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Abstract Arbuscular mycorrhizal fungi (AMF) can alter
the physiology and morphology of their host plant, and
therefore may have indirect effects on insect herbivores and
pollinators. We conducted this study to test the hypothesis
that AMF can also affect insects involved in protection-for-
food mutualisms. We examined the constitutive and induc-
ible production of food rewards [extrafloral (EF) nectaries]
in Vicia faba plants by manipulating the presence/absence
of AMF and by simulating various levels of herbivory.
Plants inoculated with AMF produced significantly fewer
EF nectaries than uninoculated plants, even after account-
ing for differences in plant growth. In contrast to earlier
studies, EF nectaries were not inducible: damaged plants
produced significantly fewer EF nectaries than undamaged
plants. Moreover, the effects of mycorrhizal and damage
status on EF nectary production were additive. The reduc-
tion in EF nectaries in mycorrhizal plants potentially repre-
sents a mechanism for indirect effects of AMF on the
protective insects that exploit EF nectaries as a food source
(e.g., ants). Reduced reward size should result in reduced
protection by ants, and could therefore be a previously
unappreciated cost of the mycorrhizal symbiosis to host
plants. However, the overall effect of AMF will depend
upon the extent to which the reduction of EF nectaries
affects the number and activity of ants and the extent to
which AMF alter other aspects of host plant physiology.
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Our results emphasize the complexity of multitrophic inter-
actions, particularly those that span belowground and
aboveground ecology.
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Introduction

Mutualisms, mutually beneficial interspecific interactions,
are an important component of ecological communities
(Boucher 1985). Mutualisms are both ubiquitous and typi-
cally diffuse (i.e., they involve multiple species partners;
Janzen 1985). Coupled with the high diversity of functional
types of mutualisms (Boucher 1982, 1985; Connor 1995),
these attributes emphasize the fact that many organisms
engage in multiple mutualisms simultaneously. The diver-
sity of mutualisms involving plants is impressive and
includes belowground associations with mycorrhizal fungi
and nitrogen-fixing bacteria, and aboveground associations
with fungal endophytes and a wide array of animal seed
dispersers, pollinators and “bodyguards.” Considering the
diversity of these taxa that serve as plant mutualists, it is
apparent that plants are particularly likely to participate in
multiple, simultaneous mutualisms. These can include situ-
ations in which the “multiple mutualists” are distantly
related, e.g., mycorrhizal fungi and pollinating insects
(Gange and Smith 2005; Wolfe et al. 2005), or situations in
which they are comparatively closely related, e.g., several
ant species that protect a host (Dejean et al. 2000; Hossaert-
McKey et al. 2001; Labeyrie et al. 2001; Orivel and Dejean
2002). In either scenario, there is a strong possibility of
indirect effects between multiple mutualists, as well as the
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potential for each mutualist to modify the benefits and costs
the other mutualists impose on their host plant. In this
paper, we investigate the potential for plant-mediated indi-
rect effects between arbuscular mycorrhizal fungi and ant
bodyguards, and discuss the implications for plant protec-
tion.

Arbuscular mycorrhizal fungi (AMF, phylum Glomer-
omycota; Schiifiler et al. 2001) form symbioses with the
roots of most plant species (Bever et al. 2001). In these
typically mutualistic relationships, soil nutrients collected
by AMF are transferred to the host plant (Bonfante-Fasolo
and Scannerini 1992). During this process, AMF procure a
large proportion of their host’s carbon budget for fungal
biomass and respiration, and also promote increased plant
root growth and respiration (Bryla and Eissenstat 2005).
Therefore, in addition to their nutritional benefits to plants,
AMF also exact a carbon cost from their host, and these
costs may outweigh the benefits when soil nutrients are
abundant (e.g., Buwalda and Goh 1982; Peng et al. 1993).
The changes generated by AMF in their host plants can
have important indirect effects on plant-animal interac-
tions, with herbivory receiving the most attention (reviewed
in Gehring and Whitham 2002). The presence of plant—
AMF associations (and associations between plants and
other types of mycorrhizal fungi) can result in a continuum
of positive, neutral, and negative indirect effects on herbi-
vores such as insects and nematodes (e.g., Rabin and
Pacovsky 1985; Tylka et al. 1991; Gange and West 1994;
Gange etal. 1994, 1999, 2002a, 2002b, 2005; Borowicz
1997; Gehring et al. 1997; Manninen et al. 1999; Goverde
et al. 2000; Wamberg et al. 2003). The position of a partic-
ular AMF-plant-herbivore indirect interaction along this
continuum depends on the specific changes that AMF elicit
in their host plants (i.e., on the quantity, as well as the nutri-
tional and defensive qualities of edible plant tissues), and
the abilities of different species of herbivores to tolerate or
exploit these changes (Gehring and Whitham 2002).

In accordance with the multiple mutualist phenomenon,
AMF may also have indirect effects on plant-insect mutual-
isms. Many plants rely on insect mutualists to perform a
variety of beneficial services, such as the transport of their
gametes or offspring (i.e., pollination and seed dispersal),
protection from herbivores, or the provision of nutrients
through frass deposition. In most cases, host plants attract
mutualistic insects with rewards of food [e.g., floral and
extrafloral (EF) nectar, pollen, fruits, seeds, and food
bodies] and/or shelter (e.g., hollow thorns, stems and
leaves). The quantity and quality of these rewards—just
like the quantity and quality of plant tissues consumed by
herbivores—are potentially influenced by the host plant’s
mycorrhizal status. To date, two studies have investigated
the indirect effects of AMF on insect mutualists via changes
to plant rewards. In Chamerion angustifolium, AMF
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increased pollinator visitation and seed set, because mycor-
rhizal plants had larger, more conspicuous inflorescences
than non-mycorrhizal plants (Wolfe et al. 2005). In Centau-
rea cyanus, Tagetes erecta and T. patula, AMF increased
pollinator visitation due to increased flower numbers,
inflorescence size, and floral nectar production and sugar
concentration (Gange and Smith 2005).

In our study, we focus on the effects of AMF on plant-
protection mutualisms instead of pollination mutualisms,
examining the effects of AMF on the production of one type
of reward that host plants offer to their insect mutualists: EF
nectar. EF nectar is secreted by EF nectaries that occur on
the leaves, stems, stipules, bracts and other parts of many
plant species (Elias 1983; Koptur 1992). EF nectar is
mainly composed of sugars, but also contains other organic
compounds such as amino acids (Baker et al. 1978). The
function of EF nectaries is to attract aggressive, mutualistic
insect “bodyguards,” such as ants, which, while foraging
for nectar, protect their host plant from herbivorous insects
(Bentley 1977; Rogers 1985; Koptur 1992; but see Arimura
et al. 2005 for counterexamples). The importance of these
bodyguards to their host plants is underscored by the poten-
tially negative effects of herbivory on plant fitness. For
example, in Vicia hirsuta and V. sativa, two plants closely
related to the focal species in this study, herbivory led to
reduced total leaf biomass and various measures of seed
quality and quantity (Brown et al. 1987).

