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ABSTRACT Symbiotic ectomycorrhizal fungi enhance plant nutrient uptake and growth, espe-
cially in nutrient-poor conditions. The changes in plant metabolism due tomycorrhizal colonization
could lead to alterations in plant suitability for herbivory. I investigated the effects of these fungal
symbionts on oak,Quercus, growth and insect herbivory, and assessed the extent to which herbivore
performance was affected by mycorrhizal colonization due to shifts in plant carbon allocation.
Northern red oak, Quercus rubra L., acorns were inoculated with the ectomycorrhizal fungus,
Pisolithus tinctorius (Persoon), and planted in either a nutrient-rich peat:perlite mixture or a
nutrient-poor mine spoil:sand mixture. Plants were grown under greenhouse conditions for 45 d,
after which seedling productivity was measured and herbivore performance trials were conducted.
Gypsy moth, Lymantria dispar (L.), caterpillars were allowed to feed for the duration of the third
instar, and performance was measured. Nonmycorrhizal, nutrient-poor plants had the lowest height
growth, andproduced the fewest leaveswith the lowest leaf area and leafmass,when comparedwith
plants in the other treatments. Seedlings colonized by fungal symbionts showed enhanced produc-
tivity relative to noncolonized seedlings in several respects, including the number of leaves pro-
duced, leaf area, and basal stem diameter. Acorns grown in nutrient-rich substrate had a greater
number of leaves, leaf area, leaf mass, and leaf area ratio, when compared with acorns grown in
nutrient poor substrate, regardless of colonization status. Caterpillar growth and consumption rates
were lowest on nutrient-rich, mycorrhizal plants, suggesting that colonized plants decrease herbi-
vore performance in nutrient-rich conditions, when mycorrhizae are functioning parasitically. The
data do not support the hypothesis that herbivore performance would increase on nutrient-poor,
mycorrhizal plants, when mycorrhizal colonization provides the greatest beneÞts to the host plant.

KEY WORDS Pisolithus tinctorius, Quercus, ectomycorrhiza, gypsy moth, carbon-nutrient bal-
ance, herbivore-plant interactions

MYCORRHIZAL FUNGI ARE common microorganisms
within the plant rhizosphere. Root colonization by
these fungal symbionts can increase plant nutrient
uptake, particularly in depleted soils (Allen et al.
1997), thereby altering mineral composition of plant
tissue (Pacovsky andFuller 1988, Bolan 1991), rates of
photosynthesis (Paul andKucey 1981), investments in
growth, defense and reproduction (Lu and Koide
1994, Schaeffer et al. 1997), and ultimately plant suc-
cession (Holl and Cairns 1994, Allen et al. 1997, Smith
andRead 1997, Titus andDelMoral 1998). Alterations
in plant metabolism such as those caused by mycor-
rhizal colonization can affect plant susceptibility to
stress (Mooney et al. 1991), including herbivory
(Rhoades 1985, Schultz 1988, Karban andMyers 1989,
Jones and Coleman 1991).
Mycorrhizal plants aremore tolerant of infectionby

plant pathogenic nematodes (Hussey and Roncadori
1982) and fungi (Davis and Menge 1980), because
colonization enhances the nutritional status of the
host plant, increasing its ability to sustain damage
without compromising productivity. Below ground

herbivory decreases the beneÞts of mycorrhizal col-
onization (Warnock et al. 1982; Shaw 1985), perhaps
due to reducedbiomass of external hyphae.Herbivore
pressure itself can negatively affect the incidence of
mycorrhizal colonization of plants in some systems
(Last et al. 1979, Bethlenfalvay and Dakessian 1984,
Del Vecchio et al. 1993, Gehring andWhitham 1994).
However, theeffect of fungal symbioses onplant foliar
chemistry, and the cascading inßuence on herbivore
success, is dependent upon speciÞc herbivore-plant-
fungal relationships, and for herbivores appears to be
guild-speciÞc (Gange and West 1994). Borowicz
(1997) suggests that herbivores with sucking mouth-
parts that ingest plant juices may be more inßuenced
by changes in soluble nutrients and toxins than are
herbivores with mandibulate mouthparts that ingest
structural tissue. Mycorrhizal plants may be more tol-
erant of herbivory than nonmycorrhizal plants, and
herbivoreperformancemay increase(Borowicz1997)
or decrease (Rabin and Pacovsky 1985, Gange and
West 1994) on these plants.
Herbivory that reduces phytosynthetically active

