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ABSTRACT Arbuscular mycorrhizal (AM) fungi can indirectly affect insect herbivore performance
by altering traits in their host plant. Typically, generalist herbivores are negatively affected by AM
fungi, whereas specialists are positively affected. This is thought to be caused by differential abilities
of specialists and generalists to tolerate and/or exploit plant secondary compounds, the prevalence
of which may be related to mycorrhizal colonization. We performed a feeding experiment in which
specialist sunßower beetle larvae (Zygogramma exclamationis Fabricius, Chrysomelidae) were fed on
mycorrhizal or nonmycorrhizal common annual sunßower plants (Helianthus annuusL., Asteraceae).
To determine the indirect effects of AM fungi on the sunßower beetle larvae, we measured insect
survival and relative growth rate. We also measured leaf area eaten, which allowed relative growth
rate to be broken down into two components: relative consumption rate and efÞciency of conversion
of ingested food. Contrary to several previous studies, we detected no indirect effects of mycorrhizal
fungi on larval survival or on relative growth rate or its components. Small effect sizes suggest that
this is nonsigniÞcant biologically, as well as statistically, rather than merely an issue of statistical power.
Our results support an emerging view that indirect effects of mycorrhizal fungi on insect herbivores
may be complex and idiosyncratic. We suggest that future research should emphasize the effects of
mycorrhizal fungi on individual plant traits and how these interact to affect insect performance.

KEY WORDS arbuscular mycorrhizal fungi, Helianthus annuus, sunßower beetle, trait-mediated
indirect effects, Zygogramma exclamationis

Below- and aboveground ecological processes are
highly dependent on one another, and a rich under-
standing of either necessitates the study of their re-
ciprocal effects (Porazinska et al. 2003, Wardle et al.
2004). Plants bridge the belowgroundÐaboveground
interface, providing a major conduit through which
these two subsystems can interact. Therefore, expos-
ing the various mechanisms by which plants propagate
belowgroundÐaboveground links is a vital step toward
integrating these historically separate aspects of ter-
restrial ecology (Wardle et al. 2004). To this end, we
examined the interplay between two of most common
and important interspeciÞc interactions in natureÑ
the mycorrhizal fungusÐplant symbiosis and insect
herbivoryÑfocusing on the ways that arbuscular my-
corrhizal fungi alter the performance of a specialist
herbivore.

Insect herbivores and mycorrhizal fungi have the
potential to indirectly interact through changes in
their host plant (i.e., “trait-mediated indirect effects”;
Abrams 1995). Frequently, herbivores negatively af-
fect their host plantÕs mycorrhizal fungi, resulting in
reduced percent-colonization (Gehring and Whitham

