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Abstract.—Herbivores and mycorrhizal fungi are important associates of most plants, but little is
known about how these organisms interact. In a 9-yr experiment, we examined how the pinyon
needle scale (Matsucoccus acalyptus) affects and is affected by the ectomycorrhizal mutualists
found on the roots of scale-resistant and -susceptible pinyon pines (Pinus edulis). Three major
results emerged. First, removal experiments demonstrated that scales negatively affected ectomy-
corrhiza. Second, although ectomycorrhiza could either positively or negatively influence scale
performance by improving plant vigor or increasing plant investment in antiherbivore defenses,
we found no ectomycorrhizal effect on scale mortality when we experimentally enhanced levels
of ectomycorrhiza. This represented the first test of whether ectomycorrhiza promote plant resis-
tance and contrasted with studies showing that arbuscular mycorrhiza negatively affected herbi-
vores. Third, pinyon resistance to scales mediated the asymmetrical interaction between fungal
mutualists and scale herbivores. High scale densities suppressed ectomycorrhizal colonization,
but only on trees susceptible to scales. Similarities between mycorrhiza-herbivore interactions
and competitive interactions among herbivores suggest broader generalities in the way
aboveground herbivores interact with belowground plant associates. However, because mycor-
rhiza are mutualists, mycorrhiza-herbivore interactions do not fit within traditional competition
paradigms. The widespread occurrence and importance of both herbivores and mycorrhiza argue
for incorporating their interactions into ecological theory.

Herbivores and mycorrhizal fungi can have significant effects on the popula-
tion and community dynamics of their host plants. By consuming plant tissues,
herbivores influence plant growth, recruitment, mortality rates, community com-
position, and diversity (Huntly 1991). The extent of herbivory may become so
great that the plant becomes a limiting resource, resulting in competition among
insect herbivores (Denno et al. 1995). Competitive interactions among herbi-
vores may in turn be influenced by plant resistance traits, but only a few studies
have explored the potential for such plant-mediated interactions among herbi-
vores. For example, balsam aphids (Mindarus abietinus) reduced the survival of
spruce budworms (Choristoneura fumiferana) but only on trees that were sus-
ceptible to aphids (Mattson et al. 1989).

* E-mail: Catherine.Gehring@nau.edu.
+ E-mail: Neil.Cobb@nau.edu.
+ E-mail: Thomas.Whitham @nau.edu.

Am. Nat. 1997. Vol. 149, pp. 824-841.
© 1997 by The University of Chicago. 0003-0147/97/4905-0002$02.00. All rights reserved.



ECTOMYCORRHIZA AND HERBIVORE INTERACTIONS 825

The effects of mycorrhizal fungi on plant growth, survival, and reproduction
(Harley and Smith 1983; Stanley et al. 1993) can also influence plant communi-
ties (Allen et al. 1992; Molina et al. 1992). Mycorrhiza are associations between
many land plants (Newman and Reddell 1987) and an estimated 5,000+ species
of fungi (Molina et al. 1992). Mycorrhizal fungi are generally considered to be
mutualists that provide plants with increased nutrient uptake and protection from
pathogens in exchange for photosynthate (Harley and Smith 1983). However, al-
though mycorrhizal fungi may be present on roots continuously, they may bene-
fit plants only during some portions of the plant’s life cycle (Fitter 1991) or only
under certain environmental conditions (e.g., West et al. 1993b). Mycorrhizal
fungi can influence plant community composition by mediating competition
among plant species that vary in their dependence on the mycorrhizal associa-
tion and/or by facilitating the transfer of materials among plants via mycorrhizal
linkages (Miller and Allen 1992).