Variation in reward quality and quantity can have strong
effects on the level of ant attendance, and therefore on plant
protection and fitness. For instance, Ness (2003) demon-
strated that ant attendance increased and herbivore
abundance decreased on Catalpa bignonioides leaves
whose EF nectary’s sugar concentrations were increased
after experimental damage. In another example, Rudgers
(2004) experimentally reduced the number of EF nectaries
expressed by Gossypium thurberi, and observed decreased
ant attendance, greater plant damage, and reduced seed set.
Similarly, in two species of Vicia, EF nectary removal lead
to a reduction in ants, greater plant damage, and reduced
fruit set (Koptur 1979). Finally, and most importantly,
the experimental removal of EF nectaries in Vicia faba (the
same species used in this study) led to a reduction in the
number of attending ants and a reduction in those ants’
efficiency of herbivore removal (Katayama and Suzuki
2004).

The flow of plant-produced carbohydrates from host
plants to AMF is one of the key features of the mycorrhizal
symbiosis (Bonfante-Fasolo and Scannerini 1992; Finlay
and Soderstrom 1992). Indeed, from a carbon budget
perspective, mycorrhizal associations can be very expensive
for a host plant to maintain (e.g., 10% of carbon fixed
daily in V. faba (Pang and Paul 1980; reviewed in Bryla
and Eissenstat 2005). Moreover, this acquisition of
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plant-produced carbohydrates by symbiotic AMF can
reduce the availability of carbohydrates for aboveground
plant functions (e.g., Buwalda and Goh 1982). Thus, we
predict that AMF have the potential to alter both the
constitutive and inducible production of carbohydrate-
requiring EF nectaries. The direction of this effect will
reflect the balance between AMF’s probable positive effects
on plant growth, and their simultaneous preemption of
carbohydrates. If there is indeed a net effect of AMF on EF
nectar production, this may have an indirect effect on the
host plant’s interaction with mutualistic ants, depending on
whether the magnitude of the effect of AMF on EF nectar
production is sufficient to elicit a response in ant foraging
patterns. Moreover, any subsequent changes to the level of
plant protection by ants will depend on the relationship
between ant attendance and plant protection, which may be
a saturating function (e.g., Ness et al. 2006). Of course,
determining whether AMF are indirectly responsible for
influencing EF nectary-mediated ant—plant mutualisms will
ultimately require a study system in which all the partici-
pants in the interaction are present (i.e., fungi—plants—ants—
herbivores). Nevertheless, given that the importance of EF
nectaries themselves has already been established for Vicia
faba—ant interactions (Katayama and Suzuki 2004), demon-
strating whether AMF can alter the production of EF
nectaries is clearly the next step in this line of research.

To this end, we report the results of a controlled growth
chamber experiment using V. faba as a focal species. By
simultaneously manipulating plants’ mycorrhizal status
(using selective inoculation) and damage status (to simulate
herbivory), we address the question of whether the AMF—
plant association influences the constitutive and inducible
production of EF nectaries.

Materials and methods
Study species

Vicia faba L. (Fabaceae) cv. “Broad Windsor” is mycorrhi-
zal, with up to 10% of its photosynthates appropriated by
its AMF and their metabolic processes (Pang and Paul
1980; Paul and Kucey 1981; Kucey and Paul 1982). This
mycorrhizal association can lead to enhanced nutrient
uptake and increased plant growth and photosynthetic rate
(El-Ghandour et al. 1996; Jia etal. 2004). V. faba also
produces conspicuous, ant-attended EF nectaries (Bugg and
Ellis 1990; Engel etal. 2001). In V. faba, EF nectaries
occur on the stipules that grow in pairs at the base of leaf
petioles (Mondor and Addicott 2003). Each stipule pair can
bear up to four EF nectaries, but >99% of the stipule pairs
in this experiment bore 0-2 EF nectaries. To estimate EF
nectary production, we chose to count the number of EF

nectaries, rather than measure the volume of EF nectar,
thereby avoiding difficulties associated with diurnal and
internectary variation in the volume of nectar produced
(e.g., Heil et al. 2000). Furthermore, variation in the num-
ber of EF nectaries may be more important than nectar vol-
ume or concentration in terms of EF nectary function,
which from a plant’s perspective is not feeding ants per se,
but rather attracting them and ensuring that they are distrib-
uted across all vulnerable tissues rather than clumped at a
small number of “feeding stations.”

Under some environmental conditions, the number of EF
nectaries produced by V. faba is increased by plant damage
(Mondor and Addicott 2003; Mondor et al. 2006), suggest-
ing that EF nectaries are an inducible indirect defence (but
see Engel et al. 2001), being constructed in increased num-
bers during times of enhanced risk of herbivory in order to
recruit more ant attendants (reviewed in Agrawal and Rut-
ter 1998; Arimura et al. 2005; also see Koptur 1989 for a
similar effect of damage on nectar volume in V. sativa).
This feature allows us to test the hypothesis that AMF can
also affect the inducibility of EF nectaries, in addition to
constitutive EF nectary production.