1994, 2002, but see Wamberg et al. 2003). This is
thought to be caused by carbon limitation: mutualistic
mycorrhizal fungi provide their host plants with soil
nutrients in exchange for a large proportion of the
plantÕs carbon budget (e.g., 10Ð20% for arbuscular
mycorrhizal fungi; Jakobsen et al. 2002), so when her-
bivores consume plant tissues, they appropriate car-
bon that would otherwise be available for mycorrhizal
fungi (Gehring and Whitham 1994, Gange and Bower
1997, Gange et al. 2002a and references therein). The
indirect effects of mycorrhizal fungi on herbivore
feeding patterns, survival, growth, and reproduction
are much more variable, and there are examples of
positive effects (Gange and West 1994, Borowicz 1997,
Manninen et al. 1998, 1999, 2000, Gange et al. 1999,
2002b, 2005, Goverde et al. 2000, Gehring and
Whitham 2002), neutral effects (Gehring et al. 1997,
Gange et al. 1999, Manninen et al. 1999, 2000, Gange
2001, Koschier et al. 2007), and negative effects
(Pacovsky et al. 1985, Rabin and Pacovsky 1985, Tylka
et al. 1991, Gange and West 1994, Gange et al. 1994,
2002b, Gange and Nice 1997, Gange 2001, Gehring and
Whitham 2002, Vicari et al. 2002, Wamberg et al. 2003,
Guerrieri et al. 2004) (reviewed in Gehring and
Whitham 2002, Strauss and Irwin 2004).
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Notwithstanding the view that the direction of the
indirect effects of mycorrhizal fungiÐherbivore inter-
actions might be idiosyncratic (Strauss and Irwin
2004), several herbivore life history traits have been
implicated in determining the position of particular
herbivores along this continuum of responses. For
example, an insectÕs feeding mode may be important,
with leaf-chewing herbivores tending to be negatively
affected by mycorrhizal fungi, whereas the converse
is true for phloem-suckers (but see Guerrieri et al.
2004; earlier examples and counterexamples reviewed
in Gehring and Whitham 2002). Of these relevant
herbivore life history traits, the degree of diet spe-
cialization seems to be particularly important. Typi-
cally, generalists are negatively affected and special-
ists are positively affected by their host plantÕs
mycorrhizal symbiosis (Gange et al. 2002b, Gehring
and Whitham 2002). This variation is thought to be
related to the relative advantage of specialists over
generalists in tolerating or exploiting plant secondary
compounds (Bowers and Puttick 1988, van der Meij-
den 1996), the production of which may be promoted
by mycorrhizal fungi (Gange and West 1994, but see
Mohr et al. 1998).

In this article, we report the results of an exper-
iment on sunßower beetle larvae (Zygogramma ex-
clamationis Fabricius) fed on sunßower plants (He-
lianthus annuus L.) in one of two mycorrhizal
treatments, “mycorrhizal fungi absent” (M�) or
“mycorrhizal fungi present” (M�). Sunßower bee-
tle larvae are Helianthus specialists (Rogers 1977),
so we predicted that they would perform better on
M� compared with M� plants in terms of increased
survival and relative growth rate. To extend the
work of previous studies (Goverde et al. 2000, Man-
ninen et al. 2000, Vicari et al. 2002) and to further
investigate the mechanism behind the predicted
variation in growth, we used leaf area analysis to
break down each larvaÕs relative growth rate (RGR)
into two of its component parts: relative consump-
tion rate (RCR) and the efÞciency of conversion of
ingested food (ECI) (see Waldbauer 1968, Scriber
and Slansky 1981). Because RGR � RCR � ECI, an
increased RGR must necessarily be a result of in-
creases in one or both of RCR and ECI. If mycor-
rhizal fungi increase RCR, this means that larvae of
a given size feed more quickly on mycorrhizal plants
than on nonmycorrhizal plants. However, if mycor-
rhizal fungi increase ECI, this means that leaves
from mycorrhizal plants are either more digestible
or are more easily converted into larval biomass
compared with leaves from nonmycorrhizal plants.
Finally, we examined the indirect effects of mycor-
rhizal fungi on the damage inßicted on host sun-
ßower plants by sunßower beetle larvae to deter-
mine whether increased damage by specialists was
a cost of mycorrhizal fungi to their host plant. We
show that, contrary to our predictions, mycorrhizal
fungi had no discernible indirect effects on Z. ex-
clamationis larvae and no subsequent effects on
plant damage.

Materials and Methods

Study Species. Helianthus annuus L. (Asteraceae),
the common annual sunßower, is an abundant native
plant in disturbed areas of much of western North
America (Rogers et al. 1982). The subspecies found in
our study region of southeastern Alberta is H. annuus
L. ssp. lenticularis (Lindl.) Cockerell (Moss 1983). H.
annuus plants can grow up to �4 m tall (Rogers et al.
1982), although the plants at our study site rarely
exceed 1 m (R.L., unpublished data). Unlike the cul-
tivated sunßower, H. annuus L. variety macrocarpus,
nativeH. annuus plants usually have multiple capitula
(inßorescences), with disks �2Ð4 cm in diameter and
ray ßorets �2.5 cm long (Rogers et al. 1982, Moss
1983).
Zygogramma exclamationis Fabricius (Chrysomeli-