Because herbivores consume/damage photosynthetic tissue and mycorrhizal
fungi depend on the products of photosynthesis for most or all of their energy
needs (Allen 1991), these two groups of organisms are likely to interact with
one another. Mycorrhizal fungi both consume photosynthate and assist in its
production by enhancing nutrient uptake by plants (Allen 1991). Therefore, the
relationship between herbivores and mycorrhizal fungi is likely to be complex
and may lie outside the normal definitions of the types of interactions that occur
among species. For example, by consuming photosynthetic tissue, herbivores are
likely to reduce the amount of photosynthate available to mycorrhizal fungi. Re-
ductions in mycorrhizal colonization following herbivory have been observed in
plants colonized by both arbuscular mycorrhizal (e.g., Daft and El-Giahmi 1978;
Same et al. 1983; Bethlenfalvay et al. 1988; Trent et al. 1988) and ectomycor-
rhizal fungi (e.g., Gehring and Whitham 1991; reviewed in Gehring and Whi-
tham 1994b). Mycorrhizal fungi, however, are unlikely to have an equivalent re-
verse effect on herbivores through their consumption of photosynthate unless
they are acting as parasites rather than mutualists (e.g., Koide 1985; Johnson
et al. 1992).

However, mycorrhizal fungi still have the potential to significantly affect her-
bivore performance. First, by increasing the vigor of their host plants, mycor-
rhiza could improve the performance of herbivores that selectively attack and
perform better on more vigorous hosts (Price 1991). Alternatively, herbivore
performance is negatively associated with plant vigor in many plants (White
1984; Waring and Cobb 1992), so that mycorrhiza could improve plant resis-
tance by improving plant performance. Finally, mycorrhiza could alter plant
carbon-to-nutrient ratios, allowing plants to increase their investment in antiher-
bivore defenses, which thereby decreases herbivore performance (Jones and Last
1991). Regardless of the mechanisms involved, in the few studies that have ex-
amined the effects of mycorrhiza on herbivores, both above- and belowground
insect herbivore performances were lower on plants colonized by arbuscular my-
corrhiza than on control plants (Rabin and Pacovsky 1985; Gange and West
1993, 1994; Gange et al. 1994).

Our long-term studies of pinyon pine offered the opportunity to examine the



826 THE AMERICAN NATURALIST

relationships among a herbivorous insect, the pinyon needle scale (Matsucoccus
acalyptus), ectomycorrhizal fungal mutualists, and their common host, pinyon
pine (Pinus edulis). Although we have examined some of these interactions in a
previous study (Del Vecchio et al. 1993), the present article extends that work
in three important ways. First, we integrate plant resistance, herbivory, and ecto-
mycorrhizal mutualism by examining this three-way interaction from the per-
spective of each organism. Second, we examine the role of ectomycorrhiza in
affecting herbivore performance; previous studies have examined only arbuscu-
lar mycorrhiza. Ectomycorrhiza are formed by an estimated 2,000 species of
woody perennials (Kendrick 1992) and differ from arbuscular mycorrhiza both
morphologically and in the major divisions of fungi involved (Reid 1990). Ecto-
mycorrhiza also have been hypothesized to differ from arbuscular mycorrhiza in
a variety of functional characteristics, including the degree of protection they
provide plants against both natural enemies and stressful physical conditions
(Connell and Lowman 1989). Finally, we discuss the prevalence and importance
of these interactions in nature and their similarities to interactions among com-
peting herbivores.

METHODS

Description of the Study Site and Background Biology of Study Organisms

We examined the relationships among pinyon pines, ectomycorrhiza, and pin-
yon needle scale near Sunset Crater National Monument, northeast of Flagstaff,
Arizona (2,000-m elevation). Soils in the area consisted of lava, ash, and cinders
low in nutrients and moisture (Mopper et al. 1991b; Gehring and Whitham
19944). Pinyon root systems were shallow; most of the fine roots occurred in
the upper 20-25 cm of cinders (Gehring and Whitham 1991; Del Vecchio et al.
1993). When grown in cinders, pinyon seedlings had a size positively linearly
correlated with the number of ectomycorrhiza, indicating that ectomycorrhiza
were mutualists in this environment (Gehring and Whitham 1994a).