Experimental set-up and design

In order to determine whether the AMF—plant association
can influence the constitutive and inducible production of
EF nectaries, we used a full-factorial repeated-measures
design involving two experimental factors, each with two
levels to which individual plants were randomly assigned.
The first factor (mycorrhiza) was the inoculation of selected
plants with mycorrhizal fungi, the two treatments being
“inoculated” (M+) and “not inoculated” (M—). First, we
surface-sterilized V. faba seeds by washing them in a 2%
sodium hypochlorite solution for 20 min, followed by five
rinses in sterile water, with each rinse lasting 5 min. The
seeds were germinated on filter paper that was moistened
with sterile water. After six days, we prepared a
150 x 180 mm pot for each seedling, with the pots contain-
ing a soil-free growth medium composed of peat moss,
perlite and crushed clay (4:3:3 by volume). Immediately
prior to planting, we dipped the emerging radicles of M+
seedlings in a granular mycorrhizal inoculant containing
the spores of eight common and weedy AMF suspended in
finely-ground rock powder at a density of >50 ml~'—
Glomus aggregatum, G. clarum, G. deserticola, G. intrara-
dices, G. monosporus, G. mosseae, Gigaspora margarita
and Paraglomus brasilianum (Bio/Organics, Inc., LaPine,
OR, USA). At least three of these species, G. clarum,
G. intraradices and G. mosseae, are known to form mycor-
rhizal associations with V. faba (Rabie and Almadini 2005;
Vieweg et al. 2004; Kucey and Paul 1982, respectively).
We made a 2 cm depression in the surface of the growth
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medium in each pot. For each M+ seed, we placed 5 ml of
inoculant into the depression (i.e., <0.2% of the pot, by
volume), planted the seed, and covered it with a thin layer
of growth medium. We treated M— plants similarly to M+
plants, but they did not receive any inoculant. We did not
add autoclaved inoculant to M— plants, because heating
inoculants can lead to phytotoxic effects (Rovira and Brown
1966). One option would have been to use irradiated inocu-
lant in M— plants and then attempt to reintroduce any
unknown non-AMF microorganisms that may have been
present by adding sieved inoculant washes. However, we
considered that the risk that this attempted reintroduction
would be incomplete—or worse, result in the contamina-
tion of M— plants by live AMF spores—was unacceptably
high compared to the small risk in our method of having
M+ plants colonized by non-AMF microorganisms whose
presence/absence in the inoculant was uncertain. Following
planting, we randomly arranged the plants in a growth
chamber. Each day, the plants received 13 h of light at
20 °C and 11 h of darkness at 16 °C, and were watered with
deionized water. We took care to avoid contamination of
soil of M— plants by the soil of M+ plants by gently top-
watering each pot, without allowing splashing between
pots. Also, the grooved floor of the growth chamber
allowed the pots to drain excess water, but not to exchange
water with one another.

The second factor (damage) also had two treatments:
“damaged” (D+) and “undamaged” (D—). Although
Mondor and Addicott (2003) and Mondor et al. (2006) have
already shown that EF nectaries can be inducible, we
included damage as a factor in this experiment in order to
determine whether this inducibility was affected by AMF
(i.e., amycorrhiza x damage interaction). We damaged D+
plants on the 18th day after germination by excising the
distal third of all fully expanded leaves. We handled D—
plants similarly, but left them undamaged. Our treatments
were meant to simulate the presence/absence of damage by
herbivores. Artificial damage has the advantage of allowing
precise control of the timing and intensity of “herbivory”;
however, it may also have its costs in terms of reduced
realism compared to damage by herbivores (see Schat and
Blossey 2005). Notwithstanding these costs, artificial
damage has been used profitably in the study of EF nectary
construction in V. faba: in the study by Mondor and Addi-
cott (2003), the same level of damage that we employed in
D+ plants was sufficient to induce a >100% increase in EF
nectary production compared to D— plants, although the
magnitude of this increase may depend on the availability
of soil nutrients (Mondor et al. 2006).

Initially, there were 20 plants in each mycorrhiza x
damage combination. Four plants were excluded from the
experiment because they did not have any fully expanded
leaves at the time the damage treatment was applied, and
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therefore could not have been assigned to the D+ treatment
(note that these plants were excluded regardless of which
damage treatment they were actually assigned to). A fifth
and sixth plant were excluded because one died and one
was accidentally damaged mid-experiment. Thus, at the
end of the experiment there were 19 M—/D— plants, 17
M—/D+ plants, 18 M+/D— plants and 20 M+/D+ plants,
giving a total of 74 V. faba plants.

Immediately before applying the D+ and D— treatments,
we measured each plant’s main shoot height, and counted
its number of lateral shoots, leaf pairs, and EF nectaries.
We repeated these measurements/counts one, two, three,
four, and five weeks following the application of the dam-
age treatments, thereby creating a repeated measures factor
(i.e., date). We used the differences in the measurements
between subsequent sampling dates to attain weekly, post-
damage changes in plant height and the numbers of lateral
shoots, leaf pairs and EF nectaries. We used weekly (as
opposed to cumulative) EF nectary production as our
dependent variable because once an EF nectary has been
constructed it cannot be withdrawn by the plant, meaning
that any differences in EF nectary production related to the
main effects and their interactions—especially those
involving date—will be most clearly revealed in terms of
the number of new EF nectaries, rather than in the cumula-
tive number of EF nectaries produced. We used multiple
sampling dates in order to (1) increase the statistical power
of our analyses, and (2) assess how the effects of
mycorrhiza and damage change over time.

Following the experiment, we performed root staining
and microscopy procedures that allowed us to confirm
whether M+ plants were mycorrhizal and M— plants were
not, following the methods of Brundrett (1994) and
Brundrett and McGonigle (1994) (also see Vierheilig
et al. 2005 for a recent overview of root staining tech-
niques). We gently washed the roots of 20 randomly
chosen plants, five per mycorrhiza x damage combina-
tion, and stored them in 50% ethanol. A vial containing
one M—/D+ root sample was accidentally broken, leaving
19 root samples. At a later date, subsamples of the roots
were rinsed with distilled water, cleared for 15 min at
121 °C with 10% KOH, rinsed again, stained for 15 min at
121 °C with 0.03% Chlorazol Black E, and stored in 50%
glycerol. After allowing the roots to destain for several
days, they were oriented horizontally and in parallel on
microscope slides. We examined the slides at 400 x with a
compound microscope whose field-of-view contained a
vertically oriented linear micrometer (i.e., oriented
perpendicular to the roots). Using a series of vertical tran-
sects spaced 2 mm apart, we inspected between 20 and 77
root-micrometer intersections per plant (depending on the
total root length of each subsample) for evidence of
colonization by AMF.
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Analyses

We performed two analyses to determine whether our
mycorrhiza treatments worked as we intended. First, we
used Fisher’s exact test to test whether the proportion of
plants with arbuscules varied between the M+ and M—
treatments. We then used two-way analysis of variance to
test for differences between the percentage of root-micro-
meter intersections with evidence of AMF in M—/D—,
M—/D+, M+/D—, and M+/D+ plants.

We used F tests to test for “pre-damage” differences
between M+ and M— plants in the height of the main shoot,
and the numbers of EF nectaries, lateral shoots, and leaf
pairs. We did not include the damage treatment or the
mycorrhiza x damage interaction in these tests, because
plants that would eventually become D+ and D— plants had
been treated identically up to that point.