dae), the sunßower beetle, is a leaf-chewing specialist
of several Helianthus species, including H. annuus
(Rogers 1977). Westdal (1975) and Rogers (1977)
provide descriptions of the morphology and life his-
tory of Z. exclamationis. Adult beetles overwinter in
the soil, emerge in the spring, and feed, mate, and
oviposit on sunßower leaves and bracts (Westdal
1975). The larvae also eat sunßower leaves, feeding at
night and hiding in the bracts of the capitula during
the day (Westdal 1975, Rogers 1977). The larvae are
present at our study sites mainly in late June and July;
individual larvae feed for �15 d, proceeding through
four instars before pupating in the soil (Rogers 1977).
The beetles that we used started the experiment as a
combination of Þrst- and second-instar larvae and
ended the experiment as a combination of second- and
third-instar larvae. Beetles at comparable latitudes to
our study site have only one generation per summer
(Gerber et al. 1979). Both adult and larval Z. excla-
mationis are potentially economically important pests
for sunßower crops in the Northern Plains and can
severely damage entire Þelds when present at sufÞ-
cient densities (Westdal 1975).
Sunflower Seed Collection, Germination, and My-
corrhizal Inoculation Treatments. Sunßower achenes
(“seeds”) were collected at the end of the 2004 grow-
ing season from a large population at a Þeld site located
on the banks of the Red Deer River, near Gem, Al-
berta. The seeds were refrigerated over the winter. On
9 May 2005, the seeds were surface-sterilized by wash-
ing them in a 2% sodium hypochlorite solution for 20
min and rinsing them Þve times in sterile (autoclaved)
water, each rinse lasting 5 min. We scariÞed the seeds
using sterilized sandpaper and excised the narrow end
of each seed using a razor blade. The seeds were
placed in petri dishes on Þlter paper that was moist-
ened with sterile water. The following day, the seed
coat of each seed was removed using sterilized for-
ceps. The seeds were left in the dark to germinate.

The seeds germinated within 3 d, and on 12 May
2005, each seedling was planted in a 100-ml pot. The
pots contained a soil-free, mycorrhizal fungi-free
growth medium composed of a 4:3:3 mixture (by vol-
ume) of peat moss, perlite, and crushed clay. During
planting, each seedling was randomly assigned to one
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of two treatments, “mycorrhizal fungi absent” (M�)
and “mycorrhizal fungi present” (M�). There were 34
M� plants and 40 M� plants. M� plants were created
by dipping the seedlingsÕ emerging radicles in a my-
corrhizal inoculant containing the spores of eight
common species of arbuscular mycorrhizal fungi
(Glomus aggregatum, G. clarum, G. deserticola, G. in-
traradices, G. monosporus, G. mosseae, Gigaspora mar-
garita, and Paraglomus brailianum; BioOrganics, Lap-
ine, OR), several of which are known to form
symbioses withH.annuus.Furthermore, M� seedlings
were planted along with 5 ml of inoculant. M� plants
were treated similarly, with the exception that they
did not receive any inoculant. Flats of plants were
placed in a random spatial arrangement on a green-
house bench and were watered daily until saturation
with distilled water. On 26 May 2005, the plants were
transplanted into 7.6-liter pots in the same peat moss-
perlite-clay medium and moved on to the roof of the
building on which the greenhouse was situated.
Beetle Collection and Feeding Experiment. On 1