tissue may alter the carbon budget of mycorrhizal
plants more so than nonmycorrhizal plants, making1 lrieske@ca.uky.edu.
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colonized plants relatively less tolerant of herbivory
under nutrient-rich conditions (Jones and Last 1991).
Using the carbon-nutrient balance concept (Bryant et
al. 1983), (Jones andLast 1991)developedpredictions
associated with ectomycorrhizal (ECM) infection,
plant growth, andplant resistance to herbivory.Under
low nutrient conditions ECM function as mutualists,
enhancing nutrient uptake due to hyphal penetration
of root tissues (Smith and Read 1997), supplementing
nutrient acquisitionandallocation to theaboveground
portions of colonized plants, thereby enhancing plant
growth and defense. However, under nutrient-rich
conditions the fungi act as carbon parasites, drawing
carbon away from plant tissues for fungal growth,
thereby reducing the amount available for plant
growth and defense (Jones and Last 1991).
The inter-relationships between herbivores, plants,

and fungal symbionts have not been fully investigated
in a deciduous plant system, and questions regarding
the inßuence of feedbacks between mycorrhizal col-
onization and herbivory on deciduous seedling suc-
cess have not been thoroughly addressed (Jones and
Last 1991). Herbivore performance on plants associ-
ated with ECM mutualists may be caused by (1)
changes in allelochemical production, (2) altered nu-
tritional status of leaf tissue, or (3) both mechanisms
operating in tandem. Decreased allelochemical pro-
duction would presumably increase herbivore perfor-
mance, and enhanced foliar nutrients would likewise
increase herbivore performance. An increase in both
allelochemicals and nutrients would likely result in no
changes in plant suitability.
I investigated the effects of mycorrhizal coloniza-

tion on seedling performance and susceptibility to
herbivory under nutrient-rich and nutrient-poor con-
ditions, using amodel systemconsistingof adeciduous
tree, the northern red oak,Quercus rubra L., an insect
herbivore, the gypsy moth, Lymantria dispar L. (Lep-
idoptera: Lymantriidae), and a widespread ECM fun-
gus, Pisolithus tinctorius (Persoon) (Basidiomycetes:
Sclerodermatales). The gypsy moth is an early season
defoliator of oaks (Drooz 1985), and is an ideal model
herbivore because it is easily manipulated in labora-
tory assays, and is particularly sensitive to dietary
changes in nutrients (Roth and Lindroth 1994, Rieske
and Raffa 1998) and allelochemicals (Barbosa and
Krischik 1987, Lindroth et al. 1990). The gypsy moth
is a tannin-adapted introduced insect that thrives on
plant species such as oaks that employ carbon-based
tannins for defense (Schultz and Lechowicz 1986). I
measured the extent to which mycorrhizal coloniza-
tion modiÞes plant growth and biomass allocation un-
der different nutrient conditions, and measured her-
bivore response with respect to plant nutrient status
and mycorrhizal colonization.

Materials and Methods

Plant Material. Northern red oak acorns (Morgan
County Nursery, West Liberty, KY) were planted in
tree pots (19.7 by 46 cm) in either a nutrient-rich 1:1
(by volume) peat: perlite mixture, or a nutrient-poor

