was repeated with the undamaged plants 
using a second cohort of beetles beginning 10 July. This 
experiment was performed in the Kayaderosseras watershed.

Correlated distribution of Japanese knotweed  
and Myrmica rubra

We explored whether M. rubra was disproportion-
ately common at sites that also included F. japonica by  
visually inspecting sites in the Hoosic watershed (the only 
watershed in this study with M. rubra populations). The 
Hoosic River was sampled by canoe once every kilometer  
of riverflow for canoe-accessible sites from Adams, MA to  
its confluence with the Hudson River (n  39 sites).  
Because M. rubra is generally abundant where it has  
invaded (personal obs), we identified sites as ‘non-invaded’  
if M. rubra was not discovered after 30 person-minutes.  
We also documented the presence or absence of F. japonica 
at each site at that time. These data were analyzed using a 
c2-test (Gotelli and Graves 1996).

Statistical analysis

All statistical analyses were conducted using R  
(R Development Core Team). We analyzed plant responses 

exceeded two on any given census (n  3). Otherwise, data 
were analyzed as for the 2007 herbivory experiment.

Nectar production in response to leaf damage

To evaluate whether leaf damage was associated with an 
increase in reward production by plants, we conducted an 
experiment during early June 2011. Forty plants were ran-
domly assigned to damage and control categories (n  20 per  
plant) and we used scissors to remove approximately  
one-third of the area on each leaf for treatment plants on  
3 June. This level of simulated herbivory was based on reports 
of herbivory on Japanese knotweed in its native range (Kawano 
et al. 1999). Manufactured damage (e.g. by scissors, pins) is 
capable of inducing responses by ant-tended plants in this 
and other systems (Kawano et al. 1999, Agrawal 1998a, b). 
On 6 June, Tanglefoot was applied to plants to exclude ants 
and to allow nectar to accumulate. On 7 June, we collected 
nectary secretions from the 2nd and 4th fully expanded leaf 
of the distal-most stem. Because sugars had crystallized in the 
absence of ant foraging, water was added to the nectaries to 
dissolve and better collect sugars, and sugar content for the 
resulting solutions was measured with a refractometer using 
the Brix scale. As a result, we can describe total standing sugar 
for each leaf as the product of the sampled volumes and sugar 
content of each sampled volume, but cannot independently 
describe any changes in nectar volume and/or sugar con-
centration that could occur when plants are damaged and  
nectar does not crystalize (i.e. in the presence of ant forag-
ers). This experiment was performed at the Hoosic site.

To confirm that treatment and control plants did not  
differ in ant attendance prior to the experiment, we censused 
all plants for ants three times in the 36 h prior to the initia-
tion of the damage treatment, and used a t-test to compare 
mean attendance among the two groups.

Ant responses to leaf damage

To evaluate whether ant attendance increases in response  
to leaf damage and whether any response differed among 
watersheds with native ants versus those dominated by  
M. rubra, we conducted identical experiments during June 
2008 in the invaded and non-invaded watersheds (n  70 
and 80 plants, respectively). At each site, plants were ran-
domly assigned to damage and control categories. We used 
scissors to remove approximately one-third of the area  
on each leaf for damage-treatment plants. Censuses of  
ant abundance on individual plants were performed for 
several days prior to the initiation of the experiment, and 
twice daily for at least one week after the damage treatments. 
Preliminary analysis indicated that our data were consistent 
with previous studies showing an increase and subsequent 
decrease in ant abundance following leaf damage (Agrawal 
1998b). To account for this pattern, we included a qua-
dratic term to model the pattern of ant abundance over  
time following the initiation of treatments.

Ant responses to herbivory by Japanese beetles

To test the hypothesis that folivory by Japanese beetles 
induces changes in ant tending of plants, we selected  
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p  0.048, Fig. 4), increased the probability of leaf damage 
by a factor of 1.55 (log odds  SE  0.69  0.38, z  1.79, 
p  0.036, Fig. 4) but had no effect on the level of herbivory 
for damaged leaves only (F1,42  0.89, p  0.176).

Correlated distribution of Japanese knotweed  
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up to a factor of 2.8 in the invaded site compared to 8.2 in 
the non-invaded site.

Ant responses to herbivory by Japanese beetles

The experimental addition of beetles significantly increased 
ant attendance over an eight-day timespan in the invaded 
site (Beetles  Day|Year  Beetles  Day, c2

DF  1  6.68, 
p  0.01; Fig. 2). In a six-day span in the non-invaded  
site, beetle additions to plants increased ant abundance  
relative to the two control groups by a factor of 7 
(c2

DF  1  6.95, p  0.008) and increased average herbivory 
by a factor of 23 (overall treatment effect, F1,28  72.8,  
p  0.001; Tukey’s post hoc comparisons: beetle versus  
beetle-control treatments, Δ beetle  SE  1.3  0.11, z   
11.8, p  0.001; beetle versus bag  beetle control treat-
ments, Δ beetle  SE  0.73  0.17, z  4.32, p  0.01). 
Notably, the increases in ant abundance were proportional 
to the level of beetle herbivory (slope  SE  0.61  0.19, 
z  3.24, p  0.001).

Discussion

Surprisingly few studies implicate the importance of pro-
tection mutualisms as important in the invasion of reward-
producing hosts in non-native environments (Richardson 
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Seiger 2002) in New England could unexpectedly (and  
literally) fuel the invasion of M. rubra in the region.  
Biological control is typically evaluated in the context of 
host specificity, asking whether an intentionally introduced 
consumer is likely to attack other plants. The prospect  
that these consumers could influence the mutualists of 
the target species, let alone to the benefit of those mutu-
alists to a degree that could influence other species of the 
larger community, is largely unexplored. Our results argue  
that biological control needs to be evaluated within a  
community context, particularly as our biota becomes 
increasingly homogenized (McKinney and Lockwood 
1999). Finally, because enemy release and facilitation  
are predicated on the rarity versus presence of particu-
lar combinations of introduced species, respectively, we 
predict that interactions of the latter type will become  
increasingly common as the duration of time in the new 
environs increases. This is particularly likely to be the case 
with protection mutualisms – facilitation fueled by these 
interactions are predicated on a robust natural enemy com-
munity that may develop over centuries in the introduced 
environs (Hawkes 2007, Mitchell et al. 2010).
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