July 2005, we collected sunßower beetle larvae from
a large patch of sunßowers in Dinosaur Provincial
Park, Alberta, Canada. We weighed the larvae as soon
as possible on the same day. There was no difference
in the initial mass of larvae assigned to feed on M�
plants (mean � SEM: 0.65 � 0.057 mg) and those
assigned to feed on M� plants (0.55 � 0.053 mg;
Wilcoxon rank sum test: Z� 0.63; nM- � 34, nM� � 40;
P� 0.53). Immediately after the larvae were weighed,
one larva was randomly assigned to each sunßower
plant and was placed on the highest fully open leaf,
because sunßower beetle larvae prefer to feed on
these relatively new leaves near the top of the plant
(Rogers 1992). The larvae were allowed to feed for 8 d
until 9 July 2005. Sixty-six of the 74 larvae survived
until the end of the feeding experiment and were
weighed to determine their Þnal mass. We never
found more than one larva on the same plant, which
supports the assumption of limited between-plant lar-
val mobility in our experimental design. Therefore, we
assumed that those that survived stayed on the same
plant throughout the feeding experiment.
Leaf Area Analysis.Directly after the conclusion of

the feeding experiment on 9 July 2005, the
aboveground parts of each plant were harvested. The
leaves were removed from each plant and scanned at
200 dpi. Leaf area remaining at harvest was deter-
mined for each plant using SigmaScan Pro 2.0 software
(Jandel ScientiÞc 1995). Total leaf area was estimated
by Þlling in the eaten portions of the digital image of
each plantÕs leaves and reanalyzing using SigmaScan.
Leaf area eaten was calculated as the difference be-
tween total and uneaten leaf area. Virtually no her-
bivore damage was noted at the start of the feeding
experiment, so we assumed that all the leaf area eaten
on a given plant was eaten by the larva that was
assigned to it. We further assumed that leaf thickness
was the same between treatments, such that leaf area
eaten was an appropriate proxy for larval food con-
sumption. Although this assumption is violated in
some species (e.g., in millet; Krishna et al. 1981), Koide

(1985) found no difference in leaf thickness in my-
corrhizal and nonmycorrhizal Helianthus annuus
plants.

The digital images of the leaves of 10 randomly
chosen plants were analyzed twice in this fashion.
These repeat measurements showed that the leaf area
analysis was highly repeatable as the correlation co-
efÞcient (r) for the Þrst versus second measurements
of leaf area eaten was �0.997.
EstimatingRGR,RCR, andECI.A larvaÕs RGR is its

rate of biomass accumulation scaled by the current
mass of that larva (hence, relative growth rate), with
units of milligrams per milligrams per day. Because of
the fact that we collected “before and after” data for
larval mass, rather than a time series, we assumed that
each larvaÕs RGR remained constant over the course
of the 8 d of feeding. Therefore,

RGR �
ln MA � ln MB

t
,

where MB and MA are the masses (mg) of the larva
before the feeding experiment and after the feeding
experiment, respectively, and t is the duration (d) of
the feeding experiment (Kogan and Cope 1974).

The RCR is the rate that a larva consumes leaf tissue,
again scaled by the current mass of the larva in ques-
tion. Variation in RCR largely reßects differences in
feeding behavior among the larvae (but see Wald-
bauer 1968). Because we measured the area of leaf
consumed (mm2), as opposed to the mass, the units of
RCR are millimeters squared per milligram per day. As
with larval mass, we had “before and after” data for leaf
area eaten; initial leaf area eaten was assumed to be
zero (see above), and we measured the total area
eaten by each larva. For this reason, we assumed that
the RCR of each larva was also constant over the 8 d
of feeding. Hence,

RCR �
ln MA � ln MB

t(MA � MB)
L,

where L is the leaf area eaten by the larva (mm2) over
the course of the feeding experiment.

The ECI is the rate of biomass acquisition per unit
of food eaten (in this case, measured as leaf area). The
units of ECI are milligrams per square millimeter. ECI
reßects both the digestibility of ingested food and the
larvaÕs ability to convert food into biomass (Wald-
bauer 1968). As with RGR and RCR, we assumed ECI
to be constant over the course of the feeding exper-
iment:

ECI �
MA � MB

L
.