1:1 (by volume) mine spoil: sterilized sand mixture.
Spoil was excavated in the process of surface mining
the StarÞre Mine (Breathitt County, KY), and was
passed through a 1.27-cmmesh screen before use. The
spore form of the ectomycorrhizal fungus Pisolithus
tinctorius (Plant Health Care, Pittsburgh, PA) was
incorporated into the media at a rate of 2.8 g/liter.
There were 40 replicates of each of four treatments:
peat:perlite/mycorrhizal (nutrient-rich/mycorrhizal),
peat:perlite/nonmycorrhizal (nutrient-rich/nonmy-
corrhizal), spoil:sand/mycorrhizal (nutrient-poor/
mycorrhizal) and spoil:sand/nonmycorrhizal (nutri-
ent-poor/nonmycorrhizal), for a total of 160 seedlings.
At planting, acorns grown in the peat:perlite (“nutri-
ent-rich”)mixture receivedanapplicationof 15Ð15Ð15
(NÐPÐK) slow release fertilizer (Osmocote, Sierra
Chemical, Milipitas, CA) at a rate of 3.4 g/liter, and all
acorns received an application of trace elements (Mi-
cromax Micronutrients, Sierra Chemical, Milipitas,
CA) at a rate of 0.5 g/liter (Crowley et al. 1986). Plants
were grown under greenhouse conditions (18Ð25�C,
60Ð90%RH, and 14:10 [L:D]) for 45 d before seedling
productivity was measured and herbivore feeding tri-
als were conducted.
Growth measurements were taken from randomly

selected seedlings (N � 10) at 45 d, and included
height, total number of leaves, leaf area, leaf mass,
basal stem diameter, and root mass, calculation of leaf
area ratio (cm2/g) and root: foliage ratio (g:g).During
harvest, mycorrhizal colonization of each seedling
(presence/absence) was visually assessed under 20�
magniÞcation, and those that did not show the char-
acteristic yellow-brownshort roots andassociatedmy-
celium (Maronek et al. 1981) were excluded from the
analysis.

Herbivore Feeding Assays.Gypsy moth caterpillars
(USDA-ARS laboratory, Otis AFB, MA) were held in
growth chambers with a 15:9 (L:D) photoperiod at
23�C, in the University of Kentucky Forest Entomol-
ogy Quarantine facility. Newly molted third instar
caterpillars previously fed a wheat germ-based artiÞ-
cial diet (Southland Products, Lake Village, AR)were
starved for 24 h before use in feeding trials. In two
replicated assays, caterpillars were allowed to feed for
the duration of the stadium on foliage from one of the
four treatments (N � 40), which had been surface-
sterilized by submerging in a 0.1% sodium hypochlo-
rite solution for 5 min. Foliage from each treatment
was placed individually in ßoristsÕ water picks in 7 by
21-cm clear plastic rearing boxes. Caterpillars were
individually placed on foliage and monitored at 24 h
intervals. Leaves were replaced at 2Ð3-d intervals to
ensure freshness. Immediately after molting, insects
were removed from the foliage and frozen, and plant
tissue, insect cadavers and waste material were oven
dried at 60�Cfor 5d andweighed.Relative growth rate
[RGR � caterpillar biomass gained (mg)/initial cat-
erpillar wt (mg)/time (d)], relative consumption rate
[RCR � leaf tissue consumed (mg)/initial caterpillar
wt (mg)/time (d)], and length of caterpillar stadium
(duration of instar in days) were calculated as mea-
sures of caterpillar performance and foliar suitability.
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Statistical Analysis.Multivariate analysis of variance
(MANOVA, SAS Institute 1997) was used to assess
seedling productivity, using mycorrhizal inoculation
and planting media as main effects. For simplicity and
to avoid redundancy (Tabachnik andFidell 1996), the
plant response variables used in the multivariate anal-
ysis were limited to total leaf area, leaf mass, and root
mass. The WilksÕ lambda F statistic was used to assess
overall signiÞcance. When the MANOVA was signif-
icant, it was followed by a univariate analysis of indi-
vidual response variables used in the multivariate
model. To further assess the relevance of the inter-
actions between fungal inoculation and planting me-
dia, a factorial ANOVA was also used to assess plant
growth, with mycorrhizal inoculation and planting
medium as the main effects, and plant growth param-
eters (seedling height, number of leaves, leaf area, leaf
mass, leaf area ratio, stem diameter, root mass, and
root: foliage ratio) as dependent variables. A least
squares means procedure was used to analyze all pair-
wise comparisons. Herbivore performance was simi-
larly analyzed, with a multivariate analysis using rel-
ative growth rate and length of caterpillar stadium as
response variables, and mycorrhizal colonization and
planting medium as main effects. Again, the multivar-
iate analysis was followed by a univariate analysis of
the insect performance response variables from the
multivariate model. A factorial analysis was also used
to further assess caterpillar performance, using rela-
tive growth rate, relative consumption rate, and length
of stadium as the response variables. Because analysis
of growth indices alone can lead to spurious conclu-
sions, initial caterpillar weight was used as a covariate
in the analysis (Raubenheimer and Simpson 1992).