The pinyon pine needle scale, Matsucoccus acalyptus (Homoptera: Margaro-
didae), feeds intracellularly on the mesophyll tissue of Pinus edulis needles by
inserting its stylet through stomata. Feeding begins in May and lasts 6 mo for
males and 10 mo for females (Cobb and Whitham 1993). At high scale densi-
ties, scale feeding resulted in extensive chlorosis and premature needle abscis-
sion (Cobb and Whitham 1997), leading to an altered tree architecture resem-
bling a poodle’s tail with only the most recent 1-2 yr of needles remaining
(Mopper et al. 1991a). Pinyons varied markedly in susceptibility to scales; scale
mortality was two to five times higher on resistant trees than that on susceptible
trees (Cobb and Whitham 1993; Del Vecchio et al. 1993).

Experimental Tests of the Interaction between Ectomycorrhiza and Scales

To examine the interactions between ectomycorrhiza and scales, we per-
formed two experiments on trees that varied in resistance to scale herbivory. In
the first experiment, we removed scales from susceptible trees and compared
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their ectomycorrhizal levels with those of naturally resistant and susceptible
trees. If scales negatively affected ectomycorrhiza, we predicted that ectomycor-
rhizal densities would be greater on scale-resistant trees than on scale-suscepti-
ble trees and that ectomycorrhiza would rebound following scale removal from
susceptible trees. In the second experiment, we added equal quantities of scales
to resistant trees and to susceptible trees that varied in the amount of ectomycor-
rhiza present on their roots and monitored scale performance. If ectomycorrhiza
positively affected scales by improving host plant vigor, we predicted that scale
performance would be poorer on less vigorous susceptible trees with lower lev-
els of ectomycorrhiza than on more vigorous susceptible trees with higher levels
of ectomycorrhiza. If ectomycorrhiza negatively affected scales, we predicted
that scales would have lower performance and/or cause less damage on trees
with higher levels of ectomycorrhiza (i.e., scale performance on susceptible trees
with high ectomycorrhiza would be more similar to scale performance on resis-
tant trees than on susceptible trees with low ectomycorrhiza).

Experiment 1: Scale Removal

We removed scales from 13 susceptible trees in 1986 (hereafter referred to as
susceptible scale removal trees). An additional 13 susceptible trees and 13 natu-
rally resistant trees were not manipulated and served as controls. Trees in the
three groups grew intermixed within the study site. In April 1994, after 8 yr
of scale removal, we collected roots from treatment and control trees and mea-
sured ectomycorrhizal colonization as an estimate of the density of ectomycor-
rhiza.

In 1986, we eliminated scales by removing egg masses from the base of the
trees by hand and applying a sticky barrier to the tree trunk to prevent coloniza-
tion of the tree by larvae from eggs that we missed. We removed the sticky bar-
rier the following spring. We examined the trees annually for the presence of
scales and removed any scales we observed. The pinyon needle scale is an ex-
tremely poor disperser (Cobb and Whitham 1993) and did not reach damaging
levels on any of the trees from 1986 to 1994. We measured ectomycorrhizal
colonization by collecting 40—-60 cm of long root from each tree and calculat-
ing the percentage of short roots that were actively ectomycorrhizal as de-
scribed previously (Gehring and Whitham 1991, 19944, 1995; Del Vecchio et al.
1993).

Del Vecchio et al. (1993) examined the ectomycorrhiza of susceptible, resis-
tant, and susceptible scale removal trees in 1990 and 1991 and found that ecto-
mycorrhizal colonization was approximately 30% greater in the latter two
groups than in susceptible trees. Because our present study was designed to inte-
grate both the effects of scales on ectomycorrhiza and the effects of ectomycor-
rhiza on scales, we continued the scale removal experiments of Del Vecchio
et al. (1993) for an additional 3 yr (total length of scale removal = 8 yr) to
allow the trees to recover fully from scale attack. In addition to measuring
ectomycorrhiza, we also measured foliage retention as an indicator of recovery
following scale removal. We quantified the amount of foliage retained in the
three groups of trees over the last 5 yr (i.e., percentage foliage retention = the