Next, we tested the effects of mycorrhiza and damage on
weekly EF nectar production over the five consecutive one-
week intervals (date) using repeated-measures analysis of
variance. All the two- and three-way interactions between
the main effects were also included in the model. We ran
this ANOVA using several candidate variance—covariance
matrix structures, in order to find the structure that most
parsimoniously reflected our data (i.e., yielded the lowest
AIC,), and to account for correlated responses across sam-
pling dates. Afterwards, we performed post hoc mean con-
trasts to compare the mean number of EF nectaries
produced by M— versus M+ plants, and D— versus D+
plants, within the different sampling intervals, using the
Dunn-Siddk procedure to adjust the Type I error rate (o) for
multiple comparisons. Similar repeated-measures ANOVAs
were performed on the other plant traits we measured (i.e.,
“plant growth” traits: height of main shoot, number of
lateral shoots and number of leaf pairs).

Finally, in order to determine whether any effects of
mycorrhiza, damage and date on EF nectaries were due to
the effects of these independent variables per se, or due to
their effects on plant growth, we ran a repeated-measures
ANCOVA, with the first principal component (PC1) from
the three plant growth traits used as a covariate. PCl
explained 52.8% of the total variance, had positive compo-
nent loadings with all three variables (all » > 0.55), and was
the only component with an eigenvalue greater than one. In
order to attain the final ANCOVA model, we used sequen-
tial elimination, starting with the highest order interactions,
of nonsignificant terms involving PC1 that were not part of
higher order, significant interactions. As with the repeated-
measures ANOVA, we tested several candidate variance—
covariance matrix structures for each model in the
sequence. We retained the ANOVA, in addition to the more
information-rich ANCOVA, because from a foraging ant’s
perspective, factors that promote variation among individual

plants in the absolute number of EF nectaries (as evinced
by ANOVA) are still important even if they operate only
indirectly through their effects on plant growth. Thus, the
twin analyses allowed us to determine both the patterns of
EF nectary construction, and to investigate the role of plant
growth in shaping these patterns.

We performed all analyses using SAS software (SAS
Institute Inc., Cary, NC, USA), except for the Fisher’s
exact test, for which we used a calculator.

Results
Efficacy of the mycorrhiza treatments

Our mycorrhiza treatments worked as we intended. Arbus-
cules, the hallmark of AMF colonization and the site of
plant—fungus carbon and nutrient exchange, were found and
confirmed exclusively in inoculated (M+) plants (Fisher’s
exact test P < 0.05). The maximum percent total coloniza-
tion by AMF (i.e., the percentage of intersections with
arbuscules, vesicles or hyphae) was approximately four
times greater in M+ than in M— plants (Fig. 1). This four-
fold difference was a conservative estimate of the difference
in the actual percent total colonization by AMF between
M- and M+ plants, because the hyphae in arbuscule-colo-
nized M+ roots were much more likely to be mycorrhizal
than the hyphae in arbuscule-free M— roots. In any case,
significant reductions, as opposed to complete exclusions of
AMF from M— plants, would still be suitable for studying
the effects of AMF on plants and insects (e.g., Gange and
West 1994; Gange et al. 2003), because reduced coloniza-
tion leads to reduced opportunities for carbon and nutrient
exchange with the host plant.
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Fig. 1 Maximum percent total colonization by AMF (mean =+ 1
SEM) as a function of the mycorrhiza and damage treatments. Open
symbols represent M— plants; closed symbols represent M+ plants.
Circles represent D— plants; triangles represent D+ plants. The main
effect of mycorrhiza was significant (F1,15=23.51, P <0.05), but
there was neither an effect of damage (F; ;5, = 0.10, P > 0.05), nor an
effect of the interaction between mycorrhiza and damage
(F1,15=0.38, P>0.05)
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Effects of AMF prior to plant damage

Prior to the application of the damage treatments, there were
no significant differences between M— and M+ plants in
terms of the number of EF nectaries, the height of the main
shoot, or the number of lateral shoots and leaf pairs (Fig. 2).

Effects of AMF and plant damage on construction
of EF nectaries and plant growth traits

On average, M+ plants had a significantly lower net EF
nectary production than M— plants over the five weeks fol-
lowing the application of the damage treatment (Fig. 3a;
Table 1). There was also a significant effect of damage,
with D+ plants on average producing significantly fewer EF
nectaries per week than D— plants (Fig. 3a; Table 1). The
combined effects of mycorrhiza and damage were additive,
as there was no significant interaction between mycorrhiza
and damage (Fig. 3a; Table 1). Additionally, there was a
significant effect of date, with plants producing the most EF
nectaries in the third week after the damage treatment was
applied. However, none of the interactions involving date
were significant (Fig. 3a; Table 1). The significant differ-
ences in EF nectary production between M— versus M+
plants, and between D— versus D+ plants, were apparent
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Fig. 2a—d Means values (=1 SEM) for a number of EF nectaries, b
height of the main shoot, ¢ number of lateral shoots, and d number of
leaf pairs, as a function of the mycorrhiza treatments prior to the appli-
cation of the damage treatments. Open symbols represent M— plants
and closed symbols represent M+ plants. The mycorrhiza treatment had
no significant effect on any of the variables (a-d) F ;5 =1.25,
F172)=2.50, F(1 75y =0.95, F(; 75y = 0.95 (all P> 0.05)
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only when all the weekly data were analyzed together.
After applying the Dunn-Sidak procedure to adjust o for
multiple comparisons, none of these contrasts within weeks
indicated a significant difference in means.

The results for the “plant growth” traits (i.e., weekly
change in the height of the main shoot, and the weekly pro-
duction of lateral shoots and leaf pairs) were qualitatively
different from those for the weekly production of EF nectar-
ies (Fig. 3b—d; Table 1). There was still a significant effect
of date on all three plant growth traits, and a significant
effect of damage on two growth traits, with D— plants
experiencing a greater change in the number of lateral
shoots and leaves per week compared to D+ plants. How-
ever, there were no significant effects of mycorrhiza. These
results suggest that the reduction in the weekly production
of EF nectaries in D+ compared to D— plants could have
been due to the general reduction in growth in D+ plants,
since new EF nectaries only occur when new nodes are pro-
duced. However, the reduction in EF nectary production in
M+ compared to M— plants cannot be explained by differ-
ences in plant growth due to mycorrhizal status, because
there were none (Fig. 3b—d; Table 1). Rather, after control-
ling for any differences in plant growth, there was still a
reduction in EF nectary production in M+ compared to M—
plants (Table 2). When the first principal component of the
three plant growth traits (PC1) was added as a covariate to
the previous analysis, mycorrhiza remained a significant
factor, while damage ceased to be significant (Table 2).