Results

Plant Material. Multivariate analysis of red oak
seedlingproductivity showedonlyaweakly signiÞcant
effect of mycorrhizal fungal inoculation on seedling
productivity (Table 1), but a much stronger seedling
response due to planting medium. Total leaf area and
leaf mass were both signiÞcant indicators of seedling
productivity in the multivariate analysis (F � 4.92;

df � 3, 15; P � 0.02 and F � 3.03; df � 3, 15; P � 0.06,
respectively), though the effect on seedling produc-
tivity was due to planting medium (Table 2). Root
mass was a weakly signiÞcant indicator of plant pro-
ductivity (F � 2.42; df � 3, 15; P � 0.10) due to
moderately signiÞcant effects of both fungal inocula-
tion and planting medium (Table 2).
Inmostmeasures of plant productivity,mycorrhizal

colonization enhanced growth within each substrate,
and seedlings grown in nutrient-poor substrate with-
out fungal colonization grew less vigorously than col-
onized seedlings or seedlings growing in the nutrient-
rich substrate (Table 3). Plants grown under nutrient-
poor, nonmycorrhizal conditions had lower seedling
height growth and produced less foliage, as measured
by the number of leaves, leaf area, and leaf mass, than
did the plants grown under nutrient-rich conditions,
with or without mycorrhizae. Leaf area ratio, basal
stem diameter, root mass, and root:foliage ratio were
not signiÞcantly different across treatments (Table 3).
When seedlingswere pooled across plantingmedia,

thosecolonizedby symbiotic fungihad slightlygreater
height growth, and produced signiÞcantly more
leaves, with greater leaf area and basal stem diameter
growth than nonmycorrhizal seedlings (Table 4). The
remaining parameters of leaf mass, leaf area ratio, root
mass, and root:foliage ratio, were not affected by my-
corrhizal colonization.
Planting medium also affected seedling growth pat-

ternswhenpooledacrossmycorrhizal treatments (Ta-
ble 4), with acorns planted in the nutrient-rich peat:
perlite medium producing seedlings with signiÞcantly
more leaves, greater leaf area, leaf mass, and leaf area
ratio, and a lower root: foliage ratio, than seedlings in
the nutrient-poor spoil:sand medium. Planting me-
dium had no affect on seedling height, basal stem
diameter, or root mass (Table 4).

HerbivoreFeedingAssays.Herbivore performance,
using growth rate and development time in the mul-
tivariate analysis, was not directly affected by fungal
inoculation or planting medium (Table 1), but there
was a slightly signiÞcant treatment�plantingmedium
interaction. In the subsequent univariate analysis, dif-
ferences in caterpillar relative growth rate associated
with mycorrhizal inoculation, and a signiÞcant treat-

Table 1. MANOVA analysis of the effects of symbiotic fungal
inoculation and planting substrate on red oak seedling productivity,
and performance of an insect herbivore

Fdf/Pr � F

Seedling productivitya

Mycorrhizal treatment F3, 10 � 2.97/0.08
Planting media F3, 10 � 4.99/0.02
Treatment*media F3, 10 � 0.14/0.94

Herbivore performanceb

Mycorrhizal treatment F2, 151 � 2.06/0.13
Planting media F2, 151 � 0.89/0.41
Treatment*media F2, 151 � 2.52/0.08

a Dependent variables include total leaf area, leaf dry weight, and
root mass.

b Dependent variables include relative growth rate and develop-
ment time.