Note that RGR is equal to the product of RCR and
ECI (Waldbauer 1968, Scriber and Slansky 1981).
Therefore, RCR and ECI can proÞtably be thought of
as components of RGR. For instance, if larvae fed on
plants in one of the mycorrhizal fungi treatments have
a greater RGR than larvae in the other treatment, this
must necessarily be reßected by either (1) a greater
RCR, (2) a greater ECI, or (3) both.
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Root Colonization Analysis. We checked to see
whether M� plants were mycorrhizal and M� plants
were nonmycorrhizal, following the root staining pro-
cedures outlined in Brundrett (1994) and Brundrett
and McGonigle (1994). The day after harvesting the
aboveground plant parts, we gently harvested and
washed the roots of 10 M� plants and 10 M� plants
(randomly chosen). We stored the roots in 50% eth-
anol. Later, we rinsed the roots with distilled water
and cleared them for 15 min at 121	C in 10% KOH. We
then rinsed the roots again and stained them for 15 min
at 121	C in 0.03% Chlorazol Black E, a biological stain.
We stored the roots in 50% glycerol and allowed them
to destain for several days. Next, we used a compound
microscope (magniÞcation � �400) with a microme-
ter in the eyepiece to examine root-micrometer in-
tersections. We examined at least 100 intersections per
root for evidence of arbuscular mycorrhizal coloniza-
tion (arbuscules, vesicles, mycorrhizal hyphae) to cal-
culate percent colonization.
Statistical Analyses. To test whether the probability

of larval survival depended on mycorrhizal treatment,
we used a Fisher exact test. To test the effects of the
mycorrhizal treatments, means comparisons were
done using unpaired t-tests or medians comparisons
using Wilcoxon rank sum tests for unpaired data. We
tested the assumptions of parametric statistics using
LeveneÕs test (for homoscedasticity) and Shapiro-
WilksÕ test (for normality). If the assumptions were
met, we used a t-test. If the assumptions were not met
using nontransformed data, we applied a log transfor-
mation. If this did not rectify the situation, we used the
nonparametric Wilcoxon rank sum test instead. Other
than the Fisher exact test, the statistical analyses were
performed using JMP 6.0 software (SAS Institute
2005).

Results and Discussion

The maximum percent colonization rate (percent-
age of root intersections with arbuscules, vesicles, or
hyphae) of arbuscular mycorrhizal fungi was signiÞ-
cantly greater for M� plants than for M� plants (Fig.
1a). There was no overlap between the maximum
percent colonization of M� and M� plants. Seven of
the 10 M� plants tested had a maximum percent
colonization �10%, whereas 7 of the 10 M� plants
tested had a maximum percent colonization 
1% (and
5 had no evidence of mycorrhizal colonization at all).
When looking at arbuscules alone (the sites of plantÐ
fungus carbon-nutrient exchange), the results were
similar: the percentage of root intersections with ar-
buscules was signiÞcantly greater for M� plants than
for M� plants (Fig. 1b).

Total leaf area was signiÞcantly greater in M�
plants compared with M� plants; this was true when
all plants were analyzed together (Fig. 2a) and when
only the plants whose larvae survived the feeding
experiment were analyzed (Fig. 2b). However, there
was no difference in the leaf area eaten in the two
mycorrhizal treatments, either in absolute terms (Fig.
2c) or relative to the total leaf area (Fig. 2d).

Mycorrhizal treatment had no effect on the pro-
portion of larvae that survived the feeding experiment
(Fig. 3a). Moreover, of the larvae that did survive,
there were no differences with mycorrhizal treatment
in the RGR, RCR, or ECI (Fig. 3bÐd).

An absence of signiÞcance does not necessarily im-
ply an absence of effect. However, in this case, we can
be conÞdent that our results are nonsigniÞcant bio-
logically as well as statistically speaking. For example,
larvae fed on M� plants had a greater (nonsigniÞcant)
relative growth rate than those fed on M� plants (Fig.
3b). However, to detect this difference as signiÞcant
with even a modest power of 1-� � 0.5 (and the usual