Discussion
Effects of AMF on EF nectary production

AMF colonization negatively affected weekly EF nectary
production in V. faba (Fig. 3a; Table 1), an effect that was
due to reduced EF nectary construction per se (Table 2),
and not because there was any variation in plant growth
correlated with mycorrhizal status (Figs. 2b—d, 3b-d;
Table 1). This result suggests a “carbon limitation hypothe-
sis”: by paying the carbon costs associated with maintain-
ing the mycorrhizal symbiosis, M+ plants may not be able
to afford to construct as many EF nectaries as M— plants. In
this respect, AMF may be similar to shade in their effects
on plant defences. For example, in an experiment involving
several species of Cecropia, plants grown in comparatively
low light (i.e., plants with reduced access to carbon) pro-
duced a lower mass of food rewards (Miillerian bodies) and
several other carbon-based defences, compared to high
light plants (Folgarait and Davidson 1994).

However, it is important to note that the study of the
effects of AMF on EF nectary construction is currently at
the pattern-description stage, and determining whether the
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carbon limitation hypothesis explains the mechanism
behind our results will require additional research. In par-
ticular, the idea that the carbon limitation hypothesis pro-
vides an explanation for our observed negative effect of
AMF on EF nectaries relies on the reasonable but as yet
untested assumption that the total carbon cost of EF nectary
production is closely related to EF nectary number. Further,
before accepting the carbon limitation hypothesis, one
would eventually have to rule out alternative explanations.
For instance, if AMF promote the production of chemical
defences (e.g., Gange and West 1994), then the rewards
(EF nectaries) used to attract indirect defences (ants) could
be rendered redundant and hence, unnecessarily costly. In
other words, we cannot yet rule out the possibility that M+

Damage treatment

plants can actively reduce their EF nectary construction
when other defence options are available. Nevertheless, the
carbon limitation hypothesis is more consistent with the
acquisition of photosynthates by AMF and the increase in
root respiration during mycorrhizal symbioses (e.g., Pang
and Paul 1980; Buwalda and Goh 1982; Finlay and
Soderstrom 1992; Bryla and Eisenstat 2005), and should be
subjected to future research.

Many studies have reported a positive effect of AMF on
plant growth and photosynthesis (see Lekberg and Koide
2005). While we did not find a positive effect on plant
growth (Figs. 2b—d, 3b—d; Table 1), plant growth itself had
a strong, positive effect on EF nectary production (Table 2),
a scenario that will almost certainly be true for any plants
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Table 1 Repeated-measures ANOVAs of the weekly changes in the number of EF nectaries, main shoot height, the number of lateral shoots, and

the number of leaf pairs, as a function of the mycorrhiza and damage treatments, and date

Source of variation

For.ppr Values for weekly changes in four plant traits

Number of EF Main shoot Number of Number of

nectaries® height (cm)® lateral shoots® leaf pairs®
Mycorrhiza F170)= 643 F70=125 F70=1.87 F70=1.71
Damage F 1,70 =4.07 F 1 70)=2.66 F (1,70)= 843 F 1,70 = 23.03
Date F 4 280) = 21.61 F 467 =119.1 F 4 47,=11.68 F 4280 = 47.48
Mycorrhiza x damage F170=0.19 F170=0.11 Fy70)=148 F(70)=0.35
Mycorrhiza x date Fy280=0.61 Fyen=138 F467 = 0.60 Fiy280)=041
Damage x date Fy280=1.61 Fy67,=0.72 F67=0.71 F4280 =048
Mycorrhiza x damage x date Fy280=0.02 Fuyen=0.14 Fue7=0.37 Fy280 =049

DDF was calculated using the Kenward—Roger method
Significant F values (P < 0.05) are shown in boldface

NDF Numerator degrees of freedom, DDF denominator degrees of freedom

# Variance—covariance matrix structure = compound symmetry

b Variance—covariance matrix structure = unstructured

Table 2 Repeated-measures ANCOVA of the weekly change in the
number of EF nectaries as a function of the mycorrhiza and damage
treatments, and date, with “PC1” as a covariate

Source of variation F NDFDDF)
Mycorrhiza F (1132 =763
Damage F 38 =175
Date F (4155 = 15.96
PC1 F (1303 =54.13
Mycorrhiza x damage F1132=0.59
Mycorrhiza x date Fy 142 =1.56
Damage x date Fy144y=2.05
Date x PC1 F 4167 =535
Mycorrhiza x damage x date F4 142 =0.05

PC1 is the first principal component of the weekly changes in plant
height, number of lateral shoots and number of leaves. Throughout the
steps in the sequential elimination process (see the “Analyses”
section), the most parsimonious variance—covariance structure in the
repeated-measures ANCOVA model was “heterogeneous autoregres-
sive”

Significant F values (P < 0.05) are shown in boldface

DDF was calculated using the Kenward—Roger method

NDF Numerator degrees of freedom, DDF denominator degrees of
freedom

that, like V. faba, can only produce a limited number of EF
nectaries per node. Hence, we expect that any EF nectary-
producing plant species whose aboveground growth is
enhanced by AMF will experience a positive effect of AMF
on EF nectaries, in contrast to the negative effect reported
here (Fig. 3a; Table 1). A positive effect could even occur
in V. faba under different environmental conditions or when
colonized by different species of AMF (El-Ghandour et al.
1996; Jia et al. 2004). Furthermore, AMF can increase V.
faba’s photosynthetic rate under some conditions (Jia et al.
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2004). We did not measure photosynthetic rate; however,
we expect that such effects could also contribute to an
AMF-mediated increase in EF nectary production.

Thus, analogous to their range of effects on the tissues
consumed by herbivores, the effects of AMF on rewards for
insect mutualists in different fungus—plant reward systems
should be variable, and we foresee that more examples will
be found of both positive effects (Wolfe et al. 2005; Gange
and Smith 2005) and negative effects (this study) of AMF
on reward size. This should, in turn, translate into variation
in the sign and magnitude of the indirect effects of AMF on
the mutualistic insects that are attracted to host plants’
rewards. In the particular case of V. faba under similar con-
ditions to those in this experiment, we predict that AMF
will have a negative indirect effect on ant “bodyguards” by
competing with one of their food sources (EF nectaries) for
photosynthates. Further, since a reduced reward size/qual-
ity can lead to reduced ant attendance (e.g., Ness 2003;
Rudgers 2004; Katayama and Suzuki 2004), plants with
relatively high AMF colonization may attract fewer ants
than plants with relatively low AMF colonization. Depend-
ing on the functional form of the relationship between plant
protection and ant density (e.g., Ness et al. 2006), and on
the abundance and species composition of herbivores,
reduced ant attendance could represent a previously unap-
preciated cost of AMF to their host plants. More broadly, it
is clear that disentangling the costs and benefits of the
mycorrhizal symbiosis to plants in natural systems will
require a multitrophic perspective.