Table 2. Partial ANOVA of variables affecting seedling pro-
ductivity and herbivore performance

Type III F-value/Pr � F

Leaf area
Leaf
mass

Root mass

Seedling productivity

Mycorrhizal treatment 2.24/0.16 1.67/0.22 3.77/0.07
Planting media 13.50/0.003 8.88/0.01 4.38/0.05
Treatment*media 0.48/0.50 0.40/0.53 0.23/0.63

Herbivore performance

RGR
Development

time, d

Mycorrhizal treatment 3.90/0.05 0.30/0.59
Planting media 1.26/0.26 0.00/0.95
Treatment*media 4.17/0.04 3.39/0.07
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ment � planting medium interaction (Table 2), sug-
gest that herbivore growth on mycorrhizal plants var-
ied with the nutrient status of the host. Under
nutrient-rich conditions, herbivores grewmore slowly
on foliage from colonized plants than noncolonized
plants (Fig. 1); these differences were not evident in
the growth of herbivores fed foliage from nutrient-
poor plants, regardless of mycorrhizal status. Herbi-
vores fed foliage from colonized plants growing in
nutrient-rich media had lower growth and consump-
tion rates than did caterpillars fed foliage from nutri-
ent-rich, nonmycorrhizal seedlings, or foliage from
nutrient-poor plants, with or without mycorrhizae
(Table 3). Caterpillar development time was also
slower on mycorrhizal, nutrient-rich plants, but the
differenceswere not signiÞcant. In all analyses involv-
ing herbivore performance, initial caterpillar weight
signiÞcantly (P � 0.05) impacted caterpillar perfor-
mance.
Pooling seedlings across planting media suggests

that fungal colonization negatively impacts herbivore
growth. Caterpillars fed foliage from mycorrhizae-

colonized seedlings had signiÞcantly lower relative
growth rates than did caterpillars fed foliage from
noncolonized seedlings across planting media (Table
4). Caterpillars fed foliage fromnonmycorrhizal seed-
lings not only grew faster, but also consumed more
foliage and developed more rapidly, though these dif-
ferences were not signiÞcant. Caterpillar relative
growth, consumption, anddevelopment timewerenot
affected by planting medium (Table 4).

Discussion

Results of this experiment only partially support
predictions regarding plant productivity and herbi-
vore performance on mycorrhizal versus nonmycor-
rhizal oaks. Biomass allocation was not impacted
across seedling treatments. Mycorrhizal plants grown
in nutrient-poor substrate allocated the same propor-
tion of carbon resources to the production of foliage
as did plants inmycorrhizal nutrient-richmedium and
nonmycorrhizal plants (Table 3). Root:foliage differ-
enceswere evident only between plantingmedia (Ta-

Table 3. Factorial analysis of the effects of nutrient-rich versus nutrient-poor planting media and symbiotic fungal colonization (least
squares mean [� SE]) on productivity of red oak acorns, and performance of an insect herbivore

Nutrient-rich Nutrient-poor
Fdf/Pr � F

Mycorrhizal Nonmycorrhizal Mycorrhizal Nonmycorrhizal

Seedling productivity

Height (cm) 25.50 (3.11)a 19.95 (2.70)ab 25.83 (2.70)a 16.20 (2.70)b F3, 14 � 2.80/0.09
No. of leaves 10.00 (1.54)a 11.50 (1.33)a 11.25 (1.33)a 6.75 (1.34)b F3, 14 � 2.67/0.10
Leaf area (cm2) 538.51 (78.68)a 383.97 (68.14)ab 267.06 (68.14)bc 173.63 (68.14)c F3, 14 � 4.59/0.03
Leaf mass (g dry wt) 1.86 (0.31)a 1.34 (0.20)ab 1.02 (0.26)ab 0.70 (0.26)b F3, 14 � 3.06/0.07
Leaf area ratio (cm2/g) 294.82 (19.91)a 288.27 (17.24)a 263.51 (17.24)a 249.86 (17.24)a F3, 14 � 1.36/0.31
Basal stem diameter 5.07 (0.54)a 4.45 (0.47)a 4.73 (0.47)a 4.04 (0.46)a F3, 14 � 0.75/0.54
Root mass (g dry wt) 0.74 (0.13)a 0.47 (0.11)a 0.49 (0.11)a 0.29 (0.11)a F3, 14 � 2.29/0.13
Root: foliage (g:g) 0.40 (0.07)a 0.35 (0.06)a 0.51 (0.06)a 0.45 (0.06)a F3, 14 � 1.43/0.29