Fig. 1. Box plots for (a) maximum percent colonization
by arbuscular mycorrhizal fungi (percentage of intersections
with arbuscules, vesicles, or mycorrhizal hyphae; Wilcoxon
rank sum test: Z � �3.77; nM- � 10, nM� � 10; P � 0.0002),
and (b) arbuscular colonization (percentage of intersections
with arbuscules; Wilcoxon rank sum test: Z � �3.72; nM- �
10, nM� � 10; P � 0.0002), for M� and M� plants. The
whiskers represent the 10th and 90th percentiles, the bottom
and top edges of the boxes represent the 25th and 75th
percentiles, the lines inside the boxes are the medians, and
the points represent data that fell outside the 10th or 90th
percentiles. *SigniÞcant difference in the means (P� 0.05).
NS, not signiÞcant.
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� � 0.05) would have required a sample size of almost
1,700 larvae per mycorrhizal treatment, given the size
of the effect (the effect size d was well below 0.2, the
standard cut-off for small effects; Cohen 1992). It is
doubtful that such a small effect has any ecological
importance.

One possible explanation for the neutral indirect
effects is that there were no mycorrhizal fungi-in-
duced changes to host plants that were relevant to the
feeding performance of Z. exclamationis.Mycorrhizal
fungi may be more selective than previously thought
(Helgason et al. 2002), and recent evidence suggests
the hypothesis that the mutualistic beneÞts gained by
plants may be positively related to the speciÞcity of
their mycorrhizal fungi (Helgason et al. 2007). Com-
mercial inoculants, such as the one used here, typically
contain the spores of generalist arbuscular mycorrhi-
zal fungi, because they are relatively easy to culture
and form associations with a wide range of plant spe-
cies. Thus, it is possible that the generalist strains that
we used were only weakly mutualistic, which, in turn,
led to weak indirect effects on Z. exclamationis larvae
compared with the indirect effects that might be ob-
served in the presence of more specialized fungi.

However, we consider it unlikely that this explana-
tion fully accounts for our neutral results. Although we
did not measure plant physiological traits, we did Þnd
that M� plants had signiÞcantly more leaf area than
M� plants (Fig. 2a and b), which suggests a positive
effect of arbuscular mycorrhizal fungi on H. annuus
plants and underlying physiological variation between

the two treatments. Moreover, many studies have re-
ported mycorrhizal fungi-induced changes in plant
nutritional traits (Smith 1980, Bolan 1991) that are
potentially important for insect nutrition and perfor-
mance. Also, mycorrhizal fungi can alter the expres-
sion of secondary compounds (but see Mohr et al.
1998). For example, Gange and West (1994) found
that plants with mycorrhizal associations produced
more of the feeding deterrents aucubin and catalpol,
leading to a reduced relative growth rate in the gen-
eralist lepidopteran Arctia caja when fed on Plantago
lanceolata. In addition, a number of studies reported
mycorrhizal fungi-induced defenses to pathogens
(Azcón-Aguilar and Barea 1996, Cordier et al. 1996,
Trotta et al. 1996, Borowicz 2001, Lingua et al. 2002),
some of which may provide ancillary protection
against herbivores (Guerrieri et al. 2004). Thus, vari-
ation in colonization by mycorrhizal fungi often leads
to variation in host plantsÕ nutritional and defensive
qualities, which in turn can lead to positive or negative
effects on herbivorous insects (see Awmack and
Leather 2002). Therefore, while acknowledging that
more trait-based data are necessary to test the hy-
pothesis that mycorrhizal fungi induce no changes in
H. annuus plants that are relevant to larval Z. excla-
mationis performance, we suggest that the Þndings of
these previous studies, coupled with the observed
differences in root colonization and plant growth in
this study, make this explanation unlikely.