Effects of damage on EF nectary production

Mondor and Addicott (2003) showed that increased EF nec-
tary production can be an induced response to plant damage
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in Vicia faba (also see reviews by Agrawal and Rutter 1998;
Arimura et al. 2005). Yet here, using the same cultivar of
the same species, and applying an identical damage treat-
ment, we found that damaged (D+) plants produced signifi-
cantly fewer EF nectaries per week compared to undamaged
(D—) plants, and that the size of this effect persisted for at
least five weeks after the damage treatments were applied
(i.e., no significant damage x date interaction; Fig. 3a;
Table 1). In further contrast to both this study and Mondor
and Addicott (2003), Engel et al. (2001) found no signifi-
cant effect of aphid damage on the EF nectar volume, sugar
concentration or sugar composition of V. faba (they did not
report EF nectary number). Clearly a variety of responses to
damage are possible, and an important challenge for future
research will be to determine the source of this variation.
Environmental conditionality is a common feature of
induced responses (e.g., Bidart-Bouzat et al. 2005 and refer-
ences therein). Thus, one hypothesis for why we found a
negative effect of plant damage on EF nectary production,
whereas Mondor and Addicott (2003) reported a positive
effect using the same level of damage, is related to the
different environmental conditions experienced by the V.
faba plants in the two studies. In order to enhance the poten-
tial effect of AMF in the M+ treatment, we chose not to fer-
tilize our plants, whereas Mondor and Addicott (2003)
fertilized their plants once per week with 20:20:20 fertilizer.
Plants that are usually negatively affected by damage/her-
bivory may exhibit overcompensation when supplemental
nutrients are available (e.g., Maschinski and Whitham
1989), and the induced construction of food rewards under
nutrient-enriched, as opposed to nutrient-poor, conditions
could represent an analogous scenario (also see Folgarait
and Davidson 1995). In a very recent study, Mondor et al.
(2006) found strong support for this hypothesis. They found
that unfertilized V. faba plants had a slight (nonsignificant)
reduction in the number of EF nectaries constructed when
damaged, whereas plants fertilized with 14:14:14 fertilizer
exhibited a significant induction of EF nectaries.

Conclusion

In this study, we showed that AMF can affect the produc-
tion of rewards that plants use to lure protective insects,
lending further credence to the idea that there are indirect
interactions between belowground AMF—plant mutualisms
and aboveground plant-insect mutualisms (Wolfe et al.
2005; Gange and Smith 2005). Given the ubiquity of both
AMF-plant and plant-insect mutualisms, indirect interac-
tions between AMF and mutualistic insects are likely to be
common in natural communities. Moreover, we predict that
the outcomes of these interactions will depend on how each
“terminus” of the interaction chain (i.e., AMF or insect)

modifies the costs and benefits of the other’s relationship
with their shared host plant (see Bronstein 1994). Because
of the diverse ways that AMF and mutualistic insects can
modify their host plants, and the myriad combinations of
fungus, plant and insect species that coexist in a typical
community, these outcomes should be variable, and contin-
gent on the environmental context in which they take place,
including both the abiotic context (e.g., nutrient status), and
the biotic context (e.g., damage by herbivores). Our results
amplify the importance of steps towards the increased unifi-
cation of the historically separate subdisciplines of below-
ground and aboveground ecology (Porazinska et al. 2003;
van Dam et al. 2003; Wardle et al. 2004). More broadly, it
is clear that the attention given to indirect effects involving
nonmutualistic interactions (reviewed in Wootton 1994,
2002), should also be afforded to “multiple mutualist” indi-
rect effects.

Acknowledgments Abbey Camaclang helped with planting, plant
damaging, root staining and data collection. Heather Addy helped with
root staining and microscopy, and provided expertise regarding mycor-
rhizal fungi. Ken Girard and Bonnie Smith provided greenhouse
advice and helped with plant care. Ed Mondor gave us the beans; also,
his earlier research inspired this project. Heather Addy, Judith
Bronstein, Abbey Camaclang, Gillian Laird, Brandon Schamp, Marcel
van der Heijden, and anonymous reviewers provided helpful
comments on an earlier draft of the manuscript. Our research is gener-
ously supported by the Natural Sciences and Engineering Research
Council of Canada, the Alberta Ingenuity Fund, the Alberta Conserva-
tion Association Challenge Grants in Biodiversity Program, the Killam
Trusts, and the University of Calgary. The experiment reported here
complies with the current laws of Canada.

References

Agrawal AA, Rutter MT (1998) Dynamic anti-herbivore defense in
ant—plants: the role of induced responses. Oikos 83:227-236
Arimura G-I, Kost C, Boland W (2005) Herbivore-induced, indirect
plant defences. Biochim Biophys Acta 1734:91-111

Baker HG, Opler PA, Baker I (1978) A comparison of the amino acid
complements of floral and extrafloral nectars. Bot Gaz 139:322—
332

Bentley BL (1977) Extra-floral nectaries and protection by pugnacious
bodyguards. Annu Rev Ecol Syst 8:407-427

Bever JD, Schultz PA, Pringle A, Morton JB (2001) Arbuscular
mycorrhizal fungi: more diverse than meets the eye and the eco-
logical tale of why. BioScience 51:923-931

Bidart-Bouzat MG, Mithen R, Berenbaum MR (2005) Elevated CO,
influences herbivory-induced defense responses of Arabidopsis
thaliana. Oecologia 145:415-424

Bonfante-Fasolo P, Scannerini S (1992) The cellular basis of plant—
fungus interchanges in mycorrhizal associations. In: Allen MF
(ed) Mycorrhizal functioning: an integrative plant—fungal pro-
cess. Chapman and Hall, New York, pp 65-101

Borowicz VA (1997) A fungal root symbiont modifies plant resistance
to an insect herbivore. Oecologia 112:534-542

Boucher DH (1982) The ecology of mutualism. Annu Rev Ecol Syst
13:315-347

Boucher DH (ed) (1985) The biology of mutualism: ecology and
evolution. Oxford University Press, New York

@ Springer



550

Oecologia (2007) 152:541-551

Bronstein JL (1994) Conditional outcomes in mutualistic interactions.
Trends Ecol Evol 9:214-217