Herbivore performance

RGR (mg/mg/d) 0.38 (0.04)b 0.53 (0.04)a 0.50 (0.04)a 0.50 (0.04)a F4, 156 � 8.82/0.0001
RCR (mg/mg/d) 7.34 (0.71)b 8.58 (0.70)a 8.82 (0.72)a 8.41 (0.71)a F4, 156 � 5.77/0.0002
Stadium length (d) 5.92 (0.17)a 5.53 (0.16)a 5.63 (0.17)a 5.85 (0.16)a F4, 156 � 0.95/0.44

Means within rows followed by the same letter are not signiÞcantly different (least squares means).

Table 4. Effects of symbiotic fungal colonization and nutrient rich versus nutrient poor planting media (mean [� SE]) on productivity
of red oak seedlings, and performance of an insect herbivore

Colonization status
Fdf/Pr � F

Planting media
Fdf/Pr � F

Mycorrhizal Nonmycorrhizal Nutrient rich Nutrient-poor

Seedling productivity

Height (cm) 22.22 (1.95)a 17.73 (1.53)a F1, 34 � 3.41/0.07 20.71 (1.55)a 18.92 (1.98)a F1, 34 � 0.61/0.44
No. of leaves 11.6 (0.91)a 8.1 (3.48)b F1, 31 � 9.51/0.004 11.0 (0.96)a 8.4 (0.85)b F1, 31 � 5.19/0.03
Leaf area (cm2) 323.82 (53.21)a 226.59 (32.45)b F1, 31 � 3.85/0.05 359.36 (48.17)a 196.67 (31.31)b F1, 31 � 9.77/0.003
Leaf mass (g dry wt) 1.38 (0.29)a 1.19 (0.17)a F1, 16 � 2.42/0.15 1.56 (0.19)a 0.98 (0.25)b F1, 16 � 11.27/0.005
Leaf area ratio (cm2/g) 282.88 (26.90)a 270.84 (31.01)a F1, 13 � 0.21/0.65 328.76 (29.15)a 239.92 (21.65)b F1, 13 � 5.58/0.03
Basal stem diameter 4.71 (0.22)a 4.02 (0.21)b F1, 36 � 5.22/0.03 4.46 (0.22)a 4.26 (0.23)a F1, 37 � 0.44/0.51
Root mass (g dry wt) 0.45 (0.06)a 0.33 (0.055)a F1, 36 � 2.56/0.12 0.43 (0.06)a 0.35 (0.05)a F1, 36 � 1.10/0.30
Root: foliage ratio (g:g) 0.52 (0.10)a 0.39 (0.05)a F1, 12 � 1.04/0.33 0.34 (0.04)b 0.60 (0.09)a F1, 12 � 6.79/0.02

Herbivore performance

RGR (mg/mg/d) 0.42 (0.03)b 0.51 (0.03)a F1, 156 � 4.89/0.03 0.47 (0.03)a 0.47 (0.03)a F1, 156 � 0.01/0.98
RCR (mg/mg/d) 7.84 (0.52)a 8.43 (0.55)a F1, 156 � 0.61/0.44 8.18 (0.60)a 8.09 (0.46)a F1, 156 � 0.01/0.91
Stadium length (d) 5.98 (0.17)a 5.69 (0.11)a F1, 156 � 2.04/0.16 5.76 (0.12)a 5.90 (0.16)a F1, 156 � 0.47/0.50