An alternative explanation is that that the observed
neutral indirect effect between mycorrhizal fungi and

Fig. 2. Box plots for (a) total leaf area (all plants in the experiment; Wilcoxon rank sum test: Z� �2.72; nM- � 34, nM� �
40; P � 0.0065), (b) total leaf area (plants whose larvae survived until the end of the feeding experiment; t-test: t � �2.38;
df � 64; nM- � 32, nM� � 34; P� 0.021), (c) leaf area eaten (t-test on log-transformed data: t� 0.15; df � 64; nM- � 32, nM� �
34; P � 0.88), and (d) leaf area eaten as a percentage of total leaf area (t-test on log-transformed data: t � �0.16; df � 64,
nM- � 32, nM� � 34; P � 0.87) for larvae fed on nonmycorrhizal plants (M�) or mycorrhizal plants (M�). See Fig. 1 for
explanation of the symbols in the box plots.
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larvae represented the net effect of multiple, opposing
positive and negative indirect effects. Net effects will
certainly be centrally important when determining
how mycorrhizal fungi affect insect Þtness. However,
to gain a deeper understanding of mycorrhizal fungusÐ
insect interactions themselves, future research should
emphasize the effects of mycorrhizal fungi on indi-
vidual plant traits and how these interact to affect
insect performance. In the case of the mycorrhizal
fungi-sunßower-sunßower beetle system, this trait-
based approach might involve assaying mycorrhizal
and nonmycorrhizal plants for nutrient content and
putatively defensive secondary compounds and de-
termining how variation in their expression affects the
survival, growth, and feeding performance of larvae.

In summary, the results presented here are counter
to emerging theory and several previous studies in
which arbuscular mycorrhizal fungi had positive in-
direct effects on specialist insect herbivores (Borow-
icz 1997, Goverde et al. 2000; but see Gange and Nice
1997, Gehring and Whitham 2002). Moreover, neutral
or variably positive and negative effects are frequently
observed in studies examining the indirect effects of
ectomycorrhizal fungi on insect herbivores (Manni-
nen et al. 1999, 2000). Recently, Strauss and Irwin
(2004) proposed that the effects of mycorrhizal fungi
on herbivores might be idiosyncratic, because the out-
comes of both mycorrhizalÐplant and plantÐherbivore
interactions are diverse and context-dependent. This

view emphasizes the need for a trait-based approach
to studying mycorrhizal fungi-plant-insect indirect ef-
fects.
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G. Berta. 1996. Interactions between the soilborne root
pathogen Phytophthora nicotianae var. parasitica and the
arbuscular mycorrhizal fungusGlomusmosseae in tomato
plants. Plant Soil. 185: 199Ð209.

Tylka, G. L., R. S. Hussey, and R. W. Roncadori. 1991. In-
teractions of vesicular-arbuscular mycorrhizal fungi,
phosphorus, andHeteroderaglycinesonsoybean. J.Nema-
tol. 23: 122Ð133.

van der Meijden, E. 1996. Plant defence, an evolutionary
dilemma: Contrasting effects of (specialist and general-
ist) herbivores and natural enemies. Entomol. Exp. Appl.
80: 307Ð310.

Vicari, M., P. E. Hatcher, and P. G. Ayres. 2002. Combined
effect of foliar and mycorrhizal endophytes on an insect
herbivore. Ecology 83: 2452Ð2464.

Waldbauer, G. P. 1968. The consumption and utilization of
food by insects. Adv. Insect Physiol. 5: 229Ð288.

Wamberg, C., S. Christensen, and I. Jakobsen. 2003. Inter-
action between foliar-feeding insects, mycorrhizal fungi,
and rhizosphere protozoa on pea plants. Pedobiologia 47:
281Ð287.

Wardle, D. A., R. D. Bardgett, J. N. Klironomos, H. Setala,
W. H. van der Putten, and D. H. Wall. 2004. Ecological
linkages between aboveground and belowground biota.
Science 304: 1629Ð1633.

Westdal, P. H. 1975. Insect pests of sunßower, pp. 475Ð495.
In J. T. Harapiak (ed.), Oilseed and pulse crops in West-
ern Canada: a symposium. Western Co-operative Fertil-
izers Limited, Calgary, Canada.

Received 10 September 2007; accepted 22 April 2008.

1024 ENVIRONMENTAL ENTOMOLOGY Vol. 37, no. 4