Brown VK, Gange AC, Evans IM, Storr AL (1987) The effect of insect
herbivory on the growth and reproduction of two annual Vicia
species at different stages in plant succession. J Ecol 75:1173—
1189

Brundrett M (1994) Clearing and staining mycorrhizal roots. In:
Brundrett M, Melville L, Peterson L (eds) Practical methods in
mycorrhiza research—the ninth North American conference on
mycorrhizae. Mycologue, University of Guelph, Guelph, pp 42—
46

Brundrett M, McGonigle T (1994) Estimation of root length and colo-
nization by mycorrhizal fungi. In: Brundrett M, Melville L, Peter-
son L (eds) Practical methods in mycorrhiza research—the ninth
North American conference on mycorrhizae. Mycologue, Univer-
sity of Guelph, Guelph, pp 51-61

Bryla DR, Eissenstat DM (2005) Respiratory costs of mycorrhizal
associations. In: Lambers H, Ribas-Carbo M (eds) Plant respira-
tion: from cell to ecosystem. Kluwer, Dordrecht, pp 207-224

Bugg RL, Ellis RT (1990) Insects associated with cover crops in
Massachusetts. Biol Agric Hort 7:47-68

Buwalda JG, Goh KM (1982) Host—fungus competition for carbon as
a cause of growth depressions in vesicular—arbuscular mycorrhi-
zal ryegrass. Soil Biol Biochem 14:103-106

Connor RC (1995) The benefits of mutualism—a conceptual frame-
work. Biol Rev Camb Phil Soc 70:427-457

van Dam NM, Harvey JA, Wickers FL, Bezemer TM, van der Putten
WH, Vet LEM (2003) Interactions between aboveground and
belowground induced responses against herbivores. Basic Appl
Ecol 4:63-77

Dejean A, Gibernau M, Durand JL (2000) Pioneer plant protection
against herbivory: impact of different ant species (Hymenop-
tera:Formicidae) on a proliferation of the variegated locust.
Sociobiology 36:227-236

El-Ghandour IA, El-Sharaway MAO, Abdel-Moniem EM (1996) Im-
pact of vesicular arbuscular mycorrhizal fungi and Rhizobium on
the growh and P, N and Fe uptake by faba-bean. Fertil Res 43:43—
48

Elias TS (1983) Extrafloral nectaries: their structure and distribution.
In: Bentley BL, Elias TS (eds) The biology of nectaries. Columbia
University Press, New York, pp 174-203

Engel V, Fischer MK, Wickers FL, V6lkl W (2001) Interactions be-
tween extrafloral nectaries, aphids and ants: are there competition
effects between plant and homopteran sugar sources? Oecologia
129:577-584

Finlay R, S6derstrom B (1992) Mycorrhiza and carbon flow to the soil.
In: Allan MF (ed) Mycorrhizal functioning: an integrated plant
fungal process. Chapman and Hall, New York, pp 134-160

Folgarait PJ, Davidson DW (1994) Antiherbivore defenses of myrmec-
ophytic Cecropia under different light regimes. Oikos 71:305-
320

Folgarait PJ, Davidson DW (1995) Myrmecophytic Cecropia: antiher-
bivore defenses under different nutrient treatments. Oecologia
104:189-206

Gange AC, Smith AK (2005) Arbuscular mycorrhizal fungi influence
visitation rates of pollinating insects. Ecol Entomol 30:600-606

Gange AC, West HM (1994) Interactions between arbuscular mycor-
rhizal fungi and foliar-feeding insects in Plantago lanceolata L.
New Phytol 128:79-87

Gange AC, Brown VK, Sinclair GS (1994) Reduction of black vine
weevil larval growth by vesicular—arbuscular mycorrhizal infec-
tion. Entomol Exp Appl 70:115-119

Gange AC, Bower E, Brown VK (1999) Positive effects of an arbuscu-
lar mycorrhizal fungus on aphid life history traits. Oecologia
120:123-131

@ Springer

Gange AC, Bower E, Brown VK (2002a) Differential effects of insect
herbivory on arbuscular mycorrhizal colonization. Oecologia
131:103-112

Gange AC, Stagg PG, Ward LK (2002b) Arbuscular mycorrhizal fungi
affect phytophagous insect specialism. Ecol Lett 5:11-15

Gange AC, Brown VK, Aplin DM (2003) Multitrophic links between
arbuscular mycorrhizal fungi and insect parasitoids. Ecol Lett
6:1051-1055

Gange AC, Brown VK, Aplin DM (2005) Ecological specificity of
arbuscular mycorrhizae: evidence from foliar- and seed-feeding
insects. Ecology 86:603-611

Gehring CA, Whitham TG (2002) Mycorrhizae-herbivore interac-
tions: population and community consequences. In: van der Heij-
den MGA, Sanders I (eds) Mycorrhizal ecology. Springer, Berlin,
pp 295-320

Gehring CA, Cobb NS, Whitham TG (1997) Three-way interactions
among ecotmycorrhizal mutualists, scale insects, and resistant
and susceptible pinyon pines. Am Nat 149:824-841

Goverde M, van der Heijden MGA, Wiemken A, Sanders IR, Erhardt
A (2000) Arbuscular mycorrhizal fungi influence life history
traits of a lepidopteran herbivore. Oecologia 125:362-369

Heil M, Fiala B, Baumann B, Linsenmair KE (2000) Temporal, spatial
and biotic variations in extrafloral nectar secretion by Macaranga
tanarius. Funct Ecol 14:749-757

Hossaert-McKey M, Orivel J, Labeyrie E, Pascal L, Delabie JHC,
Dejean A (2001) Differential associations with ants of three
co-occurring extrafloral nectary-bearing plants. Ecoscience
8:325-335

Janzen DH (1985) The natural history of mutualisms. In: Boucher DH
(ed) The biology of mutualism: ecology and evolution. Oxford
University Press, New York, pp 40-99

Jia Y, Gray VM, Straker CJ (2004) The influence of Rhyzobium and
arbuscular mycorrhizal fungi on nitrogen and phosphorus accu-
mulation by Vicia faba. Ann Bot 94:251-258

Katayama N, Suzuki N (2004) Role of extrafloral nectaries of Vicia
faba in attrraction of ants and herbivore exclusion by ants. Ento-
mol Sci 7:119-124

Koptur S (1979) Facultative mutualism between weedy vetches bear-
ing extrafloral nectaries and weedy ants in California. Am J Bot
66:1016-1020