Means within rows within main effects (colonization status or planting medium) followed by the same letter are not signiÞcantly different
(least squares means).
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ble 4), suggesting that properties of the planting sub-
strate had a stronger inßuence on plant productivity
than did mycorrhizal colonization. In addition, to nu-
trient status, mine spoil differs from the peat: perlite
mediumwith respect to density, water-holding capac-
ity, and levels of potentially toxic metals.
In many measures of growth, mycorrhizal coloni-

zation enhanced seedling performance regardless of
planting substrate and nutrient status, contrary to ex-
pectations. Ifmycorrhizae functionparasiticallyunder
nutrient-rich conditions, then the magnitude of the
increase in seedling performance under nutrient-rich
conditions is expected to be much less than under
nutrient-poor conditions, whenmycorrhizae increase
nutrient uptake and promote plant growth. It is pos-
sible that the nutrient levels I used in this study were
not extreme enough to induce the proposed carbon
parasitism and subsequent cascading effects on plant
foliar chemistry and herbivore suitability.
Since increased exploration of soil volume is one

mechanism by which mycorrhizal colonization alters
plant access to nutrients (Jones and Last 1991), the
level of colonization could inßuence the extent to
which the symbiosis affects plant growth and defense.
Colonization status of seedlings in this study was re-
corded only as presence or absence, leading to the
possibility that differences in plant growth and her-
bivore performancewere obscured due to differences
in the level of colonization.
The performance of herbivores fed foliage from

mycorrhizal seedlings grown in the nutrient-rich peat:
perlite mix was lower than nonmycorrhizal seedlings
grown under the same conditions, consistent with
predictions. However, the multivariate model using
growth and development time showed only a weakly
signiÞcant mycorrhiza � planting medium interac-
tion. In the factorial analysis, caterpillar relative
growth and consumption rates were the only perfor-
mance parameters affected; development time of cat-
erpillars fed nutrient-rich, mycorrhizal foliage did not
differ fromcaterpillars fed foliage fromtheother seed-
ling treatments, and did not follow the predicted pat-
tern. Conversely, herbivores fed foliage from mycor-
rhizal, nutrient-poor seedlings did not demonstrate an

increase in performance relative to herbivores fed
foliage from the other seedling treatments. Since the
beneÞts ofmycorrhizal colonization are at amaximum
under nutrient-poor conditions, when the fungus en-
hances plant nutrition, I would predict that enhanced
foliar quality would in turn enhance herbivore per-
formance. However, my herbivore performance data
didnot support that prediction.Ananalysis of seedling
foliar chemistry, particularly tannins and nutrients,
could help explain the observed patterns of herbivore
performance.
Data elucidating the plant-herbivore-mycorrhizal

interactions for ECM-colonized deciduous plants are
lacking. Most research thus far has involved vesicular-
arbuscular mycorrhizal colonization of herbaceous
annual plants, which may positively or negatively in-
ßuence herbivore performance (Gange and West
1994). Several aspects of the design of this experiment
prevent direct testing of the Jones and Last (1991)
predictions regarding herbivory on ECM-colonized
plants, including the confounding effects of twoplant-
ing media, the lack of phytochemical data, and the
relatively short duration of the experiment.
Under conditions of low nutrient and low to mod-

erate light availability, which is typical of many oak
seedlings growing in deciduous forests of eastern
North America (Sander 1990), ectomycorrhizal seed-
lings are at an advantage in growth, as well as consti-
tutive and induced defenses (Bryant et al. 1983, Jones
and Last 1991). The production of carbon-based de-
fenses such as tannins, which impact herbivore suc-
cess in a species-speciÞc manner, is directly related to
light availability (Dudt and Shure 1994), therefore
ectomycorrhizal mutualisms confer an added advan-
tage in light-limited environments. Arthropod her-
bivory causes considerable oak seedling mortality
(McPherson 1993), and therefore mycorrhizal medi-
ation of seedling herbivory could have far-reaching
consequences for regeneration of oaks in eastern de-
ciduous forests.
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