Koptur S (1989) Is extrafloral nectar production an inducible defense?
In: Bock JH, Linhart YB (eds) The evolutionary ecology of
Plants. Westview, Boulder, CO, pp 323-339

Koptur S (1992) Extrafloral nectary—mediated interactions between
insects and plants. In: Bernays E (ed) Insect plant interactions.
CRC, Boca Raton, FL, pp 81-129

Kucey RMN, Paul EA (1982) Carbon flow, photosynthesis, and N, fix-
ation in mycorrhizal and nodulated faba beans (Vicia faba L.).
Soil Biol Biochem 14:407-412

Labeyrie E, Pascal L, Delabie J, Orivel J, Dejean A, Hossaert-Mckey
M (2001) Protection of Passiflora glandulosa (Passifloraceae)
against herbivory: impact of ants exploiting extrafloral nectaries.
Sociobiology 38:317-321

Lekberg Y, Koide RT (2005) Is plant performance limited by abun-
dance of arbuscular mycorrhizal fungi? A meta-analysis of stud-
ies published between 1988 and 2003. New Phytol 168:189-204

Manninen AM, Holopainen T, Holopainen JK (1999) Performance of
grey pine aphid, Schizolachnus pineti, on ectomycorrhizal and
non-mycorrhizal Scots pine seedlings at different levels of nitro-
gen availability. Entomol Exp Appl 93:117-120

Maschinski J, Whitham TG (1989) The continuum of plant-responses
to herbivory—the influence of plant-association, nutrient avail-
ability, and timing. Am Nat 134:1-19

Mondor EB, Addicott JF (2003) Conspicuous extra-floral nectaries are
inducible in Vicia faba. Ecol Lett 6:495-497



Oecologia (2007) 152:541-551

551

Mondor EB, Tremblay MN, Messing RH (2006) Extrafloral nectary
phenotypic plasticity is damage and resource-dependent in Vicia
faba. Biol Lett 2:583-585

Ness JH (2003) Catalpa bignonioides alters extrafloral nectar produc-
tion after herbivory and attracts ant bodyguards. Oecologia
134:210-218

Ness JH, Morris WF, Bronstein JL (2006) Integrating quality and
quantity of mutualistic service to contrast ant species protecting
Ferocacus wislizeni. Ecology 87:912-921

Orivel J, Dejean A (2002) Ant activity rhythms in a pioneer vegetal
formation of French Guiana (Hymenoptera:Formicidae). Sociobi-
ol 39:65-76

Pang PC, Paul EA (1980) Effects of vesicular—arbuscular mycorrhiza
on *C and "N distribution in nodulated fababeans. Can J Soil Sci
60:241-250

Paul EA, Kucey RMN (1981) Carbon flow in plant microbial associa-
tions. Science 213:473-474

Peng S, Eissenstat DM, Graham JH, Williams K, Hodge NC (1993)
Growth depression in mycorrhizal citrus at high-phosphorus sup-
ply. Plant Physiol 101:1063-1071

Porazinska DL, Bardgett RD, Blaauw MB, Hunt HW, Parsons AN,
Seastedt TR, Wall DH (2003) Relationships at the aboveground—
belowground interface: plants, soil biota, and soil processes. Ecol
Monogr 73:377-395

Rabie GH, Almadini AM (2005) Role of bioinoculants in development
of salt-tolerance of Vicia faba plants under salinity stress. Afr J
Biotech 4:210-222

Rabin LB, Pacovsky RS (1985) Reduced larva growth of two lepidop-
tera (Noctuidae) on excised leaves of soybean infected with a
mycorrhizal fungus. J Econ Entomol 78:1358-1363

Rogers CE (1985) Extrafloral nectar: entomological implications. Bull
Entomol Soc Am 31:15-20

Rovira AD, Brown GD (1966) The effects of micro-organisms upon
plant growth. II. Detoxication of heat-sterilized soils by fungi and
bacteria. Plant Soil 25:129-142

Rudgers JA (2004) Enemies of herbivores can shape plant traits: selec-
tion in a facultative ant—plant mutualism. Ecology 85:192-205

Schat M, Blossey B (2005) Influence of natural and simulated leaf bee-
tle herbivory on biomass allocation and plant architecture of pur-
ple loosestrife (Lythrum salicaria L.). Environ Entomol 34:906—
914

SchiiBler A, Schwarzott D, Walker C (2001) A new fungal phylum, the
Glomeromycota: phylogeny and evolution. Mycol Res 105:1413—
1421

Tylka GL, Hussey RS, Roncadori RW (1991) Interactions of vesicu-
lar—arbuscular mycorrhizla fungi, phosphorus, and Heterodera
glycines on soybean. ] Nematol 23:122-133

Vierheilig H, Schweiger P, Brundrett M (2005) An overview of meth-
ods for the detection and observation of arbuscular mycorrhizal
fungi in roots. Physiol Plant 125:393-404

Vieweg MF, Fruhling M, Quandt HJ, Heim U, Baumlein H, Puhler A,
Kuster H, Perlick AM (2004) The promoter of the Vicia faba L.
leghemoglobin gene V{Lb29 is specifically activated in the infect-
ed cells of root nodules and in the arbuscule-containing cells of
mycorrhizal roots from different legume and nonlegume plants.
Mol Plant Microbe Interact 17:62-69

Wamberg C, Christensen S, Jakobsen I (2003) Interaction between fo-
liar-feeding insects, mycorrhizal fungi, and rhizosphere protozoa
on pea plants. Pedobiologia 47:281-287

Wardle DA, Bardgett RD, Klironomos JN, Setala H, van der Putten
WH, Wall DH (2004) Ecological linkages between aboveground
and belowground biota. Science 304:1629-1633

Wolfe BE, Husband BC, Klironomos JN (2005) Effects of a below-
ground mutualism on an aboveground mutualism. Ecol Lett
8:218-223

Wootton JT (1994) The nature and consequences of indirect effects in
ecological communities. Annu Rev Ecol Syst 25:443-466

Wootton JT (2002) Indirect effects in complex ecosystems: recent
progress and future challenges. J Sea Res 48:157-172

@ Springer



	Arbuscular mycorrhizal fungi reduce the construction of extraXoral nectaries in Vicia faba
	Abstract
	Introduction
	Materials and methods
	Study species
	Experimental set-up and design
	Analyses

	Results
	EYcacy of the mycorrhiza treatments
	EVects of AMF prior to plant damage
	EVects of AMF and plant damage on construction of EF nectaries and plant growth traits

	Discussion
	EVects of AMF on EF nectary production
	EVects of damage on EF nectary production

	Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


